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A B S T R A C T

Current delivery strategies for cancer therapeutics commonly cause significant systemic side effects due to
required high doses of therapeutic, inefficient cellular uptake of drug, and poor cell selectivity. Peptide-based
delivery systems have shown the ability to alleviate these issues and can significantly enhance therapeutic
loading, delivery, and cancer targetability. Peptide systems can be tailor-made for specific cancer applications.
This review describes three peptide classes, targeting, cell penetrating, and fusogenic peptides, as stand-alone
nanoparticle systems, conjugations to nanoparticle systems, or as the therapeutic modality. Peptide nano-
particle design, characteristics, and applications are discussed as well as peptide applications in the clinical space.
1. Introduction

Cancer is one of the leading causes of death globally and the second
leading cause of death in the United States [1]. Current cancer treatment
regimens often cause significant adverse side effects and fall short in
effectively eliminating advanced disease [2]. Low therapeutic targeting
ability, insufficient cellular uptake, and development of multidrug
resistance are among the current treatment limitations [3]. These limi-
tations can result in decreased efficacy and increased likelihood of met-
astatic disease. Numerous research endeavors have been initiated to
improve personalized therapeutics that address the challenges of cancer
treatment, including rapid growth, distant metastatic spread, dysregu-
lation of oncogenes, and development of treatment resistance [4].
Exploiting some of these inherent characteristics of cancer to increase
treatment efficacy and circumvent off-target adverse effects are key to
developing better therapeutics and therapeutic delivery systems [4].

Because of the diverse functions that peptides offer, this nonviral
carrier has rapidly gained exposure and popularity as a prospective de-
livery vehicle. Peptide-conjugated and peptide-based delivery systems
are commonly comprised of peptides derived from viral proteins, which
assist viruses in delivering their genome into host cells and are known to
have high delivery efficiency [5]. Synthetic peptides that have been
designed to optimize delivery properties, including efficient cargo
complexation, cell targeting, stability in physiological conditions, and
controlled cargo release are also commonly used [6–11]. Combinations
of the 20 naturally occurring amino acids provide a spectrum of char-
acteristics, including vehicle conformation, charge, polarity, and hydro-
phobicity, all of which are vital to ensuring efficient drug loading and
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delivery to cancer tissue [6,12]. These delivery systems have been used to
target tumor microenvironments (TME), enhance cellular uptake, disrupt
lysosomal degradation pathways, and assist in controlled and sustained
release of therapeutics [4–6,13]. Additionally, the release of therapeutic
cargo can be initiated by internal and external stimuli including pH,
enzyme activity, redox potential, thermal shifts, and light [11,14–16].
Due to their versatility, these peptides, either natural or synthetic,
contain specific biochemical properties that can be divided into three
areas of classification: cell-penetrating, fusogenic, and targeting peptides.
These classes of peptides have been implemented in several in vitro and in
vivo applications as delivery systems for cancer therapy and as thera-
peutic modalities (peptide vaccines) in clinical trials [17–20]. One such
application that has garnered recent attention is the implementation of
peptide systems as ‘shuttles’ to address the significant disadvantage in
effectively treating malignant brain disease [21]. By implementing
characteristics of fusogenic, cell-penetrating, and targeting peptides,
delivery of therapeutics across the blood-brain barrier has been achieved
via paracellular diffusion, adsorptive-mediated transcytosis,
receptor-mediated transcytosis, and carrier-mediated transport [21,22].
Furthermore, some peptide shuttles have been advantageously linked to
antibody Fc domains, enhancing the pharmacokinetic properties of the
delivery system to better target and sustain delivery of therapeutics to
hard-to-access areas of the brain that may contain malignant tumors
[23].

Through the addition of functional peptides, nanoparticle delivery
systems can become well-suited for systemic delivery with minimal im-
mune response and efficient cargo loading [24]. Additionally, exploiting
overexpressed cell surface receptors has been a focus in developing
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peptide-modified delivery systems for patient- and cell-specific medicine
to reduce adverse systemic reactions [24]. Nonviral nanoparticle-based
delivery systems primarily comprised of lipids and polymers have been
well-studied in preclinical and clinical models [25]. Barriers to imple-
menting lipid and polymer-based systems include particle aggregation,
cytotoxicity, reduced efficacy at low doses, and low cell specificity
[25–27]. Fortunately, many of these issues can be addressed through
conjugation of natural or synthetically derived peptide systems [25].

While peptides have been used extensively as complementary com-
ponents of nanoparticle delivery systems [28,29], using peptides directly
as delivery systems has several advantages. Peptides yield a low immu-
nogenic response because of their small size and ability to be tailor-made
with minimal surface charge densities to minimize opsonization, avoid-
ing downstream phagocytotic destruction when complexed with nano-
particles [30,31]. Additionally, peptide-based systems can accumulate
quickly in the TME due to their size and utilization of the
enhanced-permeability and retention effect. Peptides can also be
designed to avoid clearance via the reticuloendothelial system through
inclusion of hydrophilic residues that pull in water to shield the peptide
from opsonization or for cell receptor specificity to achieve enhanced
tissue targeting capabilities [8,32].

This review discusses peptide delivery systems and highlights appli-
cations of targeting, cell penetrating, and fusogenic peptides as delivery
systems for cancer therapy. Peptide systems and peptide-conjugated
nanoparticles will be discussed as carriers for chemo and gene thera-
peutics individually and as combination approaches. Characteristics of
each subtype will be discussed as well as current research that exem-
plifies the advantages and disadvantages of each. Having a complete
understanding of the benefits and pitfalls of each peptide subtype can
assist in designing peptides as complementary components or direct
delivery systems. Several efforts have been successful in identifying
optimal peptide formulations to advance these systems to clinical trials,
with some achieving phase III completion [33]. Special focus will be
given to past and current clinical trials exploring peptide-based systems.
Fig. 1. Targeting peptides bind to overexpressed cell receptors commonly seen in c
peptide-cargo cell uptake. Created with Biorender.com.
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2. Targeting peptides and cancer specificity

Integrating advanced targeted delivery systems can provide signifi-
cant improvement of cellular uptake, and reduce off-target adverse ef-
fects, improving clinical translatability compared to non-targeted
delivery systems, addressing a major barrier to therapeutic delivery [34].
Used as complementary moieties to nanoparticle systems, targeting
peptides have demonstrated enhanced cell specificity and affinity for
cancer cells with unique, overexpressed cell receptors, depicted in Fig. 1
[35]. Conjugation of a targeting peptide to a nanocarrier or drug in-
creases precision for targeting cancerous cells and decreases off-target
effects, reducing the quantity of drug that must be administered and
enhancing drug concentration at target sites [36].

Targeting peptides are largely used in cancer therapeutics to target
various receptors present on cancer cells or tumors with little to no
expression on healthy tissues but can also be implemented for specific
delivery of therapeutics to endothelial cells, cardiac cells, and even
chondrocytes to elicit cell differentiation and recovery after injury or due
to degenerative disease [37–40].

Before targeting peptides became more prevalent as active targeting
moieties, monoclonal antibodies (mAb) were explored as targeting
moieties, but many drawbacks were reported [37,41]. mAbs are large
(molecular weight around 150 kDa), which can hinder infiltration of
mAb-conjugated nanoparticles into tumors [41,42]. Another complica-
tion is the uptake of mAbs by the spleen, liver, and other organs of the
reticuloendothelial system (RES) due to the presence of phagocytic cells
that bind to these circulating antibody complexes [43]. Use of peptides as
targeting entities can overcome these barriers because of their signifi-
cantly lower molecular weight and decreased immunogenicity [43].
Additional advantages of using peptides as targeting agents include lower
manufacturing costs, increased efficiency for infiltrating tumor masses,
high stability, and high tunability [44,45]. Targeting peptides increase
the specificity of drug delivery systems for targeting tumors and cancer
cells, enhancing uptake of therapeutics in cancer cells and minimizing off
target-effects. However, a disadvantage of targeting peptides is that
ancer cells. This binding can induce receptor-mediated endocytosis, enhancing
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nonspecific uptake is still possible, especially if the target is expressed in
healthy cells.
2.1. Identification and synthesis of targeting peptides

Various techniques have been developed to identify and synthesize
targeting peptides. One common technique is phage display, which uti-
lizes bacteriophage libraries to screen for a peptide sequence that has the
highest affinity for a given target [45]. Among bacteriophage libraries
are Ph.D.™-7 and Ph.D.™-12 phage display peptide libraries. These li-
braries use M13 bacteriophages that express multiple copies of a ran-
domized 7- or 12-amino acid peptide sequence on their surfaces [46,47].
Peptide phenotypes are altered by fusing genes that encode for peptides
to genes that encode for phage surface expression [48]. These phages can
be introduced in vivo; however in vitro panning has been proven to be
more effective for identifying targeting peptidesmore quickly [49]. For in
vitro panning, phages are incubated with target cells or target receptors;
phages that do not bind to the target are washed away, while the bound
phages are amplified using bacteria, completing one round of biopanning
[50]. This procedure is repeated up to 3–5 times, narrowing the library to
sequences with the highest affinity for the chosen cell receptor [50]. The
peptides present on these phages, commonly 10–20 amino acids in
length, can then be identified through DNA sequencing and
enzyme-linked immunosorbent assays [50].

