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Strategies to Improve Intracellular Delivery of Arginine-Rich Cell-
Penetrating Peptides

Rachel Anjous®*, Kavyashree P.2*, and Abhishek Saha*?

Cell-penetrating peptides (CPPs) have been shown to transport diverse cargo molecules across the cell membrane, providing
a novel route for cellular uptake. Among the various CPP sequences developed to date, Arginine (Arg)-rich CPPs have gained
substantial attention from the scientific community. This is primarily due to their unique interactions with negatively charged
cell membranes and drug molecules through non-covalent forces, such as electrostatic interactions. For such unique
properties of Arg-rich CPPs, researchers have developed numerous strategies that showed possible improvement in cellular
uptake for a range of cargo molecules utilizing Arg-rich CPP platforms. In this review, we highlight the potential strategies
to improve the plasma membrane-crossing competence of Arg-rich CPPs. We outlined the relationship between the cellular
uptake or cytosolic delivery of cargo molecules and the structural properties of Arg-rich CPPs, considering all known
strategies including covalently linking small molecule scaffolds, CPP additives etc. Taking advantage of their penetration
ability, biomedical applications of Arg-Rich peptides have been revitalised. This summary provides a comprehensive
overview of the current state of Arg-rich CPP research. The discussion highlights existing limitations that may hinder progress

and outlines potential future directions and possibilities.

Introduction

Delivering molecules into cells poses a formidable challenge,
especially when dealing with large, highly hydrophobic
molecules or those trapped in endosomes. To overcome these
barriers, researchers have explored various chemical delivery
platforms, including liposomes, nanoparticles, cell-penetrating
peptides (CPPs), zinc fingers, and supercharged proteins.'=3
Among these, CPPs have attracted significant attention for their
ability to efficiently transport a wide variety of molecules into
the cytosol. Their ease of use, customizable properties, low
toxicity, and ability to convert undruggable cargo into viable
therapeutic agents make them a valuable tool in drug delivery
research.%>

CPPs are short peptides composed of 5 to 30 amino acid
residues and are classified based on their physicochemical
properties into cationic, amphipathic, and hydrophobic types.®-
8 Cationic CPPs, characterized by a high net positive charge,
have received particular interest due to their strong cell-
penetrating abilities. The positively charged residues interact
electrostatically with negatively charged components of the cell
membrane, aiding their entry. Among these, Arg-rich CPPs
(pKa> 12) are particularly notable for forming bidentate
hydrogen bonds with anionic cell surface components
(phosphate and sulfate), initiating cellular uptake.®10

In particular, Arg-rich CPPs can traverse the cell membrane
through energy-dependent and energy-independent pathways
without compromising structural integrity. They are known for
enhancing cytosolic delivery, often bypassing endocytosis.'%12
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The strategic spacing of guanidinium groups in Arg residues
improves membrane interaction and enhances transduction
kinetics without inducing mutations.?>*3 This feature facilitates
effective endosomal escape and protects the cargo from
lysosomal degradation.>”:10 Additionally, cargo attachment to
Arg-rich CPPs can be achieved through covalent or non-covalent
linkages. Covalent linkages may be stable or cleavable, with
redox-active disulfide bonds being particularly effective as they
are easily cleaved by glutathione (GSH) in the cytosol, which is
abundant in intracellular fluids.'* This cleavage strategy is
commonly employed in pro-drug approaches.’® Non-covalent
linkages often seen in primary and secondary amphipathic
peptides rely on electrostatic and hydrophobic interactions with
the cargo (Figure 1).'® The structural flexibility and tunable
characteristics of CPPs make them highly effective for cytosolic
cargo distribution with promising results in in vitro systems that
could pave the way for fruitful clinical applications.
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Early Developments of Arg-Rich CPPs

A typical Arg-rich peptide TAT (trans-activating transcriptional
activator), derived from the primary domain of the HIV-1
protein (residues 48-60) has been found to deliver a wide range
of cargo molecules such as proteins, ovalbumin, galactosidase,
and horseradish peroxidase, into cells. Variations within the
HIV-TAT domain have led to the emergence of other forms, such
as TAT (HIV-1, residues 49-57).1%17 Following this discovery,
Penetratin (p-Antp, residues 43-58), an a-helical peptide
composed of 16 amino acids was also identified and applied for
cargo delivery. The average charges of +0.67 for TAT and +0.44
for Penetratin per amino acid led researchers to consider Arg-
containing cationic CPPs as highly promising candidates for drug
delivery research.181?

The ground-breaking discovery of the TAT peptide in drug
delivery systems sparked significant advancements, including
the development of inverso-peptides composed of D-Arg
sequences (denoted as r).2° Among them, the most notable one
is rg, composed entirely of D-Arg residues. Further innovations
led to the creation of hybrid peptides such as (rR)zRa, (rR)sRa,
and (rR),;. Mutational approaches also played a pivotal role,
where Arg residues were substituted with alternative amino

2| J. Name., 2012, 00, 1-3

acids, resulting in new classes of CPPs. For instance;thepeptide
RLLRLLR contains both Arg (R) and Leu (L)X¥esidués dnd farthet
substitution with tryptophan (W) yielded variants like W1-4R
and W5-4R (Table 1). Additionally, guanidinium-proline-based
CPPs were designed to facilitate the cellular uptake of myo-
inositol hexakisphosphate, highlighting the versatility of CPP-
based drug delivery systems.2!

Despite the early promise of linear CPPs, their inherent
flexibility and wvulnerability to metabolic and proteolytic
degradation posed challenges, limiting their bioavailability,
biodistribution, and therapeutic potential. Recognizing this,
Cardoso and colleagues investigated the role of guanidinium
group spacing in Arg-rich CPPs, leading to the development of
cyclic TAT (cTAT), where cyclizing the linear TAT significantly
enhanced cellular uptake efficiency.® Building on this success,
Hackenberger and colleagues explored nanobody conjugation
with cTAT, which ultimately inspired the development of cyclic
deca-Arg (cRio). This peptide demonstrated a threefold increase
in absorption efficiency compared to cTAT and became one of
the most effective and widely studied CPPs.

Hackenberger’s team further expanded their research by
demonstrating the co-delivery of multiple proteins into living
cells using Guanylate-Binding Protein 1 (GBP1)-cRio conjugates.
These included GFP (Green Fluorescent Protein), GFP-PCNA
(Proliferating Cell Nuclear Antigen), and Methyl-CpG Binding
Protein 2 (Mecp-2).22 Additionally, Ovaa and collaborators
demonstrated that conjugating TAT to ubiquitin (Ub) enhanced
its intracellular delivery.?®> Raines and colleagues successfully
delivered cytochrome C and GFP into live cells using cRio
conjugates.?* However, research by Zhung and colleagues
highlighted a challenge: while conjugating Ub to cRio increased
permeability, the conjugates became trapped in endosomes
and lysosomes emphasizing the need for further tuning to
optimize cytosolic delivery.?®

In another major breakthrough, Parang and co-workers
developed an orally available homochiral cyclic CPP,
demonstrating efficient cytosolic delivery.?® Marsault and
colleagues made significant contributions by investigating
structure-uptake correlations in bicyclic hexa-Arg analogs,
focusing on factors such as ring size, cyclization site and
stereochemical properties.?’

Due to the limited cellular uptake of hexa-Arg derivatives, they
shifted their focus to hepta-Arg analogs. A configuration with
seven endocyclic Arg residues (cR7) was identified as superior
for cellular internalization. Further advancements led to the
creation of cyclic structures with four endocyclic and three
exocyclic Arg residues, which exhibited uptake efficiency
comparable to the highly effective linear nona-Arg (Ro).

Brik and co-workers made a significant advance by
demonstrating the live-cell delivery of chemically synthesized
proteins. Their methodology involved conjugating synthetic
ubiquitin (Ub) to traceless cRig units via a thiazolidine (Thz)
linker. They demonstrated the ability to generate C-terminal
ubiquitin-aldehyde in live cells via palladium-mediated selective

This journal is © The Royal Society of Chemistry 20xx
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cleavage of the Thz linker.?’” These advancements underscore
the adaptability and growing potential of CPP-based strategies
for therapeutic applications.

Thus, naturally derived Arg-rich CPPs, such as TAT and
Penetratin, have established a basis for designing diverse
synthetic analogs, including D-Arg variants, hybrid sequences,
and cyclic peptides like cRio, with superior uptake efficiency.
Subsequent advancements introduced protein and nanobody
conjugates, orally bioavailable cyclic CPPs, and bicyclic analogs.
This early research set the foundation for next-generation
peptide-based delivery units.