An alternative method for identifying targeting peptides is the one-
bead one-compound (OBOC) combinational library [51]. This method
utilizes resin beads that each display one peptide sequence [52]. The
OBOC library is synthesized by adding peptide sequences to the bead
through PEG linkers, then incubated with the target of interest [53–55].
Usually, this method is performed in vitro by incubating the beads with
target cell receptors or cell lines [55]. The beads that bind to the target of
interest are separated from the nonbinding beads and can be character-
ized through microsequencing [53,54]. An advantage of the OBOC
method over phage display is that an OBOC library can consist of pep-
tides that have not only L-amino acids, but also unnatural amino acids
and D-amino acids [51].

Solid- or liquid-phase synthesis are used as the modern methods of
fabrication for targeting peptides as well as for synthesizing most other
peptide varieties. Solid-phase synthesis, the most commonly used
method, was first reported in 1963 and is based upon the solubility of the
group shielding the exposed carboxyl group [56]. If this protecting group
is insoluble in the synthesis-reaction medium, solid-phase synthesis is
performed. Briefly, solid-phase synthesis is achieved by attaching the
first amino acid to a resin, commonly 1–2% divinylbenzene-cross-linked
polystyrene, and the peptide is then elongated to its final product [56].
Numerous other resins can be utilized to immobilize the first amino acid
of a peptide block and can be expanded via side chain, backbone,
N-terminus, and C-terminus expansion. Advantageously, solid-phase
synthesis can be used to create vast libraries of peptides with few steps
Table 1
Targeting peptides conjugated to other nanoparticles or used alone to deliver chemo

Peptide Target Delivery Sys

Luteinizing-Hormone-Releasing
Hormone (LHRH)

LHRH Receptor Complexed w

MQLPLAT Fibroblast Growth Factor Receptor M13 phage d
T7 Transferrin Receptor Lipid nanopa

nucleotides i
MC11 Fibroblast Growth Factor Receptor MC11 was c

plasmid DNA
GE11 Epidermal Growth Factor Receptor Doxorubicin
KCCYSL Human Epidermal Growth Factor

Receptor 2
KCCYSL con

RGD peptide Derivative αvβ3 integrin Paclitaxel co
AP Peptide Interleukin-4 receptor Polymeric m

peptide [72]
P1c αvβ3 integrin Liposomes lo
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and has been improved by incorporating multicomponent reactions,
developing a final product from various points of synthesis [57]. How-
ever, solid-phase synthesis can have some difficulties producing se-
quences that rapidly aggregate into β-sheets, experience side-chain
reactions, contain large portions of glycine-rich residues, or have amino
acids with bulky side chains [56–58]. Liquid-phase synthesis was the first
approach in synthesizing peptides, but many studies have investigated
liquid-phase synthesis as an improvement on solid-phase in order to
improve the scalability, reduce financial costs, and reduce amino acid
and solvent waste [59]. Liquid-phase peptide synthesis is implemented
for high volume industrial production but can achieve higher peptide
purity as a trade-off for higher time consumption. However, many
one-pot experiments to build liquid-phase synthesized peptides can
encounter product and membrane instability as well as difficulty in
synthesizing highly hydrophobic peptides [60].

Through methods including “click chemistry,” one-pot self-assembly,
or other chemical conjugations, peptides can form robust three-
dimensional structures or be complexed to other nanoparticle systems
[61]. However, dating back to the 1980s, groups of peptides were
collectively termed “difficult sequences” due to their high aggregation
and low solubility, primarily due to excessive hydrophobic side chains
[62]. The primary structure of the amino acid configuration governs the
interactions for self-assembly through hydrogen bonding or π-π stacking
and can lend to increased solubility and aggregation issues if the se-
quences have a high content of hydrophobic residues [61]. To address
this, external factors, including environmental pH, temperature, ionic
strength, and solvent can be manipulated to influence nanostructure
formation and stability [63]. Another approach to improve stability and
functionality is through chemical conjugation. For example, a
pH-dependent one-pot approach utilizing a chemical linker composed of
maleimide and iodoacetyl groups can be reacted with cysteine amino
acid residues to facilitate heterodimerization of a peptide system,
dramatically increasing peptide stability in solution [64]. Functionality
can also be improved through chemical conjugation using “click chem-
istry.” Nucleic acids, including siRNAs, can be alkynyl modified at their
5’ ends for conjugation to an azido-bearing peptide, causing an increase
in nanocomplex yield and purity [65]. Taken together, many strategies
have been used to improve peptide stability and avoid aggregation in
forming peptide-based or peptide-conjugated nanoparticles that enhance
the usability of peptides for drug delivery. Through chemical ligation,
solvents, internal peptide modifications, and external factors, including
temperature, pressure, and agitation, peptide stability can be improved
while reducing aggregation during particle formation [62,63].
2.2. Targeting receptors

Targeting peptides can bind to a variety of cell receptors that are
either overexpressed by or unique to cancer cells, many of which are
listed in Table 1. Targeting receptors can be sorted into three main
and gene therapeutics.

tem Cell Type

ith PEG and campothecin [66] ovarian, breast, and prostate
cancer cells

isplaying MQLPLAT in vivo [67] gastric cancer cells
rticles conjugated with T7 loaded with antisense
n vitro [68]

lung cancer cells

onjugated to branched PEI and PEG encapsulating
[28]

HepG2

(DOX) loaded liposomes conjugated to GE11 [69] lung cancer cells
jugated toTGX-D1 chemotherapy [70] prostate cancer cells

njugated to RGD peptide [71] breast cancer cells
icelles loaded with doxorubicin conjugated to AP breast cancer cells

aded with doxorubicin conjugated to P1c [73] glioblastoma cells
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groups: integrins, G-protein coupled receptors, and growth factor re-
ceptors. Integrins are transmembrane cell receptors that bind to proteins
in the extracellular matrix [74]. Integrin αvβ3, which is often overex-
pressed in ovarian, prostate, and breast cancers, has been a popular
integrin for target studies [75]. G-protein coupled receptors (GPCRs) are
membrane receptors that transduce stimuli into various cellular activities
by activating G proteins when they bind to ligands [76]. Luteinizing
hormone-releasing hormone receptor is a GPCR which has been
demonstrated to be overexpressed in a range of tumors including pros-
tate, breast, and ovarian tumors [77]. Growth factor receptors (GFRs) are
surface receptors that are activated by binding to growth factors and can
cause cell proliferation [78]. A common targeting receptor in this cate-
gory is epidermal growth factor (EGFR), which is found overexpressed on
breast, lung, and colon cancer cells and tumors [69,79].

2.3. Targeting peptides conjugated to therapeutics

Once targeting peptides are developed, they can be conjugated to
nanoparticles that carry therapeutics or even to the therapeutic itself
with the help of linkers [37,41]. Cleavable linkers are commonly used
because of their ability to release a drug once it has reached its target site
[37]. Cleavable linkers can be separated into two main groups: chemi-
cally cleavable or enzyme-cleavable [80]. Chemically cleavable linkers
can be cleaved in acidic environments such as the lysosome or endosome
since they are designed to be stable only at a pH of 7 [80].
Enzyme-cleavable linkers can be cleaved by proteases or other enzymes
relevant to the tumor microenvironment [37,41]. Peptide hydrolysis,
acid-base catalysis, or covalent restructuring of amide bonds are methods
by which enzymatically cleaved linkers are broken after
peptide-mediated delivery of nanocomplexes to the TME or after inter-
nalization in cancer cells, in the example of cathepsin-B cleavable linkers
[81–83].

Cleavable linkers can act as activators of prodrug conjugates, causing
release of activated chemotherapeutics in their target site. Daunorubicin
linked to leucine residues responsible for TME accumulation, retention,
and linker cleavage, dissociated via aminopeptidase cleavage, was
delivered to L1210 leukemia cells, and exhibited significantly higher
TME accumulation and anticancer effects compared to free daunorubicin
when delivered intravenously to subcutaneous tumor-bearing mice [84].
In another application, the doxorubicin (DOX) prodrug, R8DB, comprised
of an octa-arginine peptide complexed to doxorubicin via a
glycine-phenylalanine-leucine-glycine linker, enabled high levels of free
doxorubicin delivery upon cleavage via cathepsin-B, a lysosomal prote-
ase, in ADR-Res drug-resistant ovarian cancer [85]. Most notable, was the
ability to include a DOX quencher, allowing for drug tracking prior to
release via cathepsin-B cleavage, a phenomenon not seen with free DOX
[81,85]. DOX is a popular drug conjugate to evaluate linker efficacy, as
chemically cleavable linkers have also been shown to enhance internal-
ization and release of DOX in cancer. Modified human α-fetoprotein
receptor-binding peptide containing a conjugate poly-glutamic acid
linker bound to DOX increased solubility, tumor selectivity, and
pH-dependent disulfide bond degradation between the peptide sequence
and DOX conjugate within the lysosome in SKOV3 ovarian cancer and
MCF7 breast cancer cells [86].

Many successful studies have included targeted peptide-drug systems
conjugated via enzymatically or chemically cleavable linkers. An RGD
peptide derivative conjugated to paclitaxel (PTX) via ester bond coupling
has proven effective in targeting breast cancer cells with overexpression
of αvβ3 integrin and delivering PTX following esterase cleavage in an
acidic environment [71]. An in vivo study showed that the tumor uptake
of tritium-labeled (3H) particles, 3H-RGD-PTX, in MDA-MB-435 tumors
via αvβ3 integrin binding was higher at all time points in comparison to
nontargeted 3H-PTX and 3H-PTXþ RGD [71]. Tumor to muscle ratio was
also higher for 3H-RGD-PTX at each recorded time point, indicating se-
lective tumor targeting over muscle cells. 3H-RGD-PTX treatment also
exhibited greater tumor growth inhibition in comparison to the free PTX
4

controls [71]. Human epidermal growth factor receptor 2 (HER2) tar-
geting peptide, KCCYSL, conjugated to TGX-D1, a chemotherapeutic,
enhanced cell-specific binding and uptake into LNCaP prostate cancer
cells [70]. The targeting peptide-drug conjugate, KCC-TGX, was
compared to a cleavable linker-drug conjugate, containing the SSKYQ
prostate specific antigen-cleavable peptide (Ac-SSKyQSL-TGX), the
TGX-D1 intermediate (NH2-SL-TGX), and free TGX-D1 [70]. Cellular
uptake studies showed that KCC-TGX had the highest uptake in LNCaP
prostate cancer cells [70]. Furthermore, a competitive binding assay with
preincubation of anti-HER2 ligand followed by delivery of KCC-TGX
resulted in significantly lower cellular uptake, demonstrating that
internalization of the drug was largely due to the HER2 targeting peptide
[70]. These overexpressed cell receptors provide a point of entry for
targeting peptide-based delivery systems and exhibit greatly improved
targeting abilities that are further enhanced using cleavable linkers. With
these attributes, drug payloads can be reduced, as off-target delivery
becomes less of a barrier in addition to fewer possible systemic side
effects.

2.4. Targeting peptides conjugated to nanocarriers

Although research on targeting peptides initially focused on direct
conjugation of the peptide to a drug, most recent work focuses on
conjugating peptides to nanocarriers such as micelles, polymers, or li-
posomes with proven abilities to effectively deliver not just mono-
therapies, but also types of combination therapy to cancer cells [37]. AP
peptide (CRKRLDRN) is a targeting peptide that binds to interleukin-4
receptor and has been conjugated to pH-responsive polymeric micelles
carrying doxorubicin [72]. DOX-loaded micelle uptake in MDA-MB-231
breast cancer tissue was enhanced at each time point for the micelles
conjugated to the targeting peptide when compared to micelles alone
when delivered intravenously [72]. As a result, 15 days after
micelle-DOX injection, breast cancer tumors in mice injected with
DOX-loaded targeting micelles were 18.6% or 57% the weight of the
tumors in mice injected with saline or non-targeted micelles, respectively
[72]. In another study, P1c peptide (CIRTPKISKPIKFELSG) targeting
αvβ3 integrin was conjugated to doxorubicin-loaded liposomes [73].
P1c-conjugated liposomes had a significantly higher mean fluorescence
intensity following incubation with αvβ3 positive U87MG glioblastoma
cells compared to non-targeted liposomes [73]. A CCK-8 assay confirmed
that P1c conjugated liposomes loaded with DOX mediated significantly
higher cytotoxicity in U87MG tumors compared to nontargeted
DOX-loaded liposomes, while the MCF-7 cell line, an integrin
αvβ3-negative cell line, did not exhibit a significant difference in cyto-
toxicity between the targeted and nontargeted liposomes [73]. U87MG
tumors were significantly smaller for mice that were treated with
P1c-conjugated liposomes loaded with DOX compared to free DOX,
nontargeting DOX-loaded liposomes, or saline [73].

Fibroblast growth factor receptor (FGFRs) has been shown to be
overexpressed on cancer cells, and a targeting peptide, MC11, has been
identified for receptor-specific binding with fibroblast growth factor [28,
67]. A polyplex consisting of eight-armed PEG (EAP), PEG600, andMC11
was constructed and delivered to HepG2 hepatocellular carcinoma cells
in vitro and displayed significantly higher luciferase gene transfection
compared to the nontargeted polyplex [28]. Similarly, the T7 peptide
was developed to specifically target transferrin receptor (TfR) in
MCF-7breast cancer cells and was complexed with core-shell nano-
particles to form DSPE-PEG2000-T7 nanocomplexes [24].
DSPE-PEG2000-T7 nanoparticles displayed increased fluorescence in the
cytoplasm of MCF-7 cells compared to nontargeted nanoparticles and
also showed significantly EGFR protein expression when delivering
short-interfering RNA (siRNA) targeting EGFR intravenously into mice
bearing MCF-7 mammary tumors compared to nontargeted complex
formulations [24].

The development of targeting regions on cancer therapeutics has been
advantageous in delivering therapeutics to targeted sites on cancer cells.
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Targeting peptides are efficient for this goal due to their low molecular
weight and abundant versatility, especially when compared to mono-
clonal antibodies. Use of targeting peptides to enhance current nano-
particle delivery systems or as additional moieties with other peptide
systems to deliver cell-specific therapeutics may help to establish pep-
tides as promising candidates for clinical translation.

3. Cell penetrating peptides

Efficient internalization of cargo at therapeutically effective concen-
trations is a major barrier to drug delivery. Limitations to nanoparticle-
cargo cellular uptake can be attributed to particle size, polarized
charge distribution, and net neutrality or negativity that negate cell
membrane interactions [87]. Cell penetrating peptides (CPP), a
well-studied peptide class, play a major role in increasing cellular uptake
of nanoparticle delivery systems and can also influence endosomal
escape. Physiochemical properties, including charge density, degree of
hydrophobicity, and cell penetrating peptide concentration, create in-
teractions with the cell membrane and activation of cellular internali-
zation. The known methods of cellular internalization using cell
penetrating peptide-conjugated nanoparticles and cell penetrating pep-
tide complexes include inverted micelle internalization, direct trans-
location via membrane pore formation, and endocytotic mechanisms,
such as micropinocytosis, clathrin-mediated, and caveolae-mediated
endocytosis, illustrated in Fig. 2 [7,88]. Although each of these mecha-
nisms have been demonstrated to play a role in cell penetrating peptide
delivery, pinocytosis and clathrin-mediated endocytosis are the primary
routes of internalization [89].
Fig. 2. Cell penetrating peptides can be utilized to deliver siRNA and other cargo th
Cell penetrating peptides are primarily internalized via endocytotic mechanisms, inc
Under acidic conditions in the endosome, some cell penetrating peptides are proto
resulting in increased internal pressure and eventual endocytotic rupture and rel
BioRender.com.
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3.1. Characteristics of cell penetrating peptides for internalization and
endosome escape

Cell penetrating peptides are commonly less than 40 amino acids long
and are often cationic or amphipathic in nature [33,89]. With these size
and charge qualities, peptide nanocarriers enable small therapeutic
cargo, including siRNAs microRNAs, oligonucleotides, and
low-molecular weight chemotherapeutics, to traverse the cell membrane
upon electrostatic interaction and/or hydrophobic internal interactions
with cell penetrating peptides [90]. Many cell penetrating peptides can
be designed from naturally occurring viral proteins that have the ability
to efficiently complex with cargos. The first cell penetrating peptide was
derived from the human immunodeficiency virus (HIV) [91,92]. The
transactivator of transcription (TAT) protein domain is a major player in
HIV-gene expression, has been chemically synthesized, and comprehen-
sively characterized to describe its interaction with the cell membrane
[91].