Structural Influence on Cellular Entry

Largely, Arg-rich CPPs were categorized into primary,
secondary, and tertiary sequences based on their structural
organization. Both the amino acid composition in the primary
sequence and the three-dimensional arrangement in the

Journal of Materials Chemistry B

secondary structure influence the functional capabiljties of Arg
residues.192829 |n the primary sequence)Gh& AUFWHErBERIRRg
residues plays a significant role in determining the
transmembrane delivery efficiency and transduction kinetics of
the cargo. Nakase and Kosuge's group found that peptides
containing 7 to 15 Arg residues were most effective.?®
Interestingly, increasing the number of Arg residues beyond 15,
led to a decline in efficiency, suggesting that the inclusion of
more and more Arg residues to a CPP sequence is not always
better. Furthermore, altering the positions of Arg residues
within the sequence (while keeping the total count constant)
had significant effects on both structure and function.3° For
instance, studies with Trp (W)-based peptide variations in the
insertion of Arg residues having fewer than two units in the
middle, such as W1-4R, W5-4R (where W1 and W5 were used
as references), demonstrated noticeable changes in cargo
delivery performance.

Table 1. Early developments on linear Arg-rich CPPs, their sequences, and applications.

Entry CPP Sequence Applications References
1 TAT (HIV 48-60) GRKKRRQRRRPPQ Treatment for acute hearing loss 31,32
2 TAT (HIV 49-57) RKKRRQRRR Intracellular delivery of peptides, drugs, 33

and other therapeutic blockers
3 Penetratin RQIKIWFQNRRMKWKK Directing towards human fibroblasts 819
(p-Antp 43-58)
4 Ro RRRRRRRRR Intracellular cargo delivery 20
5 ro reereeeer Intracellular cargo delivery 34
6 Transportan GWTNSAGYLLGKINLKALAALAK-KIL Antimicrobial treatment 35
7 (rR)2R4 rRrRRRRR and rRrRrRRR, respectively Delivery of small-size cargos targeted 36
(rR)3R2 to cytosolic targets in vivo
8 W1-4R RLLWRLWLWRLLR Anti-cancer treatment 37
9 W5-4R RLLRLLWWWLLRLLR Anti-cancer treatment 37
10 NP1 stearyl-HHHHHHHHHHHHHHHH- Encapsulate and deliver anti-cancer 38,39

RRRRRRRR

drug

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. A) CPP-cargo conjugation strategies via covalent and non-covalent linkages on a range of cargo molecules for cell delivery. B)
Covalent strategies for linking cargo with the Arg-rich CPPs.

remain major challenges in the development of efficient
In the secondary structure, the formation of stable a-helices
plays a pivotal role in reducing polarity and lowering the free
energy required for transferring peptides across hydrophobic
membranes.*® This led to the creation of a novel CPP A2-17

delivery systems.1042 To overcome such limitations, researchers
combined short CPP sequences (such as RRRRRR or RRGRRG)
with folding domains (e.g., a repeating unit of Pro-hydroxyPro-
Gly) in achieving collagen-like triple-helical conformation.43-45

(LRKLRKRLLRLWKLRKR), which exhibited improved cell i ) ] o
penetration despite containing fewer Arg residues than the This d'e-5|gn enhan?ed penetratlc?n efficiency, reduce.d
conventional Arg-rich CPP Rev (TRQARRNRRRWRERQR). The ~Cytotoxicity, —and improved resistance to enzymatic

degradation, offering a more stable and effective platform for
intracellular cargo delivery. Furthermore, Oba et al. developed

improved performance of A2-17 was attributed to the
formation of an amphipathic a-helix, which facilitated better

contact with cell membranes. Mechanistically, in Rev, the
presence of adjacent Arg residues leads to electrostatic
repulsion, thereby inhibiting a-helix formation. In contrast, A2-
17 minimizes such repulsion, which reduces the free energy and
enhances membrane penetration. In another example, the
research group led by Yosuke Demizu demonstrated that an a-
helix-forming  peptide  [(L-Arg-L-Arg-Api®?%4);]  exhibited
significantly greater cellular penetration and plasmid DNA
delivery efficiency across various cell types compared to the
non-helical arginine nonapeptide, Ro.#* All these highlight the
correlation of a-helical secondary structure (a-helicity) on
membrane translocation and cargo delivery efficiency. Efforts
have since been made to develop structurally distinct CPPs
including B-sheet, dimerized, branched, random coil, bicyclic
and tricyclic forms (Figure 2). However, their potential for cargo
delivery remains underexplored.

In the tertiary structure, the cytotoxicity of CPPs at high
concentrations and their susceptibility to protease degradation

a-aminoisobutyric acid (Aib)-based CPP foldamers (Arg-Arg-
Aib), (n=1-6), which demonstrated superior plasmid DNA
(pDNA) transfection efficiency than Re, primarily due to their

000000 *® N
—
~
Linear CPP B-sheet
Dimerisation Random coil CPP
G H |
Cyclic CPP Bicyclic CPP Tricyclic CPP

Figure 2. Structurally different CPPs to improve intracellular delivery.
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increased protease resistance.*® Additionally, researchers have
developed a branched poly-CPP structure of Rg (mRg) and
branched mRg (B-mRg) using disulfide bonds to deliver nucleic
acids.*’” The branched structure exhibits stronger interactions
with nucleic acids such as DNA and siRNA, resulting in enhanced
transfection efficiency relative to conventional linear CPPs,
owing to the increased electrostatic attraction provided by their
multivalent architecture.

Comparing the three different categories, the conformational
rigidity of the CPPs progressively increases as they transition
from primary to secondary and tertiary structures. It is primarily
due to the formation of the well-defined structural motifs such
as a-helix and triple helices in the higher order conformations,
which are typically absent in primary CPPs. The acquisition of
such rigid secondary and tertiary structures not only enhances
the stability of the peptide against proteolytic degradation but
also facilitates more efficient cellular uptake by promoting
favourable interactions with the lipid bilayer.

Cellular Uptake Pathways

The transmembrane mechanics of Arg-rich CPPs are focused on
their biological applications. In the pre-internalized situation,
guanidine moiety present in Arg produces strong interactions
with cell surfaces. Consequently, membrane potential drives
charge-neutralised species into the cell, and guanidine groups
aid membrane penetration by interacting with lipid head groups
and anionic groups (Figure 3).4851
deformation and calcium influx also play a pivotal role in the
CPP uptake pathway.52°3 Moreover, the association between
the function of Arg-rich peptides and variables such as Arg
residue count, optical isomers, backbone sequence and
secondary structure is likely to be involved.1%5455 Notably, Arg-
rich CPPs with distinct structural characteristics or conjugated
to hydrophobic moieties have higher membrane penetration
rates.

Local membrane

Arg-rich CPP-cargo conjugates transfer cargo intracellularly in
two non-mutually exclusive ways- directly across the plasma
membrane (direct translocation) and via endocytosis.104854,56-
58 Numerous models reflect the energy-independent direct
translocation mechanism, including temporary pore formation,
the carpet model, the electroporation-like model, the counter-
ion model and the inverted micelle model. The endocytosis
pathway, on the other hand, involves both energy-dependent
mechanisms, such as macropinocytosis and receptor-mediated
endocytosis (Figure 4A-C).

No unifying model or genes are available to mechanistically
explain the direct translocation of CPPs. This process of cellular
uptake often occurs through certain discrete structures on the
plasma membrane or specific areas of the cell.>%%0 Additionally,
in-silico model studies proved that low plasma membrane
potential (Vi) or hyperpolarization triggers direct translocation
through the formation of transient water pores.*%:6162 The
direct translocation entry is often observed at both high and low
CPP concentrations (in uM) and at low temperatures (<4 °C),

This journal is © The Royal Society of Chemistry 20xx
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where energy-dependent processes, such as endocytosis, are
inhibited. Moreover, it is not just simple passive diffusion but is
driven by the potential of the plasma membrane.®3 Notably,
disruptions in the plasma membrane are frequent, but it is
difficult to visualize, as any leakages or damages caused to the
cell membrane are repaired internally within a few seconds.3:%4
The barrel-stave and carpet models were employed to
investigate the direct translocation of Arg-containing
Penetratin. Both models include pore formation but differ in the
orientation of CPP relative to the lipid membranes. The
electroporation (neutralization of local charge) and counter-ion
model (creation of a short electric field) were found to be
relevant to Penetratin and guanidinium-rich peptides,
respectively.®®> While the inverted micelle was formed between
the bilayers of the cell membranes in the form of a hexagonal
configuration with the hydrophobic membrane encircling the
CPP (Figure 4A).5>% For example, the cellular uptake of HIV-1
TAT and octa-Arg occurs through inverted micelle formation.%¢