Synthetic variants of TAT have led to significant advances in
nanoparticle-based delivery systems and have seen substantially
increasing uses over years of drug delivery research [13,90–96]. Cell
penetrating peptide sequences form specific secondary structures that
have high affinity for the cell membrane; however, structures formed
depend on total peptide charge and helical properties [33,89,91].
Increased peptide helical content has been shown to increase cellular
uptake through aromatic tryptophan inclusions, while higher overall
peptide charge can induce rapid oligonucleotide complexation and
interaction with the negatively charged cell membrane [33,89,97].

Varying characteristics of cell penetrating peptide designs, including
the charge density and amino acid chain length, can affect the method
and extent of cellular uptake [98]. Antennapedia, a homeoprotein
rough electrostatic interactions with the positively charged amino acid residues.
luding micropinocytosis, clathrin-mediated, and caveolae-mediated endocytosis.
nated and can induce an influx of water and chloride ions into the endosome,
ease chemotherapeutics, allowing for subsequent RNAi activity. Created with

http://BioRender.com


T. Samec et al. Materials Today Bio 14 (2022) 100248
identified in Drosophila [97,99], R9, a nona-arginine cell penetrating
peptide sequence, and TAT were investigated to determine their route of
cellular internalization None of the peptides showed evidence of a single,
isolated pathway; Macropinocytosis, clathrin-mediated endocytosis, and
caveolae-mediated endocytosis were all observed [97]. However, the
results revealed that endocytosis of the peptides was concentration
dependent, with R9 and TAT requiring micromolar concentrations for
rapid endocytosis and distribution [97]. R9 and TAT were also able to
directly translocate into the cytoplasm of HeLa cells [97,98]. Another cell
penetrating peptide, R8, an octo-arginine sequence, was delivered in
CHO cells, and single-molecule spectroscopy was used to examine the
system diffusion coefficient and residence time of the peptide within the
cellular membrane [100]. Similar to other cell penetrating peptides, R8
exhibited heterogeneous uptake behavior with evidence of active endo-
cytotic mechanisms and the capacity to translocate the cell membrane
when delivered after CHO cell treatment with cytochalasin D, an actin
filament disruptor [100]. Solid-state nuclear magnetic resonance (NMR)
paramagnetic relaxation of penetratin was able to show direct insertion
into single- and double-membrane Mn2þ vesicles at depths dependent on
the concentration of peptide delivered, driven by cationic-anionic in-
teractions [93,98]. The ability of cell penetrating peptides to use multiple
routes of uptake can be advantageous for delivery of therapeutic cargo
when concentration of delivered cargos is variable, spatially limited, or
cells are receptor-inhibited through competitive binding [93,97,100].

Inclusion of amino acid structure modifications in cell penetrating
peptides has been explored for increased surface charge, cargo affinity,
and biocompatibility to promote efficient and stable cellular uptake [90,
101]. To avoid low synthesis yield, low solubility, aggregation, and
toxicity, modifications to the side chain of cell penetrating peptide
transportan 10 (TP10), including stearylation, addition of novel amino
acids, and site-specific hydrophilic inclusions, were implemented
[102–104]. These design variants were complexed with antisense
splice-correcting RNA oligonucleotide cargo and delivered in HeLa cells.
Each peptide variant enabled higher levels of transfection and increased
splice-correction in comparison to unmodified peptides and Lipofect-
amine controls [102–104]. Additional modifications, including amida-
tion and inclusion of pyroglutamic acid residues at the N-terminus of cell
penetrating peptide sequences, increased peptide half-lives and cellular
uptake [105].

In addition to promoting cellular internalization, some cell pene-
trating peptides can also enable release of cargo from the endosome.
Because cell penetrating peptides are primarily cationic, their main route
of endosomal escape is through the proton-sponge effect [106,107]. The
cationic charges associated with cell penetrating peptides and additional
pH-responsive residue modifications become reactive to the acidic
environment within the endosome and can absorb free protons,
increasing the peptide charge [106]. This significant proton concentra-
tion causes an influx of extravesicular water and chloride ions, giving rise
to a dramatic increase in osmotic pressure, resulting in destabilization of
the endosomal membrane and eventual endosomal lysing [108]. Rupture
of the endosome releases the internal components, including therapeutic
cargo, into the cytosol. However, a drawback of cell penetrating peptides
is that they have been known to increase nonspecific delivery, resulting
in off-target effects, and increased cytotoxicity compared to other de-
livery systems due to highly acidic conditions created by a large number
of positively charged residues [14,88,109–111].

3.2. Therapeutic applications

Two primary modes of incorporating cell penetrating peptides into
therapeutics, including conjugation to nanoparticles or using cell pene-
trating peptides alone to deliver therapeutics, have been extensively
studied since 1988 [112]. Cell penetrating peptides can be conjugated to
nanoparticles via short sequences of peptide linkers to create additional
functionality on polymeric nanoparticles, lipid nanoparticles, or drug
therapies [90,113]. More specifically, conjugation of cell penetrating
6

peptides with other nanoparticle systems can enhance chemotherapeutic
delivery. Additionally, cell penetrating peptides alone have been used
extensively for delivery of nucleic acids, due to the ease of electrostatic
complexation of the cell penetrating peptide with its negatively charged
cargo. Several therapeutic applications of cell penetrating peptides as
either conjugates to nanoparticles or used alone to directly complex
nucleic acids are listed in Table 2.

TAT has been used extensively in drug delivery systems as a conju-
gated moiety to nanoparticles including lipid, metallic, and microbubble-
based therapeutic carriers [13,90,92–96]. TAT conjugated to lipid-based
nanobubbles encapsulating siRNA was delivered to MDA-MB-231 triple
negative breast cancer cells in vitro and in vivo [95]. Significantly
enhanced internalization of siRNA was observed in cells treated with the
cell penetrating peptide-complexed nanobubbles in comparison to cells
treated with siRNA alone or nanobubbles without the cell penetrating
peptide [95]. In another study, the selective cell penetrating peptide
(SCPP) was conjugated to a polymersome (PS) nanoparticle encapsu-
lating methotrexate disodium (MTX) [114]. The SCPP-PS-MTX nano-
particle was delivered to A549 human lung cancer cells in vivo and
exhibited rapid penetration into cells and efficient cargo release in
comparison to PS-MTX and free MTX [114]. Additionally, Gao et al.
demonstrated that the arginine-leucine-tryptophan (RLW) cell pene-
trating peptide conjugated to poly(ethyleneglycol)-poly(ε-caprolactone)
nanoparticles increased A549 lung cancer tumor spheroid penetration
and delivery of docetaxel compared to octo-arginine-conjugated nano-
particles and docetaxel alone [115].