Endocytosis, a combined process involving multiple mediators
such as cholesterol, clathrin, caveolae, lipid rafts, and
macropinocytosis plays a significant role in intracellular cargo
delivery via cell-penetrating peptides (CPPs).586%71 Among
these pathways, the modified CPP Penetration-Accelerating
Sequence 2r12 (Pas2rl2) is particularly interesting, as it
successfully transports large molecules, such as antibodies
Immunoglobin (I1gG, 150 kDa) and (Enhanced-Green Fluorescent
Proteins) EGFP (27 kDa), into the cytosol via caveolae-
dependent endocytosis. This demonstrates the adaptability of
CPPs in traversing cellular barriers. Another example of
endocytic transport is the ocular membrane-permeable peptide
conjugated to Melphalan (89WP-Mel), which showed strong

J. Name., 2013, 00, 1-3 | 5
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anti-cancer activity in an in vivo mouse model via clathrin-
mediated endocytosis. On a different front, macropinocytosis is
a dependable mechanism for PTD peptide transduction. Larger
molecules, such as TAT-fusion proteins (30 kDa), TAT-PTD
peptides (1-5 kDa), and poly-Arg(s), have also been observed to
enter cells via macropinocytosis.”>7>

Pei and co-workers have shown that through CPP-enriched
vesicle budding and collapse, endosomal escape was attained.
It was observed that such CPPs interact with the cellular
membrane by forming nucleation zones (terminology first
coined by Brock and co-workers)®®, which co-occur with
different types of vesicle budding-and-collapse (VBC) events
(Figure 4B). They revealed that CPP functions through type-Il|
nucleation zones and membrane translocation triggers type B
and C events; otherwise, type A VBC from type-l nucleation
zones. According to Raines and coworkers, R9 and other Arg
oligomers mediate their effects via endocytosis, depending on
their binding to heparan sulfate proteoglycans.”® According to
them, once CPP is inside the endosome, heparanases degrade
heparan sulfate chains, causing peptide dissociation and
interaction of CPP with the endosomal membrane, causing CPP
destabilization and its cytoplasmic release. Sagan and co-
workers observed that the absolute endosomal mechanism
remains debatable, hence urging the scientific community to
research various CPP-cargo interactions.>® Interestingly, studies
show that Arg-rich CPPs frequently utilize multiple endocytosis
pathways simultaneously—macropinocytosis, clathrin-
mediated and caveolae/lipid raft-mediated endocytosis —all of
which aid cellular entry. Recent research showed that CPP
endocytosis traverses via newly discovered Rab-14 dependent
and Rab-5 and Rab-7 independent pathways. Through
endosomal escape, endocytosed CPP breaks free from
endosomes to attain cytosolic access.”” Despite this

6 | J. Name., 2012, 00, 1-3

convergence, no single pathway dominates the process leaving
the precise mode of entry for Arg-rich CPPs as an intriguing and
unanswered subject in the research. However, the precise
mode of entry for such CPPs depends on physicochemical
properties, the concentration of

the CPP, incubation time, and the nature of the linker between
CPP-cargo and utilized experimental conditions.>®787° For
example, direct translocation has been shown for high and low
CPP concentrations and primary amphipathic CPP, like
Transportan analogs and MPG. Similarly, the inverted micelle
model is not suitable for highly cationic CPPs like TAT(48-60).
For barrel starve and toroidal models, the pores appear beyond
a certain threshold concentration which is unique for all
peptides. This condition is also applicable to CPPs undergoing
carpet models. However, endocytosis shown by non-
amphipathic  CPPs likely due to low peptide
concentration.880

are

The involvement of multiple cellular entry pathways clearly
suggests that distinct components of plasma membrane like
phospholipids, sulfates and glycosaminoglycans (GAGs) can
bind CPPs with different affinity and selectivity. Therefore, to
elucidate the molecular basis for these interactions, Sagan and
co-workers studied the sequence-dependent interactions of
CPPs to membrane constituents. They developed a series of
nonapeptides composed of Arg, Trp, and D-Trp residues.
Systematically varying the number of Trp residues from 0 to 4
and introducing them at different positions within the sequence
resulted in a substantial increase in cellular uptake. The
interaction between the CPPs and the cell membrane was
determined through density functional theory (DFT) analysis. It
revealed the presence of salt bridge-mt interactions between the
carboxylate group of the disaccharide and the side chain of Arg
located over the Trp side chain m system. Thus, this study
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highlights the role of Trp residue as a natural aromatic activator
of Arg-rich CPP, which occurs via ion-mt interactions.® Similarly,
Arg-rich peptides weakly associating with counter-ions such as
sodium laurate were shown to undergo rapid ion exchange in
the extracellular environment, forming hydrogen bonds with
phosphate, sulfate, and carboxylate groups on the cell surface.
This hydrogen bonding becomes progressively stronger during
membrane penetration, as cationic peptides convert into
lipophilic ion pairs within the lipid bilayer. Furthermore, m-
cation interactions between the Trp residues and choline-type
polar head groups (quaternary ammonium) in the lipid bilayer
were also shown to facilitate the peptide translocation across
the membrane.??

Strategies to Improve Cell Delivery of Arg-Rich
CPP
The strategies to enhance the cellular delivery of Arg-rich CPPs

include the use of reactive chemical additives, conjugation of small
molecules (such as hydrophobic fatty acids sequence or cholesterol,
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Addition of reactive chemical additives

Additives are distinct reactive chemical entities or molecules that
interact with the cell surface, changing or tuning the membrane's
properties through various mechanisms.®* The team led by
Hackenberger, who developed cRio, later reported a strategy to
facilitate membrane translocation of the CPP-cargo conjugates by
(Cys-Arg-CPP).8 They
hypothesized that electrophilic thiol or HaloTag-reactive Arg-rich
peptides could act as additives to covalently anchored CPPs on the

using Arg-rich CPPs bearing cysteine

thiol-activated cell surface. Utilizing this strategy, cargo like cysteine
(Cys) containing peptides can readily be co-delivered into the cytosol
by simple co-addition of a slight excess of CPP (1-5, Figure 6A), while
the excess CPP forms additives on the cell membrane surface
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Figure 5. Reported strategies to improve intracellular delivery of Arg-rich CPPs
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through thiol/disulfide non-covalent exchange reactions.®* By doing
so they developed highly effective, simple, low cytotoxic, and
improved cell-specificity of CPP-cargo delivery in non-endocytic
mode even at low micromolar concentration and at 4 °C (Figure 6B).
As per the reports, the reactivity of thiol-CPP is determined by
creating nucleation zones on the cell membrane surface. Such an
‘additive strategy’ enabled increased cargo delivery through the
temporary attachment of CPP-additive activated with thiol-reagents
on the membrane surface via direct transduction at low micromolar
concentrations.

The authors employed an alternative method to develop a next-
generation CPP additive by incorporating a small hydrophobic
peptide anchor (6-14) into an Arg-rich electrophilic CPP (Figure 6C).8*
This strategy leads to longer retention over the cell membrane,
lowering of membrane tension, and enhanced direct transduction of
CPP cargo (Figure 6D). However, long hydrophobic anchors were
associated with higher cytotoxicity and were avoided. Similar to this
strategy, the attachment of a small hydrophobic sequence namely

penetration-accelerating sequence (Pas; sequence: FELIP I&%)Jg&fge
rich CPP like PasRs was reported by Futdki: dhd3ed-workers>
According to the report hydrophobic sequences especially the
(Phe)
intracellular delivery of cargos through an additive strategy,
especially for small molecular weight bioactive peptide cargos.

phenylalanine residues in the Pas segment enhanced

This strategy represents a modular approach in CPP-based cargo
delivery, facilitating direct cytosolic delivery while minimizing
reliance on endocytosis. It mitigates some of the common pitfalls in
CPP research, such as high cytotoxicity at effective doses and
entrapment in endosomes. Nevertheless, further research should
focus on how the membrane components, such as cholesterol
content, protein density, and lipid distribution, affect the efficacy.
How does this strategy perform under
microenvironments consisting of blood plasma with competing
thiols, proteases and other biomolecules? Furthermore,
computational models or membrane simulations predict optimal

complex in vivo
can

hydrophobic anchor lengths to balance efficient delivery vs toxicity?
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Figure 6. Addition of reactive chemical additives to improve cytosolic delivery of Arg-rich CPPs. A) Structure of Arg-rich CPP
additives (1-5) used to deliver NLS-labelled mCherry. B) Qualitative representation of relative cytosolic delivery of NLS-mCherry
with the addition of TNB-CPP (reactive additive). C) Structure of TNB-CPPs with different hydrophobic side chains (6-14). D)
Qualitative representation of relative cytosolic delivery of NLS-mCherry with TNB-CPP in the absence and presence of a

hydrophobic moiety conjugated to CPP (5-6).
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We envision that addressing these concerns will make a significant
contribution to the field of peptide-based intracellular cargo
delivery.

Small molecule conjugation to CPP

Nielsen and co-workers designed and investigated a linear cationic
CPP-fatty acid conjugate to explore the influence of the site and
degree of lipidation on the membrane interaction of this CPP.%> On
the other hand, Pei and co-workers developed a new family of cyclic
CPP (cCPP). The authors used different hydrophobic residues linked

to cCPP of different ring sizes (15-30) and investigated the structure-
uptake relationship (Figure 7A-D).°? After stepwise attempts, they
optimized the lead cCPP that comprises three or preferably four Arg
residues with a long alkyl chain (such as decyl group, fatty acyl group,
cholesterol) and aromatic hydrophobic moiety (such as pyrene
butyrate) with increasing ring sizes (15-22) in cyclohexapeptide.
Notably, all the CPPs were labelled with naphthoflurescein (NF) at
the glutamine side chain through miniPEG-Lys linker to conduct
guantitative cell delivery analysis. The lead cCPP 31 performed 2.8
times better than the reported best one 26 (till then) for cellular
delivery. Their flow cytometry studies showed that cellular delivery
efficiency increased with the length of the hydrophobic alkyl groups
(18 versus 16 or 17) and aryl groups (19 and 20).

A
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X n o
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23 1 d C1 LDLD configuration
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29 1 d C3 Ornithine replaces the Dap residue in cyclic
peptide 18 containing decanoyl residue
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3 1 d C1 the Dap residue of cyclic peptide 18 was
replaced with an Aspartic acid, and the acid
group was amidated with decyl amine
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The authors found that the ring size of cyclohexapeptide maintained
a proper balance between conformationBClrigidityo/arid Bspatial
arrangement between Arg and hydrophobic groups, which enabled
optimal interaction between plasma and endosomal membranes.
However, neither the larger ring (28) nor the smaller ring (27) was
preferred for membrane binding. More specifically, the large ring is
too flexible to bind to the plasma and/ or endosomal membranes,
whereas the smaller rings are too rigid to prevent the Arg and
hydrophobic moiety from adopting the optimal conformation for
lipid bilayer binding. Next, they replaced the distal Arg (or Arg next
to the hydrophobic residue) with alanine side chains (25 and 26) that
significantly reduced the Arg-rich CPP’s cell uptake activity (two-
fold). Subsequently, the authors replaced the Dap residue (L-2,3-
diaminopropanoic acid) at 18 with longer hydrophobic side chains,
such as ornithine 29 and lysine 30. By tuning the chain length, they
observed enhanced membrane-binding affinity allowing the
decanoyl unit to interact better with the lipid bilayer. Moreover, they
observed cell delivery of 31 after 3 mins of treatment, with small
fluorescent spots of low intensity at the cell surface. Then, after 6
mins, it showed diffused and more intensely fluorescent spots than
the surroundings. They reported similar observations with the
cationic dye TMR (tetramethylrhodamine) and the anionic dye Alexa-
488, both labelled with the 31 (Figure 7D).
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Figure 7. Conjugation of different hydrophobic residues to Arg-rich CPPs improves cytosolic delivery. A) General structure of
Napthofluorescein (NF)-labelled cRio conjugated with a hydrophobic residue (X). B-C) Structural details of Arg-rich CPPs (15-31) with
their ring size (n) and carbon units between poly-Arg and X (p). D) Qualitative representation of cytosolic delivery efficiency of CPPs
linked with different hydrophobic anchors (15-31). E) Structures of aliphatic fatty acid, cholesteryl hemisuccinate, and pyrene butyryl
group, used as hydrophobic anchors on CPPs. F) Schematic representation of cargo-membrane interaction in the presence of a
hydrophobic anchor. G) Qualitative representation of cytosolic delivery efficiency of CPPs linked with different hydrophobic anchors

shown in (E).
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Futaki and co-workers generated a series of new hydrophobic
moieties (fatty acids and cholesterol) attached to membrane-
interacting cationic peptides and studied the structure-uptake
relationship (Figure 7E-G).8 Such structure-uptake relationship
studies between C3, C6, C10-HAad were explored because of their
low cytotoxicity value (ICso of 3, 26, 35 uM, respectively) in Hela cells
using WST-8 assay. CPP conjugated with pyrene butyric acid (p-Bu),
a hydrophobic membrane anchor improved intracellular delivery of
protein cargos such as Immunoglobulin G and polydextran with low
micromolar concentration (2 uM). According to the previous findings
by the same group, these could be attributed to the reduction of lipid
packing, greater peptide-membrane interaction and poor delivery
ability by cholesterol (as a source to increase hydrophobicity order).
Through this counter ion delivery strategy in the presence of p-Bu, a
direct translocation leads to the rapid delivery of R8-EGFP (Enhanced
Green Fluorescent Proteins) linked to Alexa-488 (or Dex10-Alexa).
Their proposed mechanistic pathway plays a leading role in protein
delivery (Figure 7F). Moreover, they suggested that incorporating the
desired hydrophobic moiety into the CPPs helped in better and easier
penetration through the hydrophobic core of the cell membrane,
assisting in enhanced cytosolic cargo delivery (Figure 7G).8°

Among several strategies, conjugating small molecules to linear
and/or cyclic Arg-rich CPPs for the cellular delivery of conjugated
cargo molecules is the most popular approach to improving the
cellular delivery of Arg-rich peptides. Synthetic and semi-synthetic
protein chemistry enables the synthesis of uniquely modified
proteins, including post-translationally modified proteins and
activity-based probes (ABPs). Their delivery could be a powerful
strategy to probe into their cellular functions. In this regard, Brik and
co-workers first introduced the attachment of one unit of DABCYL
(containing two benzene rings with extended conjugation via azo
bond and hydrophilic dimethylamine group, Figure 8A-B) linked to
cRip and found enhanced live cell delivery of a chemically synthesized
Ubiquitin (Ub) conjugated to TAMRA.% The authors synthesized cR1o
fused Ub conjugates with and without being linked to DABCYL (45
and Ub-cRio, respectively, Figure 8A-B) and treated them in U20S
cells with warm PBS/serum-free DMEM. After cell washing, they used
heparin sulfate to clean the cleaved and excess CPPs from the cell
membrane. After a short incubation, they stained the treated cells
with Hoechst. They imaged them in a confocal laser scanning
microscope (CLSM) followed by analyzing images using a cell masking
algorithm based on Hoechst nuclear staining and whole-cell (CT-DR)
staining for the quantification of average nuclear TAMRA intensity,
which measures cytosolic Ub delivery. The authors found a
significant enrichment in average nuclear TAMRA intensity when
conjugated to DABCYL, three to five-fold higher than without DABCYL
(45 and Ub-cRig, respectively, Figure 8C-D). The authors also
observed improvements in delivery, even at low concentrations.
Subsequently, they applied their delivery strategy for the successful
delivery of fluorescently labelled Ub that linked to
propargylamine (PA), an activity-based probe -ABPZ for profiling

cell
different Deubiquitinase (DUB) enzymes. Next, they expanded the

scope of the platform and investigated the cytosolic delivery of
fluorescently labelled Small Ubiquitin-like Modifier-2 (SUMO-2) at

10 | J. Name., 2012, 00, 1-3

low concentrations, which was found to be three time\ﬁemg\n%[e\gﬂh%g
conjugated to cRip modified with a DABCYL s¢¥Pfold-tomparédiethe
non-DABCYL ones. This strategy enables the cell delivery of Lys48 and
Lys63-linked di-Ub chains.®” Later on, Banoczi and co-workers
discovered the possibility of using unnatural aromatic amino acids in
the CPP sequence (not in the side chain like previously) to mimic the
properties and effects of DABCYL and/or Trp to improve cellular
uptake in various cell lines.?®