In addition to conjugation of cell penetrating peptides to other
nanoparticle formulations, cell penetrating peptides can also be used as
stand-alone delivery systems for enhanced nucleic acid delivery. Poly-
arginine (pR) cell penetrating peptide sequences are extensively used
in peptide delivery systems as complementary sequences for efficient
cargo delivery and complexation with negatively charged nucleic acids
[109,116,117]. NP1, a stearylated modification of a pR cell penetrating
peptide, was directly complexed with siRNA and exhibited significantly
higher levels of siRNA uptake in 2- and 3-dimensional models of HCT 116
human colon cancer cells in comparison to Lipofectamine-2000 [94].
Furthermore, NP1 complexed with Bcl2-siRNA (siBcl2) enhanced
knockdown of Bcl-2 protein compared to delivery of siBcl2 alone and
siBcl2 delivered via Lipofectamine 2000 [94]. Modifications to pR
similar to NP1, in addition to the formulation of peptide-siRNA nano-
particles and cell penetrating peptide-conjugated nanoparticles, have
exhibited increased levels of cellular internalization and subsequent gene
knockdown when delivering siRNA to oral squamous cell carcinoma,
breast cancer cells, and neuronal cells [118–120]. Lyp-1, a
tumor-penetrating peptide sequence, complexed in tandem with
numerous cell penetrating peptides, including pR variants, significantly
increased cellular uptake of the delivery system and GFP silencing in
HeLa cells compared to a lipofectamine control [117]. This study also
demonstrated that pR cell penetrating peptide-mediated delivery was
more effective in silencing GFP than both TAT and penetratin-complexed
tandem systems.

Although cell penetrating peptides can enhance cellular uptake and
therapeutic activity, their cytotoxicity has caused significant limitations
in the clinical translatability of cell penetrating peptide systems both
alone and when conjugated to nanoparticles [121]. Thus, it is important
to evaluate and minimize cytotoxicity of cell penetrating peptides to
avoid viability loss in off-target and healthy cells. Cationic cell pene-
trating peptides have been shown to elicit significantly less cytotoxicity in
vitro in comparison to amphipathic cell penetrating peptides [122–124].
Transportan, an amphiphilic cell penetrating peptide, was shown to
induce oxidative stress through a metabolic panel analysis in comparison
to cationic cell penetrating peptides R9, MAP, and pTAT [125]. Addi-
tionally, the cargo attachment site has been shown to affect the toxicity
profile. TP10 exhibited significant proliferation reduction in HeLa and
CHO cells compared to penetratin and TAT; however, with orthogonal
cargo complexation, a significant reduction in long-term toxicity was



Table 2
Cell-penetrating peptides conjugated to other nanoparticles or used alone for delivery of chemo and gene therapeutics.

Peptide Conjugates

Peptide Sequence Application

TAT GRKKRRQRRRPQ TAT conjugated to paclitaxel-loaded poly (DL-lactide-co-glycolide), PLGA nanoparticles were delivered to
mesenchymal stem cells in vivo [127]

R9 (d)R9 R9-conjugation to the cytotoxic caPeptide, was delivered to MDA-MB-436 triple-negative breast cancer cells in vitro
and in vivo causing cell death [116]

Penetratin RQIKIWFQNRRMKWKK Penetratin conjugated to Grb7 targeting peptide displayed high levels of biotin and FITC fluorophore internalization
in MDA-MB-231 breast cancer cells [128]

Peptide Complexes

Peptide Sequence Application

ARF (1-22) MVRRFLVTLRIRRACGPPRVRV ARF (1-22) delivered to MDA-MB-231 breast cancer cells displayed a dose-dependent decrease in cell viability [129]
599 GLFEAIEGFIENGWEGMID-

GWYGGGGRRRRRRRRRK
Chimeric peptide-siCIP2A complex delivered to oral squamous cell carcinoma in vitro and in vivo [119,130]

NP1 STR-H16R8 NP1 complexed with siRNA enhanced cellular uptake in a tumor spheroid model and Bcl2 gene knockdown in human
colon cancer cells HCT 116 [94]

Azurin-p28 LSTAADMQGVVTDG
MASGLDKDYLKPDD

P28 exhibited preferential and temperature dependent entry into A549 lung cancer, DU145 prostate cancer, MCF-7
breast cancer, HCT116 colon cancer, HT1080 fibrosarcoma, and SKOV3 ovarian cancer cells, shown via P28 Alexa
Fluor 568-labeling, compared to corresponding healthy CCD-13Lu lung, CRL11611 prostate, MCF-10A breast,
CCD33Co colon, and HOSE6-3 ovarian cells [131]

PepFect-1 KETWWETWWTEWSQPKKKRKV PepFect-1 enhanced intracellular delivery of complexed proteins in human fibroblasts [132–134]
PepFect-2 KETWFETWFTEWSQPKKKRKV PepFect-2, and its derivatives, PepFect-20 through PepFect-47, enhanced uptake of HypNA-pPNA in HeLa cervical

cancer cells [132,135]
PepFect-3 KETWFETWFTEWSQPKKKRKV PEGylated PepFect-3 effectively delivered DNA mimics to PC3 prostate adenocarcinoma cells in vivo [132,135]
PepFect-14 AGYLLGKLLOOLAAAALOOLL PepFect-14 complexed to splice-correcting oligonucleotides and ciproxifan modulated cell signaling pathways in

HeLa cells [136]
Transportan
10

AGYLLGKINLKALAALAKKIL Transportan 10 improved the delivery and anticancer effects of cisplatin in HeLa cervical cancer and OS143B
osteosarcoma cells [137]

T. Samec et al. Materials Today Bio 14 (2022) 100248
observed compared to N-terminal loading [126]. Selection and design of
future cell penetrating peptides should include these considerations to
yield low toxicity and thus improve the clinical translatability of these
systems.

4. Fusogenic peptides

Another major barrier to nanocarrier-mediated delivery of thera-
peutics is their lack of endosomal escape, which causes degradation of
both the delivery system and its therapeutic cargo. When a molecule is
unable to readily pass through the cell membrane via diffusion, endo-
cytosis allows uptake of the molecule into the cell. Through endocytosis,
the cell internalizes a molecule by vesicle formation, and the molecule is
sorted into the endosome, where it is recycled or trafficked to lysosomes
for degradation [138]. Once in the endosome, molecules often lack the
ability to escape into the cytoplasm where they can perform their desired
function. Use of fusogenic peptides in delivery systems combats this issue
by allowing cargo to escape from the endosome. Fusogenic peptides
release their cargo through the fusion process. This process begins with
the membrane and peptide in close proximity, followed by formation and
expansion of an aqueous pore for a completed fusion reaction [139].
Within this process, the transition states typically consist of non-bilayer
phospholipids and curved monolayers, both of which are unfavorable
for membrane interaction due to electrostatic and steric barriers [140].
Therefore, fusogenic peptides fulfill the need to facilitate endosomal
escape through a variety of mechanisms.
4.1. Characteristics of fusogenic peptides and mechanisms of membrane
disruption

Though there are many fusogenic peptides, all share common char-
acteristics that enable their functional ability for endosomal escape. A
fusogenic sequence is typically 13–20 residues in length and is critical for
the fusion process to be anchored into the membrane [141]. The fusion
sequence is typically hydrophobic in nature and located at the N-termi-
nus of the peptide sequence [142,143]. Typically, a mutation within this
segment leads to a complete loss of fusogenic function [143], but specific
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residue additions at this location have been shown to increase fusoge-
nicity [144]. The primary structure of the fusogenic peptide sequence is
amphiphilic in nature, enabling the peptide to maintain a high affinity for
lipid bilayers. Additionally, when forming amphiphilic helices, these
sequences can create a hydrophobicity gradient, which plays a role in the
peptide's endosomal escape ability through accelerating fusion [145].

Fusogenic peptides are pH dependent, membrane disrupting peptides.
At a physiological pH, fusogenic peptides are inactive, but become pro-
tonated and undergo activation in an acidic environment, such as an
endosome [146]. At an acidic pH, most fusogenic peptides undergo a
conformational change to an α-helix secondary structure to fuse with and
disrupt the endosomal membrane to allow for endosomal escape [143,
147]. The “spring-loaded” nature of the conformational change of pep-
tides usually happens in two major steps [147]. First, fusion peptides are
released from the native complex to refold into long helical bundles, thus
projecting the N-terminus toward the target membrane [147]. Next, the
peptides form a six-helix bundle, composed of N-terminal helices and
antiparallel C-terminal helices [147]. This typical post-fusion structure
forces the peptide and membrane into close proximity and anchors the
peptide into the membrane through the fusion peptide and trans-
membrane area [148]. These secondary structures are required for
endosomal escape because the insertion of amide groups into membranes
is unfavorable unless the amide groups are hydrogen bonded through
protonation [149].

After fusogenic peptides initiate their secondary structure at an acidic
pH, they utilize a variety of techniques to facilitate endosomal escape.
Fusogenic peptides can cause curvature modulation through lowering of
the bilayer hexagonal phase transition temperature to promote negative
curvature [141]. This increase in negative curvature of contacting
monolayers can form an intermediate membrane state in the process of
fusion [141]. Another method is to disrupt the membrane through pep-
tide helix insertion into the target endosomal membrane during the
fusion process to perturb the regular packing of lipids [142]. The hy-
drophobic characteristics of a fusogenic sequence allow for membrane
disruption in two ways. For two bilayers to merge, each monolayer must
rupture and reform; hydrophobic peptides have the ability to lower
membrane rupture tension, which is important for acceleration of fusion
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[145]. Hydrophobic peptides also form a hydrophobic gradient along the
helical axis; the gradient determines the angle of insertion. Attenuated
total reflectance-Fourier transform infrared experiments determined that
the peptide inserts at an oblique angle to properly disrupt the target
membrane [150]. Finally, through the energy associated with their
conformational change, fusogenic peptides have the energy to drive the
fusion process by lowering the activation energy for the unfavorable
intermediates within the process [150]. Once the fusion process is
complete, the membrane of the endosome has been disturbed, and the
contents are released into the cytosol. Fig. 3 illustrates the process of a
fusogenic peptide nanoparticle inducing endocytosis of siRNA cargo into
a cell and causing endosomal escape, releasing the therapeutic cargo into
the cytosol to achieve RNA interference (RNAi). Without this endosomal
release, trapped siRNA cargo will be trafficked for lysosomal degrada-
tion, rendering the therapeutic ineffective. Upon release into the cell
cytosol via fusogenic peptide mechanisms, siRNA can bind with the
RNA-induced silencing complex and be trafficked for endonuclease
argonaut-2 degradation of targeted mRNA responsible for oncogenesis.

4.2. Subtypes of fusogenic peptides

Three subtypes of fusogenic peptides exist due to variations in the
Fig. 3. Depiction of fusogenic peptide-based nanoparticles delivering bioactive siR
fusogenic peptides undergo a conformational change to adopt a helical secondary s
disruption of the membrane to allow the release of complexed cargo into the cyto
Nanoparticle Delivery System,” by BioRender.com (2021). Retrieved from https://ap
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secondary structure formed at acidic pH, including α-helical, β-sheet,
internal fusogenic peptides, which are illustrated in Fig. 3. The confor-
mational structure of a peptide can be evaluated by using circular di-
chroism, X-ray, or nuclear magnetic resonance. Most fusogenic peptides
form an α-helix structure to promote endosomal escape at acidic pH, and
is shown in molecular simulations in Fig. 4A–D, where the Ebola viral
fusion sequence was inserted into to a dodecylphosphocholine (DPC)
micelle as a model membrane. The most studied fusion protein is the
glycoprotein hemagglutinin (HA) of the influenza virus. HA2, a synthetic
peptide derived from HA, changes conformation to form an α-helix at the
endosome's acidic pH and inserts itself into the membrane [6]. HA2 has
functioned as an endolytic moiety on cell penetrating peptide and tar-
geting peptide systems to deliver proteins into cancer cells [151,152].
Liou et al. demonstrated enhanced delivery and cytoplasmic localization
of red fluorescent proteins (RFP) into A549 adenocarcinoma alveolar
epithelial cells via HA2-functionalized cell penetrating peptide in com-
parison to delivery with nuclear localization signal-fused RFP [153].
Furthermore, HA2 conjugated to the TAT cell penetrating peptide
exhibited higher cellular uptake and endosomal disruption capabilities in
HeLa, HEK, 10T1/2, and HepG2 cells compared to cell penetrating
peptide formulations of Transportan, octo-arginine (R8), penetratin, and
TAT alone [154]. The polypeptide structure targeting the CXC
NAs through pH-sensitive endosomal escape. Taken up through endocytosis,
tructure under acidic conditions within the endosome, resulting in fusion and
sol for subsequent incorporation with RNAi machinery. Adapted from “siRNA
p.biorender.com/biorender-templates.

http://BioRender.com
https://app.biorender.com/biorender-templates
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chemokine receptor 4, T22-green fluorescent protein (GFP)-H6, with
internal HA2 conjugation to form a tandem T22-GFP-HA2-H6 system,
demonstrated the ability of the fusogenic HA2 to enhance endosomal
lysis and nuclear accumulation of GFP into HeLa cells; however, these
effects were concomitant with reduced targeting efficacy [155,156].
Though enhanced cell uptake and endosomal breakdown was achieved,
the importance of peptide design considerations, specifically when con-
jugated in tandem, should not be overlooked as, interactions between the
peptide regions can cause reduced efficacy of each peptide's specific
function.

Though α-helices are the primary known structure of fusogenic pep-
tides, they can also form β-sheets upon conformational change for
membrane insertion through sequence editing or truncation, which has
been observed using lipid membrane interactions, Fourier-transform
infrared analysis, and solid-state nuclear magnetic resonance spectros-
copy [157–160]. Shown in the gp41 fusion domain of HIV (HFP), in-
teractions of amphipathic repeats between individual fusogenic peptides
can adopt an anti-parallel structure, illustrated in Fig. 4I–K, specifically
when containing glycine residues, causing whole-sheet insertion of the
fusogenic peptide supramolecular structure into the endosomal mem-
brane [158–161]. A third subtype of fusogenic peptides are known as
internal fusogenic peptides, and do not form singular secondary struc-
tures [162,163]. Ebola and the sarcoma virus peptide are examples of
internal fusogenic peptides containing subunits that respond to pH
decrease through oligomerization, causing membrane fusion with evi-
dence of α-helix structures, β-sheet conformations, and internal loop
structures confirmed through nuclear magnetic resonance imaging, cir-
cular dichroism, and lipid mixing resonance [162–165].

4.3. Therapeutic Application

Fusogenic peptide systems have shown great success in delivering
gene and chemotherapies both in vitro and in vivo. Shown in Table 3, most
fusogenic peptides have been implemented as conjugated moieties to
other peptide or nanoparticle formulations. The exact number of fuso-
genic peptides that have been discovered is not entirely known. Deri-
vations of natural viral fusion sequences, including the dimeric form of
the influenza-derived fusogenic peptide INF-7 (diINF-7) and HA2, have
almost endless permutations to evaluate optimum amphipathic qualities
and endosomal membrane fusion ability. With each new fusogenic pep-
tide evaluated, the window for clinical therapeutic applications grows
wider through delivery of chemotherapies, immunotherapies, and gene
therapies (see Table 4).

One example of a gene therapy application for fusogenic peptides is in
delivery of small interfering RNA (siRNA) to induce RNAi. Due to the
large size and negative charge of siRNA, it lacks the ability to readily
interact with the cell membrane for uptake. Fusogenic peptides can
protect siRNA from degradation, facilitate cell membrane interactions,
promote cellular uptake, and release siRNA into the cytosol [141]. This
application is especially promising for cancer treatment to mediate
cytosolic delivery of bioactive siRNAs for targeting and silencing onco-
genes. In one study diINF-7 was evaluated for delivery of EGFR siRNA
into human epidermoid carcinoma cells [175]. Electrostatic complexa-
tion of the diINF-7 peptide to EGFR-siRNA particles resulted in increased
knockdown of EGFR in comparison to siRNA delivered alone, confirming
the functionality of the fusogenic peptide [176].

The GALA peptide, a synthetic derivation of the amphipathic influ-
enza virus peptide, HA2, mimics the fusogenic properties of the virus-
derived peptide through pH-responsive conformational change, allow-
ing insertion of the peptide into the endosomal membrane [177]. GALA
was complexed to a bionanocapsule consisting of a hepatitis B surface
antigen and a lipid bilayer. The complex was delivered to HER2-positive
SKBR3 human breast carcinoma cells and HER2-negative HeLa human
cervical carcinoma cells containing the green, fluorescent cargo calcein
[168]. Cells treated with the GALA-functionalized nanoparticle displayed
enhanced cytoplasmic localization of green fluorescence in comparison
9

to non-GALA nanoparticles, indicating release of the fluorescent cargo
from the endosomes into the cytosol. The non-GALA nanoparticles dis-
played colocalized green nanoparticle signal and Lysotracker® Red
DND-99-stained endosomes, demonstrating endosomal entrapment
[178].