In parallel a similar enhancement effect on EBC-1 cells was observed
by Banoczi and co-workers by synthesizing N-terminal oligo-Arg
modified with AMBA (4-(aminomethyl)benzoic acid), DABCYL and
DABCYI-AMBA. With these, they investigated the effect of DABCYL
They that these

of Arg and the
hydrophobicity-hydrophilicity balance within the CPP affect the

position on cell penetration. concluded

modifications with the number residues
extent and mechanism of cellular uptake (Figure 8E, 58-62).>° The
same group also studied similar cellular uptake enhancement where
linear poly-Arg (Rs and Rg¢) were modified with DABCYL at the N-
terminus. They arranged the sequence such that the Lys residue was
constructed at the C-terminus of the oligo-Arg peptides; in contrast,
the e-amino group was coupled to a fluorescent dye: 5(6)-carboxy-
fluorescein (Cf) or 5(6)-carboxy tetramethyl rhodamine (Rh). The
authors observed improved cell delivery with DABCYL-R4 compared
to Re. Interestingly, they found that the modified R¢ had a more
pronounced intracellular delivery than octa-Arg(Rs) in HL60 cells. The
activity of Rh-labelled Rs and the influence of serum on cellular
uptake were studied on Hela cells using flow cytometry. Both in the
presence and absence of DABCYL conjugated to Rh containing R6
showed a similar cellular uptake effect to that of Cf labelled with the
same poly-Arg on the same cell line. After adding a serum, DABCYL-
Arge(Rh)-NH; showed a notable change compared to its acylated
derivative, which was untraceable at the lowest concentration. The
addition of serum to DABCYL-Arge(Rh)-NH; resulted in a reduced
(two-fold) cellular uptake of CPP; these observations also agreed
with other reports. Moreover, the presence of DABCYL to Ry
enhanced the internalization and focused the internalization
mechanism to direct translocation at a low concentration range,
resulting in a threshold concentration of endocytosis. Though
DABCYL increased the cellular uptake for both Arg, this effect was
more observable for R¢ due to a reduction in the threshold
concentration of direct translocation, an important criterion for
efficient drug delivery. It is worth mentioning that these observations
were directly related to a previous report by Rolofl and co-
workers.1®  The authors observed that surface-modified
nanoparticles with a high density of DABCYL improve bioavailability,
structural simplicity and hydrophobicity assist in diffuse cellular
uptake distribution and alter the mechanism of their internalization.

Recently, the Brik and Hackenberger groups jointly exploited the
DABCYL-modified cR10 system for the extensive delivery of synthetic
Ub.%! The authors embedded time-lapse microscopy images during
cellular uptake of the CPP's Cyanine5 (Cy5) conjugates and observed
the formation of more nucleation zones on the cell membrane for
DABCYL-conjugate. They also used the Flipper-TR probe to monitor

This journal is © The Royal Society of Chemistry 20xx
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screening results of certain sets of Ub analogs of the lead four DABCYL derivatives among all; 45, 48, 51, 53 and 55. D) Qualitative
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cytosolic delivery efficiency by 55 among all 13 derivatives. E) The effect of linking DABCYL to tetra-Arg, hexa-Arg and octa-Arg (58-62).
Among these DABCYL-modified hexa-Arg 62, showed the highest internalization efficiency rate.

changes in membrane tension using fluorescence lifetime imaging
microscopy (FLIM) for CPPs during cell uptake.®® They observed a
significant reduction in fluorescence lifetime around the nucleation
in both cRip and DABCYL-linked cRo.
demonstrated the role of DABCYL in cellular uptake.®?

zones These studies

Notably, they observed poor CPP delivery when conjugated with
Black Hole Quencher 2 (BHQ2), which is a better fluorescence
quencher than DABCYL with structural similarity.®® This observation
suggests that DABCYL's role in the modified CPPs is not directly
related to its hydrophobic contribution to enhancing cargo delivery.

This inspired the authors to derivatize the DABCYL unit to probe the
structural contribution of different fragments of DABCYL in-cell
delivery. The involvement of both the aromatic rings linked via the
diazo bond in DABCYL was investigated through the installation of
various hydrophilic, hydrophobic, electron-pushing and withdrawing
groups in place of N,N-dimethylamine present in DABCYL;
additionally, an ethylene mimic of the diazo bond in DABCYL (34-44,
Figure 8B). They screened the cytosolic delivery efficacy of all DABCYL
derivatives conjugated to fluorescently labelled Ub (45-57) in live
U20S cells. Quantifying nuclear TAMRA intensity, they found that
cRio-modified azido-DABCYL (55) has superior Ub delivery efficacy.
They showed 3- and 5-fold higher cytosolic Ub delivery efficiency
when conjugated to DABCYL and unsubstituted cRio, respectively
(Figure 8D). They also observed more cells with nuclear TAMRA

This journal is © The Royal Society of Chemistry 20xx

staining for azido derivatives than for other groups. They identified
the effective delivery of 55 at the nanomolar concentration for
cytosolic protein delivery.

Overall, the authors demonstrated the power of the structure-
uptake study, in which they adopted a structural variation of a small
ligand linked to CPP to investigate its effect on cytosolic protein
delivery. Thirteen different CPP-protein conjugates were chemically
made and compared side by side to examine how a small variation in
a giant molecular space affects cell delivery. It is essential to note
that the underlying molecular basis, i.e., how such small changes in
the derivatives interact differently with the cell membrane, remains
unclear, as this is not a trivial task to achieve. Besides the challenges
of acquiring the necessary protein conjugates, such an investigation
requires a model system that accurately depicts the true nature of
the cell membrane, which remains a matter of inquiry for
experimental chemists and biologists. Unfortunately, such a study is
very complicated since it requires a fluorescent DABCYL-CPP to be
conjugated to the Ub via a non-cleavable stable linkage to prevent
intra- or extracellular cleavage of the fluorophore, which would lead
to false information on its localization. One of the studies examining
the effect of DABCYL-cR10 modification via a stable maleimide linker
to Lys48 and Lys63-linked di-Ub systems on live-cell delivery
indicates that the combination of a stable linkage and the DABCYL
unit on Ub delivery can yield significantly different results compared
to the DABCYL-linked (disulfide) to cRip system.

J. Name., 2013, 00, 1-3 | 11
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The research group of Sagan developed N-terminal biotin-tagged
Arg-rich CPPs, specifically biotinylated Antp, Ry, and TAT,
incorporating either non-deuterated or bi-deuterated glycine-based
linkers. To evaluate cellular uptake, the authors employed MALDI-
TOF mass spectrometry in both wild-type CHO (K1) and
glycosaminoglycan (GAG)-deficient CHO (pgsA-745) cells. The extent
of peptide internalization was quantified by comparing the area
ratios of the [M+H*] signals corresponding to the *H and 2H-labeled
CPPs. Their results demonstrated that cellular entry occurred via
both endocytosis and direct translocation mechanisms.”?

In another report, cRio was linked to boronic acid (BA) units to
improve Ub delivery, inspired by a finding where accelerated live cell
delivery was observed due to the formation of boronate esters with
glycocalyx. From the CLSM images, they probed that Ub-cRioBA
exhibited a uniform cytosolic distribution of Ub cargo, which spread
to the nucleus. At the same time, the control probe (Ub-cRio without
BA) showed no similar effects. They found that BA-conjugated CPP
(Ub-cR10BA) has higher protein delivery efficacy than without BA
(Figure 9).88

Inclusion of optical isomers in the CPP sequence

As previously demonstrated, peptides with different optical isomers
of Arg have different uptake efficiency. According to Verdurmen and
co-workers, nona-L-Arg (Rg) and its D-analog (rs) showed different
cargo delivery rates. The authors explored that different isomeric
contributions in a CPP sequence affect uptake behaviour differently.
They found octa-Arg with fewer than three D-Arg residues, while
increasing the number of D-Arg residues showed diffuse cytosolic
peptide intake at low concentrations and higher uptake efficiency
(Rs, rR7, (rR)3Rz). Additionally, replacing L-Arg with D-Arg when the
number of D-Arg was greater than three did not significantly affect
the in vivo distribution (rR)sRz, (rR)s, ra(rR)s, rs. Therefore, replacing
R with r in limited numbers within the poly-Arg sequence also
enhances cargo delivery by improving interaction with the cell
surface and by altering the stereochemistry on backbone
rigidification, which forms diastereomers and increases penetration
efficiency (Table 1).1020.101 The promising results open new avenues
in building novel CPPs through the incorporation of unnatural D-
amino acids and B-D-amino acids into peptide sequences and
subsequent evaluation of their effects on membrane penetration
and cargo delivery.

Ub-cRy¢-BA

Ub'CRm
Figure 9. Boronic acid conjugation to Arg-rich CPPs improves
cytosolic delivery. A) Structure of TAMRA-labelled Ub-cRj linked to
two units of boronic acid (BA). B) Qualitative representation of
enhanced Ub delivery efficiency of Ub-cR10BA conjugate over Ub-
CRlo.