Another application of fusogenic peptides is conjugation to other
nanoparticles to improve efficacy of delivery systems. For example,
shGALA, a shortened form of the GALA peptide, was conjugated to the
liposomal delivery system polyethylene glycol-multifunctional envelope-
type nano device (PEG-MEND) designed for siRNA delivery [179].
Cellular uptake studies comparing delivery of PEG-MEND to
shGALA-conjugated PEG-MEND (shGALA-MEND) demonstrated that
uptake efficiency of both liposomal systems into HT1080 fibrosarcoma
cells was approximately 100% [179]. However, further studies revealed
that only the shGALA-MEND delivery system allowed release of siRNA
from the endosome into the cytosol [180]. Endosomal escape of siRNA
was confirmed through RT-qPCR, revealing increased gene silencing
mediated by the shGALA-MEND liposomes compared to PEG-MEND
[177].

Fusogenic peptides could be highly beneficial for therapeutic delivery
systems due to the peptides’ versatility in design and application.
Encapsulation or conjugation of fusogenic peptides to other nanoparticle
systems have consistently demonstrated enhanced cellular uptake effi-
cacy and endolytic activity, with few drawbacks. The amphipathic nature
of fusogenic peptides reduce cytotoxicity, enhance membrane affinity,
and can assist in therapeutic loading [181]. One potential drawback of
fusogenic peptides is that although they increase efficient release of
therapeutics into the cell, they can also reduce cell targetability and cell
uptake prior to endosomal encapsulation when delivered at lower doses
[155].

5. Clinical implications and uses

While many preclinical studies have demonstrated the utility of
peptides as a component of nanoparticle delivery systems, in most clin-
ical applications, peptides are used as the therapeutic modality alone, as
epitopes in vaccines, or as nanoparticle-therapeutic conjugates. Initial
forms of therapeutics to involve peptides, with insulin being the most
notable, were introduced in the 1920s [182]. Insulin was then followed
by other common drugs, such as oxytocin, vasopressin, and calcitonin
throughout the mid to late 20th century. As the genomic era emerged,
more drug targets surfaced because of strategized therapeutic targeting.
These strategies have led to recent developments in peptide therapeutics
and can be applied to the peptide-conjugated nanoparticle strategies.
More recently, a glutathione S-transferase recombinant peptide, P28GST,
has been shown to reduce immune responses [183]. As a result, it was
hypothesized that P28GST would reduce severity of intestinal inflam-
mation in irritable bowel disease (IBD) patients. A phase 2a clinical study
was completed in 2018 and showed promise after displaying decreased
Crohn's disease activity index scores and blood calprotectin [184]. Ulti-
mately, P28GST proved to be a safe therapeutic option. Other peptide
therapeutics have also shown promise in recent developments [185].
While these therapies have highlighted the capabilities of peptides as
therapies, they do not highlight the ability of peptides to serve as delivery
systems in clinical applications.

The most commonly used drug delivery systems in clinical applica-
tions include polymers and liposomes [186,187]. Comparing the use of
these systems to peptide applications, a significant gap exists in pre-
clinical and clinical uses. Potential causes for the lack of clinical use may
include the high cost of peptide research endeavors compared to other
small molecules and suffering a long-time gap between research studies
to mass production/commercialization [188]. The latter can be mostly
attributed to difficulty in the upscaling of peptides due to rigor in the
production process, such as peptides folding upon themselves during
solid phase peptide synthesis [189,190]. When using peptides as or a part
of a therapeutic, the likelihood of approval is 8% [191]. For peptide



Fig. 4. Fusogenic peptides can undergo three different conformational changes to cause endosomal membrane interactions. α-helices (A–D) [166] are the main
structure formation upon protonation in an acidic environment and can exhibit time and pH-dependent fusion depth, as demonstrated through molecular simulations
with dodecylphosphocholine (DPC) micelles. Internal loop (E–H) [164,165] and β-sheet (I–K) [167] structures have also been noted as major players in fusogenicity,
dependent on the internal amino acid sequence, and have been described in viruses including Ebola, sarcoma, and the gp41 fusion domain of HIV (HFP). Panels A–D
used with permission from Brice and Lazaridis [166], panels E–H with permission from Gregory et al. [165], and panels I–K with permission from Sackett and Shai
[167]. Permission related to panel A–D should be directed to ACS and can be accessed at https://pubs.acs.org/doi/10.1021/jp409412g.
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Table 3
Fusogenic peptides conjugated to other nanoparticles or used alone for therapeutic delivery.

Peptide Sequence Application

GALA WEAALAEALAEALAEHLAEALAEALEALAA GALA, complexed to a hepatitis B surface antigen bionanocapsule, delivered calcein to SKBR3 breast and HeLa
cervical carcinoma cells [168]

KALA WEAKLAKALAKALAKHLAKALAKALKACEA A polyelectrolyte complex micelle displaying KALA delivered siRNA in breast cancer cells [169]
599 GLFEAIEGFIENGWEGMIDGWYGGGGRRRRRRRRRK The 599 peptide enhanced siCIP2A bioactivity in CAL27 oral squamous cell carcinomas in vitro and in vivo [119,

130]
HA2 GDIMGEWGNEIFGAIAGFLG HA2 complexed with TAT protein transduction domain enhanced internalization and macropinosome escape of

enhanced green fluorescent protein gene in 3T3 fibroblasts, COS7 kidney cells, and CHO–K ovarian cells [170]
INF7 GLFEAIEGFIENGWEGMIDGWYGC INF7 enhances endosomal membrane interaction capabilities when exposed to the endosomal membrane following

liposomal degradation shown through rhodamine signal in CV1 kidney cells [171]
H5WYG GLFHAIAHFIHGGWHGLIHGWYG H5WYG conjugated to polyethylene glycol (PEG)-tetraacrylate (PEG-TA), caused pH-dependent endosomal

membrane interaction and release of antisense oligonucleotides in A549 non-small lung carcinoma and HeLa
cervical carcinoma cells [172]

EALA AALAEALAEALAEALAEALAEALAAAAGGC EALA conjugated to a folate-PEG-PE liposome caused folate receptor-mediated endocytosis and endosomal escape
of propidium iodide in KB cervical cancer cells [173]

SFP FEAALAEALAEALA Novel synthetic fusogenic peptide analyzed via circular dichroism, hemolysis, and lipid mixing enhanced
membrane fusion and enhanced resonance energy transfer of 7-nitrobenz-2-oxa-l,3-diazol-4-yl and rhodamine
fluorescence [174]

ccX31 Undisclosed ccX31 coiled-coil trimer enhances mixing with liposome bilayer for membrane destabilization and leakage of
calcein out of the destabilized liposome [174]

Table 4
Peptides in clinical trials and their therapeutic mechanisms.

Peptide Therapeutic System Disease Treated Mechanism of Action

DPV1047 SN38 conjugated to positively charged cell penetrating
peptide to form DTS-108

Colorectal Cancer SN38 released upon cleavage of ester bond within blood via plasma
esterases [195]

XG-102 TAT (cell penetrating peptide) conjugated to dextrogyre
peptide

Uveitis/ocular inflammation Inhibition of the JNK pathway [214–216]

KAI-1678 Synthetic cell penetrating peptide composed an inhibitor
of epsilon PKC and carrier moiety

Postherpetic neuralgia Inhibition of epsilon protein kinase C (εPKC) and isozyme-specific
receptor for active C kinase (RACK) [217]

P28GST Sole protein derived from schistosome helminth Crohn's disease Downregulating Th1/Th17 immune response to reduce intestinal
inflammation [184]

p28 cell penetrating peptide fragment of cupreodexin azurin Solid tumors Inhibits proteasomal degradation via HDM2-independent pathway
[218]

UV1 Three epitope peptides corresponding to reverse
transcriptase subunit of telomerase

Metastatic hormone-naïve
prostate cancer

Vaccine to induce immune response towards achieving tumor
eradication via targeting of hTERT [204,208]

KIF20A-66 HLA-A24-restricted epitope peptide Pancreatic cancer Vaccine targeting tumor-associated antigen kinesin family member
20A (KIF20A) [219]

NA-1 (Tat-
NR2B9c)

cell penetrating peptide Ischemic infarction Disrupts protein–protein interactions of PSD-95, a postsynaptic
scaffolding protein [220]
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therapeutics approved from 2010 to 2017, the median development time
was 9.4 years [192], contrasting with other molecule types that had a
median of 8.1 years [192]. Increased development time may deter
research in not only peptide therapeutics but also peptide nanocarriers.
However, with a compound annual growth rate of 7.9% in global peptide
therapeutics by 2027, there is promise for upcoming peptide-based
research [193]. In addition, the proportion of conjugated peptides
entering clinical development has increased over time, consisting of 30%
of all peptides entering clinical trials since 2010 [194]. To continue the
improvements of peptide inclusion in clinical work, extensive funding
and research is necessary to translate peptide delivery systems from the
bench to the bedside.
5.1. Peptide-prodrug conjugate

Pro-drugs using a peptide delivery system have been developed to
circumvent the limitations in drug metabolism, such as activation and
elimination [195]. Irinotecan is a pro-drug chemotherapeutic effective
against colorectal cancer used in combination with 5-fluorouracil (5-FU)
as of early 2000 [195,196]. It is limited by hepatic activation, resulting in
variable effects from patient-to-patient [195,197]. To overcome this
limitation, peptide-drug conjugate DTS-108 was developed, consisting of
a chemotherapy drug, SN38, and an oligopeptide, DPV1047 [197].
DPV1047 is part of a family of cell-penetrating peptides named Vecto-
cell® peptides (also referred to as Diatos peptide vectors, DPVs) and is
derived from anti-DNA antibodies [198]. This cell penetrating peptide
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consists of 19 amino acids, with 35% representing basic amino acids, and
is internalized independent of caveolar pathways [198]. Due to its
insolubility, SN38 was linked to an oligopeptide, DPV1047, to form a
water-soluble conjugate peptide: DTS-108 [195,196,199]. DTS-108 is
cleaved by esterases in the blood via esterase-cleavable linkers on the
peptide, resulting in non-hepatic release of SN38 [200]. This mechanism
proves to be an advantage of peptides conjugates, given the efficacy of
irinotecan is limited by hepatic activation. Preclinical studies showed
that the release of SN38, antitumoral efficacy, and cytotoxicity of
DTS-108 outperformed irinotecan [195]. Notably, systemic exposure of
SN38 in the gut was decreased using the DPV1047 peptide, which could
significantly decrease adverse side effects, as life threatening diarrhea is
observed in some irinotecan-treated patients as a result of accumulation
of SN38 from the pro-drug via bile excretion [195,201]. Ultimately,
DTS-108 allowed for delivery of higher doses of SN38 without increased
gastrointestinal toxicity. These characteristics were attributed to the
SN38 oligopeptide, which served as the vector for efficient SN38 delivery
in this model.

Higher levels of blood circulating SN38 observed with the use of the
DTS-108 in comparison to irinotecan led to the first in-human clinical
trial completed in 2016 [195,200]. This study revealed SN38 drug con-
centration levels in DTS-108 four times higher than irinotecan at similar
dosage amounts [200]. While diarrhea and other gastrointestinal prob-
lems were observed in patients, they were less problematic and
manageable with patients subjected to DTS-108 treatment in comparison
to those historically treated with irinotecan [200]. The clinical trial
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investigators attributed this to the location of cleavage within the body
(blood for DTS-108 and liver for irinotecan). Although tumor responses
were not observed, disease stability was sustained for six or more cycles
in several patients [200]. As a whole, the clinical study reinforced the
observations seen in the preclinical models, including reduced toxic
side-effects and overcoming pharmacokinetic barriers [195,200]. More-
over, this trial highlights the possibilities of peptides in increasing ther-
apeutic effectiveness by circumventing the barriers imposed by natural
human mechanisms.

5.2. Peptide epitopes

Peptides are most commonly used clinically as epitopes in subunit
vaccines [202]. Subunit vaccines present antigens to the immune system
using any molecule associated with the pathogen; in this case – peptides.
Peptide vaccines are usually synthetic and serve as antigenic epitopes
that will induce lymphocytic responses. These qualities allow
peptide-vaccines to be highly versatile. However, they must be engi-
neered with close attention to epitope structure and immunodominance
to render an effective immune response. Successful peptide vaccines
mimic the structures of naturally occurring antigens such as pathogens,
which tend to cross-link B-cell receptors to promote antibody affinity
maturation for increased immunogenicity [202]. Others may yield a
T-cell by binding to T-cell receptors of class I or II major histocompati-
bility complexes of antigen presenting cells [202]. However, these
require a free N-terminal amine group and an epitope peptide backbone
that conforms to the class I or II major histocompatibility complex for
successful recognition [202]. This alludes to the versatility in
peptide-epitope structure engineering, which must be within fine detail
to yield an effective immune response.

UV1 is a vaccine peptide designed based on epitope spreading, the
formation of an immune response to epitopes that are distinct from those
that cause disease, to target telomerase upregulated tumors [203].
Epitope spreading is common in vaccine development, leading to the
diversification of the immune system to recognize multiple targets on a
pathogen [203,204]. With the ability to modify peptides for targeting of
certain antigens, epitope spreading can be used as an advantage in vac-
cine development. UV1 is composed of three telomerase reverse tran-
scriptase (hTERT) peptides, known as GV1001. Previous work
established that hTERT peptides elicit CD4þ T-cell reactivity [204].
hTERT, the catalytic subunit of telomerase, is an attractive antigen target
since telomerase is often upregulated and contributes to proliferation of
human tumors and cancer progression [205–207]. Upon vaccination
with a peptide corresponding to hTERT, an immune response would be
generated to eradicate tumors with upregulated telomerase activity. A
phase I clinical trial using UV1 and granulocyte macrophage colony
stimulating factor (GM-CSF) in metastatic hormone-naïve prostate cancer
(mPC) demonstrated that 18 of 21 patients exhibited an immune
response to the peptide [208]. When used as androgen deprivation
therapy, 13 of 21 patients who received >10 UV1 vaccinations had
decreased prostate-specific antigen (PSA) levels and 10 patients no
longer had persisting tumors in the prostate gland [208]. However, the
efficacy of the vaccine must be studied further, given moderate adverse
side effects were observed in patients that could not be attributed spe-
cifically to UV1 or GM-CSF. Several other clinical trials have been con-
ducted using an hTERT peptide and other adjuvants [209–212]. More
recently, the GV1001 peptide has been explored as a heat shock
protein-mediated cell penetrating peptide [213]. These clinical studies
highlight the versatility of peptides in bridging the gap between research
and human application.

6. Conclusion

Peptide-based delivery systems have performed successfully in in vitro
and in vivo studies, but few are translated to clinical studies, a gap that
must be addressed further. In the vast majority of peptide-based
12
therapies, peptides are used as the therapeutic system rather than as the
delivery system. The success of peptide therapeutics in early clinical trials
only helps to support the ongoing studies of peptide biocompatibility and
efficacy when used as drug delivery methods. Nevertheless, peptide
systems are largely investigatory and come with advantages and disad-
vantages that should be considered in weighing the applicability of their
use.

Peptide systems can be advantageously selected and tailored for
specific uses causing endosomal escape of therapeutic cargo, efficient
cellular uptake, and cancer-specific cell targeting. Whether being deliv-
ered as a nanoparticle complex independently or as a conjugated moiety
to other particle systems, peptide inclusions have shown tremendous
promise in enhancing cancer therapeutic efficacy. When designed with
proper considerations, peptide systems can effectively avoid the many
threats to vehicle and therapeutic destruction prior to arrival at the
desired therapeutic site. Though numerous advantages to using peptides
as a delivery system have been discussed, there are disadvantages that
must be addressed. Without the following considerations, utilization of
some peptide complexes can hinder the capabilities of delivery systems
and cause negative effects including peptidase degradation and local and
systemic toxicity. While a large degree of peptide destruction can occur
prior to arrival at a target cell via protease and peptidase activity, peptide
systems can also be subject to degradation intracellularly without effi-
cient endosomal escape and subsequent trafficking to the highly acidic
lysosome. Still, the use of fusogenic, cell-penetrating, and targeting
peptide systems in cancer drug delivery has shown great success in ac-
ademic and preclinical studies, and the continued understanding of
cancer biology, tumorigenesis, and the tumor microenvironment will
continue to improve these methods of delivery.
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