Ub'CRmBA
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Fattigation to CPP

View Article Online
Ol: 10.1039/D5TB02935J
S412-PV to fattigation

(i.e. C12-S4,3-PV CPP) produced promising gene silencing in
glioblastoma (GBM) cells with enhanced nucleic acid delivery. They

D
Jurado and co-workers showed that acylating

noticed the disturbance induced in membrane models- the lauroyl
and myristoyl S413-PV peptides being the most effective. Through
such an acylation strategy, a relationship between CPP bioactivity
and its effects on membrane stability and lipid organization for pre-
clinical/ clinical application was unraveled.'?? Similarly, a promising
technique investigated is the cyclization of short Arg-rich cell-
penetrating peptides (CPPs) followed by acylation with long-chain
fatty acids (hydrocarbon chain lengths of 8-16).1%3 Oh and colleagues
synthesized nine poly-Arg CPPs, each with 5 or 6 Arg residues (mainly
Rs and Rg). Their findings revealed that both the fluorescently tagged
acylated cyclic peptide dodecanoyl-(Rs) and its linear counterpart
dodecanoyl-(Rs) increased cargo delivery by 13.7- and 10.2-fold
respectively as compared to the control peptide.

In another report, the development of aliphatic-tailed Arg-containing
lipopeptides have been highlighted. For instance, Feiters and co-
workers developed Arg-containing cationic gemini-like lipopeptide
by conjugating unsaturated alkyl tails (oleoyl/oleyl) to the SPKR (Ser-
Pro-Lys-Arg) peptide motif. It showed efficient delivery of DNA and
siRNA across multiple cell lines (HelLa, 1207 human bladder sarcoma,
293T human embryonic kidney) even in the absence of lysogenic
helper lipids. Through systematic substitution of the amino acids in
SPKR, it can be inferred that Pro and any one of the cationic peptides
(Arg, Lys) are essential for gene transfer activity, whereas the Ser
residue does not contribute significantly.1%* Another cationic gemini
lipopeptide has been further explored by Patri and co-workers. They
designed and synthesized lipopeptide ATTA consisting of Arg-Cys-
Cys-Arg as a cationic head group with a reducible disulfide linker and
two a-tocopherol units as hydrophobic tails. The transfection
efficiency was remarkably improved by incorporating the newly
developed lipopeptide into the 1,2-dioleoyl-3-trimethylammonium-
(DOTAP)
phosphoethanolamine (DOPE) relative to the conventional liposome
system, DOTAP-DOPE. Interestingly, ATTA-containing formulations

propane and 1,2-dioleoyl-sn-glycerol-3-

exhibited varying cytotoxicity profiles against different cell lines,
indicating potentially distinct activity between cancer and noncancer
cell lines.105

These findings underscore the potential of fattigation on Arg-rich
CPPs as promising designs for cargo delivery. Such chemical
modifications improved membrane interactions, promoted cellular
uptake and improved transfection efficiency. In some cases, cell-
selective cytotoxicity was also achieved, which is essential for cancer
therapy. Despite these advances, further progress in the field
requires deeper mechanistic insights, predictive design strategies,
mitigation of cytotoxicity and comprehensive in vivo validation to
translate promising

laboratory findings to clinically viable

therapeutics.

Mutation to CPPs

This journal is © The Royal Society of Chemistry 20xx
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Mutational strategies for Arg-rich CPPs involve substituting Arg
residues with alternative amino acids to develop new CPP variants.
For instance, Walrant and co-workers demonstrated that tryptophan
(Trp) residues, natural aromatic activators of Arg-rich residues like
oligoarginines increased the uptake in cells expressing GAGs
(glycosaminoglycans) at their surface. Rydberg and co-workers in
their studies with peptides having different compositions and
content of Trp in Arg peptides concluded with higher intracellular
delivery for four Trp in the middle or evenly distributed in peptides
compared to those in its N-terminus even though the peptides had
the same amino acid content.1% In another study by Fuselier and co-
workers, Leu in the Arg-containing peptide sequence played a
significant role in increasing membrane fluidity and spontaneous
membrane translocation of the peptides with the LRLLR sequence.
This was followed by a study from Zhang and coworkers, in which
histidine, with an imidazole side chain, acted as either a hydrogen
donor or acceptor.383° |t was found that the pH-dependent hydrogen
bonding formed the basis for synthesizing pH-sensitive stearyl-
H16R8 (Table 1). The study found that at pH 8.0, it could encapsulate
and deliver the anti-cancer drug Ellipticine to A549 and CHO-K1 cells.
This was followed by Ohgita and co-workers who, during the study of
the effect of left-handed extended polyproline Il helix (PPIl) on the
direct membrane penetration efficiency of Arg-rich peptides
designed a polyproline-containing peptide POR7W (where P stands
for Proline). It was observed that PPIl could enhance membrane
penetration without disrupting the cell membrane.107

Thus, future mutational strategies could incorporate unnatural
amino acids to fine-tune the balance between hydrophilicity and
hydrophobicity in CPPs, thereby enhancing the cell permeability of
Arg-rich CPPs and improving their cargo delivery efficiency.

Generate a non-covalent complex with the cargo

Prior research suggested that cellular cargo delivery through the
formation of non-covalent CPP-cargo complexes is a suitable strategy

A

=Arg

ry efficiency

gytosolic &t

26 TAT 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 /7'9
| Proteolytically labile with t,,» = 0.9 hr in human serum
0= L-2-napththylalanine
¢= D-2-napththylalanine
Y= -3-benzothioenylalanine
r=D-arginine
f= D-phenylalanine
¢ = D-cysteine
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that has mostly been useful when covalent conjugates fail or, are
complicated to synthesize (e.g., Cas9, TACEND.IZER)DSFBIR9Fp¢
example, the recently studied non-covalent Pas2r12-CPP complexes
were used to deliver antibodies and proteins into the cytosol.
According to Hemmati and co-workers,’® non-covalent CPP
conjugates have been reported to achieve enhanced cellular uptake
with the aid of various additives such as organic-solvent-based
enhancers, chemical reagents like 1,2-benzisothiazolin-3-one (BIT),
cationic charges on the cargo molecule, combining cell-penetrating
and cell-binding domains (using multifunctional novel peptides for
enhanced binding to the target cell and endosomal escape),
strengthening the pressure surrounding the cells (hyperosmotic
treatment). However, utilizing osmotic pressure for this purpose
requires osmoprotectants (protecting agents) to prevent cell

damage.108-110

Bi3* mediated cyclization of CPP

Building upon strategies for enhanced cargo delivery, Nitsche and co-
workers first synthesized CPP-bismuth bicycles.''* They observed
that chelation between three cysteine residues and Bi**provided an
alternative to routinely used alkylating chemicals such as 1,3,5-
tris(bromomethyl)benzene (TBMB) because of its non-toxic (upto
12.5 uM) and biodegradable properties. Aside from these
advantages, bismuth-mediated CPPs maintained outstanding
stability in aqueous solutions for weeks, formed instantaneously at
physiological pH with improved intracellular cargo delivery. The
binding of Bi3* to cysteine residues including glutathione promoted
efficient and targeted payload transport into cells.?3111

This inspired Pei and co-workers to discover cyclizing linear peptides
into synthetically more accessible bicyclic CPPs (BCPs) using the same
chelation concept between cysteine and Bi3*, popular as bismuth-
mediated CPPs bi-cyclization (Figure 10A). They produced CPP with
enhanced cytosolic efficiency and metabolic stability. Additionally,
they gave rise to epimerization-free cyclization with compatible

Cytosolic Ent|
CPP Sequence Eyfficiency (%r)y
26 cyclo(FFPRrRrQ) 100
TAT Ac-YGRKKRRQRRR 5+1
63 Ac-CWYRRRCAC 1241
64 Ac-CRRRCWYWC 1214
65 Ac-CWYCRRRC 1441
66 Ac-CfORrCRrC 2415
67 Ac-CRrRrC¢FC 301
68 Ac-CFPRrRCAAC 3013
69 Ac-CFfORrRrCAAC 31+1
70 Ac-CFORRCrC 38+1
71 Ac-CWORRCrC 43+0
72 Ac-CrRrRCOfFC 4641
73 Ac-CRRRRCOFC 5541
74 Ac-CrRrRCfC 603
75 HS-Ac-rRrRCO¢C 8612
76 HS-Ac-rRrRC¢¥¢C 98+1
77 HS-Ac-rRrRCW¢C 10842
78 HS-Ac-rRrRc®W¢C 15614
79 HS-Ac-rRrRCOY¢C 444+1

Figure 10. Bi** mediated cyclization of Arg-rich CPPs improves cytosolic delivery. A) General structure of bicyclic Arg-rich CPPs
chelated to Bi3* (Blue and other colors stand for Arg and natural amino acids, respectively). B-C) Synthesized CPP sequences
and their relative cytosolic delivery efficiency with a qualitative plot.
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genetic encoding and recombinant production. They synthesized
seventeen bicyclic CPPs 63-79 (Figure 10B), among which compound
78 took the lead role. This method demonstrated improved cargo
uptake efficiency (156 + 4%), proteolytic stability and an absence of
epimerization during cyclization, outperforming traditional linear
peptides like TAT and 26 (Figure 10C).

Plasma membrane oxidation

Cellular antioxidants, hypoxia and antibody binding to oxidized lipids
slow down or stop cell penetration ability whereas the extracellularly
administered pure oxidized lipids improve peptide transport into the
cells. Drawing inspiration from such ideas, Pellois and co-workers
discovered another additive strategy where the extracellular
addition of the two oxidized products of phosphatidylcholine!? i.e.
PGPC (1-palmitoyl-2-glutaryl phosphatidylcholine) and PazePC (1-
palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine) enhances the
cytosolic penetration of Arg-rich CPPs. They found that this effect is
more pronounced for shorter CPPs (nine Arg residues) indicating that
membrane oxidation is vital for CPPs with poor cellular permeability.
Interestingly, unlike in a low oxidative stress environment, the
degree of translocation by poly-Arg-rich CPP is practically impossible
due to the lack of accumulation of oxidized lipids in the lipid bilayer.

The presence of mildly oxidizing additives such as lipophilic oxidized
cumene hydroperoxide and or oxidized lipids affects the cytosolic
delicery of cargo with proficiency proportional to the number of
reactive oxygen species (ROS: singlet oxygen, radical superoxide,
hydroxyl radical etc.) or oxygen tension (partial pressure) generated
inside the cells along with the efficiency of various repair
mechanisms (Figure 11B). They also proposed that this intricate
interplay between cytosolic distribution and oxidation mediating
through the inverted micelles model not only affects the cargo
delivery process but also modifies membrane properties (membrane
fluidity, lipid packing, bilayer defects) through interaction with the
anionic lipids on the membrane surface due to oxidative stress
(Figure 11A).113-116

Similarly, Vernier and coworkers studied the correlqgggvnmpgg\g%%g
membrane oxidation and the concentratignl: BF1G%dahts02RMhg
electroporation. They found higher electropermeabilization on
Jurkat cells pre-oxidized with hydrogen peroxide and ferrous
sulphate, over untreated cells. This resulted in an enhancement of
cargo delivery, as measured by greater cellular uptake of the
fluorescent dye YO-PRO-1, and was further confirmed by molecular
dynamics simulation. Such an effect of lipid membrane oxidation can
be due to the formation of pores in lipid bilayer due to
electroporation.113

Similarly, studies by Baptista and co-workers involving GUV (Giant
Unilamellar Vesicle) proved to be a powerful tool for determining
photogenerated oxidative species impact the
phospholipid bilayer. The extent of damage to the membrane can be

how in-situ
manipulated by choosing a specific photosensitizer (PS) activated by
either type | and or type Il mechanisms. Also through the type Il PS,
only singlet oxygen is produced which reacts with the phospholipid
acyl double bond followed by the lipid hydroperoxide by-product
accumulation (function of singlet oxygen), inducing an increment in
area without affecting membrane permeability significantly.'”

Overall, the membrane oxidation strategy reveals a unique biological
dependency of CPPs uptake on membrane redox status. This
represents a double-edged strategy: while it can improve peptide
transport, its successful application requires controlled, selective,
and safe approaches for membrane oxidation. Electroporation
studies demonstrated how oxidation-induced lipid bilayer pore
formation can be harnessed to promote intracellular delivery.
However, the use of oxidising agents raises concerns regarding
cellular safety, selectivity, and physiological relevance, as oxidative
stress can trigger apoptosis, necrosis, and other adverse effects.
Thus, significant research must be conducted in the field, including
how to achieve a balance between the degree of oxidation necessary
for efficient translocation and minimize cytotoxicity. For this, a
library of different classes of oxidising agents can be used.
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Figure 11. Plasma membrane oxidation improves cytosolic delivery of Arg-rich CPPs. A) Schematic representation of a proposed model for
cell membrane oxidation-driven translocation of Arg-rich CPPs. B) Qualitative plot representing cytosolic CPP delivery with different extents

of membrane oxidation.
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Additionally, one can consider designing novel strategies, such as use
of statin-based additives, ROS-responsive CPPs that activate
translocation only under oxidative conditions, thereby exploiting

pathological conditions such as tumors.118

The membrane oxidation-based strategy reveals a unique biological
dependency of CPPs uptake on membrane properties. As discussed,
the use of oxidising agents raises concerns about cellular safety,
selectivity, and physiological relevance. Therefore, modulating the
intrinsic properties of Arg-rich CPPs by conjugating DABCYL, Boronic
acid (BA), and fatty acyl groups may constitute a more powerful and
biologically relevant approach than membrane modification
strategies.

Moreover, comparing the cargo delivery efficiency between DABCYL
and Boronic acid (BA) when conjugated to CPP, we reasonably
predict that incorporating two BA moieties and one DABCYL unit into
cRio would yield a similar enhancement in cytosolic Ub delivery.
Although strategies for fatty acylation of Arg-rich CPPs achieved
substantial cytosolic delivery (no comparative data available in the
present reports), this approach raises concerns about cytotoxicity.
Due to long fatty acid chains, which are often difficult to metabolize
under cellular conditions, they may not be efficiently cleared from
the biological system, potentially leading to adverse effects.103
Therefore, we believe that conjugating DABCYL or BA-like small
molecules to CPP is a straightforward and safer approach among the
several strategies discussed in this review.

Interestingly, all these strategies for cytosolic delivery of Arg-rich
CPPs depend on several other factors, such as cell type, cargo type,
and cell treatment conditions, including the composition of the
culture medium and the CPP-cargo concentrations used. For
instance, Prisca Boisguerin and co-workers investigated the cellular
uptake of 22 different Arg-rich CPPs in MDCK, HEK293, Hela, and
Cos-7 cell lines and found that Penetratin showed the highest uptake
in Hela cells (21 %) compared to others.3® Specifically, intrinsic
properties of the cargo, such as size, length, and charge, influence
the cell penetration of CPP—cargo conjugates. Adam T. Melvin and
co-workers developed Arg-rich CPPs (RWRWR and RRRRRRRRR) and
conjugated them to a short peptide cargo (consisting of different
combinations of Arg, Gly, and Glu) with different net charges
(positive, negative, or neutral) and lengths (4 or 8 residues).
Surprisingly, the CPP-cargo conjugate with a net positive charge
significantly improved cellular uptake; however, the effect of CPP
length was not observed.1*® A distinct investigation into CPP-based
cellular uptake of two conformationally distinct proteins (Lys48 &
Lys63-linked diUb), revealed a different scenario. Despite having the
same size and amino acid composition, Lys48-linked diubiquitin
exhibited approximately two-fold higher cellular uptake than Lys63-
linked diubiquitin.®” Overall, these studies indicate that effective
cargo delivery is highly specific to properties of the CPP-cargo
conjugate rather than the individual.

Assuming that CPP penetrates the cell membrane mainly via a direct
penetration pathway and pulls the cargo inside, the second and most
important interaction begins when the bilayer membrane interacts

This journal is © The Royal Society of Chemistry 20xx
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with the cargo, which is highly dependent on the size of the cargo
and physicochemical properties. In generalP#!:H8sbEeR50B9ePAed
that when the cargo molecule is too hydrophilic or hydrophobic, it
exerts a repulsive force on the bilayer membrane, preventing
effective penetration. However, if the cargo molecule is amphiphilic,
it passes the bilayer fast.12°

Another important parameter is the concentration of CPP-cargo
conjugate used for cellular uptake. In general, increasing the
concentration of the conjugates enhances cellular uptake; however,
high concentrations can rupture the cell membrane and induce
cytotoxicity. In the research work of Roland Brock and co-workers,
the conjugate Dex-(R9)s showed efficient cytoplasmic uptake at
concentrations above 10 uM. However, this cellular uptake is
accompanied by membrane disturbance and increased toxic effects
to the cell.1?

Researchers have also demonstrated that cellular uptake and its
pathways of entry depend heavily on the culture medium, especially
on serum content. Shiroh Futaki and co-workers investigated the
cellular uptake of Arg-rich CPPs such as R4, R8, R12, and R16 in the
presence and absence of Serum-containing culture medium. They
found that the presence of serum-containing culture medium
significantly reduces the uptake of the longer peptides, R12 and R16,
while having minimal effect on the uptake of R4 and R8. Moreover,
when cells were incubated with R12 and R16 at 37 °Cin the presence
of serum, punctate endocytic structures were observed, indicating
endocytosis-mediated uptake. Whereas, at 4 °C, uptake occurred
mainly through diffusion. Notably, incubation in serum-free medium
resulted in predominantly direct penetration of these peptides.
Overall, these observations showed that the cellular uptake of
oligoarginines is largely dependent on serum conditions including
peptide chain length.?®

Applications

Since the discovery of Arg-rich CPPs, they have shown promising
potency as efficient drug-delivery systems. It has several applications
in chemistry, biology, and pharmacy, including anticancer and
antimicrobial drugs, nucleic acids, nanoparticle carriers, targeted
delivery, protein therapeutics, stroke treatment, biosensors, and
others (Figure 12).10122 Half of the cancer cases arise due to
mutations in the gene encoding for the p53 tumor suppressor gene.
Numerous p53-derived peptides have been tested and conjugated to
Arg-rich CPPs to reverse the functions of such mutated genes. For
example, the intraperitoneal injection (IP) of TAT-conjugated all-D-
retro-inverso (ri)-p53 and all-D-undecaarginine (rll)-conjugated
p53-ri-hemagglutin-2 (HA-2) was administered to a carcinomatosis
mouse model.123124 Through such Arg-rich CPP, cytosolic delivery
was facilitated, and significant apoptosis in cancer cells and
prolonged survival of the treated mice were achieved. Similarly,
Deshpande and co-workers studied the attachment of Rg and
Transferrin to the surface of Doxorubicin (Dox)-loaded liposomes and
reported that it targeted the A2780 ovarian carcinoma cells and
controlled tumor growth in an ovarian xenograft model.123125> Wang
and co-workers developed TAT based nanoparticle "ATAT-NP|repox
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(where DA is 2,3-dimethylmaleic anhydride attached to the amine
moiety of lysine in TAT), which is responsive to both acidic tumor
microenvironment and near-infrared (NIR) light. This nanoparticle
acidity-activated TAT,
polyphosphoester core co-encapsulated with an NIR dye IR-780, and
Dox. Upon entry into the tumor microenvironment, it gets activated

comprises a tumor a flexible chain

by tumor acidity, which promotes its interaction with tumor cells and
enhances cellular uptake. Subsequent NIR light irradiation facilitates
the release of Dox from the polyphosphoester core. This targeted
release significantly enhances the Dox-DNA interaction within cancer
cells, leading to the efficient elimination of breast cancer cells.1?¢

Indeed, researchers have developed more than 2,000 types of CPPs
(as of 2024) to deliver and engage cargo from basic research to
clinical studies. Although CPPs have demonstrated considerable
potential for cargo delivery in preclinical and clinical studies, some
uncertainties remain regarding whether CPP-optimized system will
perform as expected. This is proved by the fact that no CPP-based
therapeutics have been approved by the FDA yet. Below (listed) are
a few examples of CPP-conjugated therapeutics under clinical
development (Table 2).17 Transportation of biotherapeutics across
the blood-brain barrier (BBB) is challenging due to the intrinsic
neuroprotective nature of the human brain. However, recent
developments in peptide-based therapeutics have significantly
impacted the field of neurodegenerative disease treatment. One
such development is designing, studying, and verifying cationic CPPs
attached to tailored nanoparticles. Rousselle and co-workers have
studied the efficacy of the anti-cancer drug Dox in crossing the BBB
by linking with SynB1 peptides (RGGRLSYSRRRFSTSTGR). The results
showed that Dox uptake across the BBB was enhanced by a factor of
6 when conjugated with SynB1 vectors.'28 Similarly, Meritxell Teixido
and co-workers presented the design, synthesis, and activity of third-
generation branched BBB shuttle peptides (THRre) to enhance BBB
transport.1?® The same group reported using Proline-rich CPP
(VXLPPP), (X = H, K, R; n =1, 2, 3) for the same purpose.'3° Similarly,
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Figure 12. Potential applications of Arg-rich CPPs (A) and their future
scopes (B).

Willuweit and co-workers synthesized an Arg-rich, D-enantiomeric

16 | J. Name., 2012, 00, 1-3

peptide D3 (rprtrihthrnr) for targeting amyloid-B (AB), aggresates.
Systemic administration of D3 demonstrated efféetiVépeprricsalsibity
across the BBB in both wild-type and transgenic mouse models of
Alzheimer’s disease. The ability of D3 to cross the BBB is due to the
presence of five Arg residues, which are nearly evenly distributed
throughout the peptide sequence. This distribution supports a
mechanism involving guanidinium-mediated electrostatic
interactions that are both structure and sequence-dependent.
Moreover, D3 possesses oral bioavailability, enhancing its potential

as a therapeutic agent.’3! Another important Arg-rich peptide that

has contributed to the advancement of neurotherapeutics is TAT. It
has been used in one of the promising clinical trials of therapeutic
peptide NR2B9C for anti-stroke treatment conducted by Hill et al.
Here, TAT was conjugated with NR2B9C to form TAT-NR2B9C
(nerinetide), which demonstrated effectiveness in intraneuronal
therapy for preventing ischemic brain damage by inhibiting the
postsynaptic density-95 protein, while also disrupting protein-
protein interactions. TAT was used to facilitate the transport across
the BBB and into the neuron. However, the clinical trial failed to
achieve a successful therapeutic outcome. The limited efficiency was
primarily attributed to the instability of TAT, particularly when co-
administered with the drug alteplase. Therefore, this finding
emphasizes the need for further optimization of TAT-based
therapeutics to improve their stability and therapeutic potential in
combination therapies.!3?

Furthermore, Arg-rich CPPs can be strategically utilized to modulate
mRNA splicing through steric-block oligonucleotides, offering a new
therapeutic approach for diseases such as cancer, B-thalassemia, and
Duchenne muscular dystrophy. For instance, in the absence of
endosomolytic agents, peptides such as (R-Ahx-R), (where Ahx =
aminohexanoic acid) and Arg-tailed Penetratin analogs enable
sequence-specific and efficient splicing correction even at low
concentrations.'33 In treating Duchenne Muscular Dystrophy (DMD),
exon skipping mediated by Splice Switching Oligonucleotides (SSOs)
bypasses the mutated exons of the dystrophin gene, proving
promising. However, systemic administration of SSOs proved
ineffective for restoring the defective dystrophin genes in skeletal
muscles and the heart, even at high doses. To address this limitation,
SSOs were covalently linked with CPP to form a series of peptide-
PMOs (PMO = phosphorodiamidate morpholino oligomers).
Conjugates of Arg-rich peptides (RXR)s, (RXRRBR),, Rs-Penetratin
were studied and systematically optimised not only for exon skipping
and dystrophin rescue at lower doses but also for serum stability and
favourable biological activity profile, ultimately giving rise to
PMO/PNA internalization peptide called Pips.13*

Anti-microbial peptides (AMP), a class of antibiotics, have drawn
attention due to their quick and broad-spectrum antibacterial
activity and the reduced risk of microbial resistance development.
Lee and co-workers studied the effects of CPP-AMP conjugates on
microbial activity and their mode of action. Re-conjugated AMPs
facilitated easy translocation across the membrane and into the
bacterial cells. Such conjugates have stronger anti-inflammatory
activity, leading to bacterial death than AMPs alone.3*
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Likewise, the translocation of unmodified siRNA across bilayer
membranes is a tedious task due to its poor stability. Therefore, the
need for appropriate, efficient and facile siRNA delivery systems is
highly desired. Depending on the specificity towards the cell type,
safety, and long-term goal, Cantini and co-workers designed 599 Arg-
peptide, GLFEAIEGFIENGWEGMIDGWYGGGGRRRRRRRRRY,
aimed at delivering siRNA into target cells and inducing silencing of

rich

the therapeutic drug, thereby contributing to the acceleration of
siRNA membrane penetration and bioavailability.!3¢ Bcl-xl fusion
protein containing 11 amino acids from TAT and Hemagglutinin (HA)
tag was synthesized by Cao and co-workers. Injecting specific doses
of this bioactive medication through in vitro and in vivo delivery into
neurons during the treatment of focal cerebral ischemia reduces
infarct size by up to 40% with minimal side effects. It has also been
discovered that optically labelled poly-Arg peptides with Myristic
acid (MPAP) complex with siRNA can be used to treat ischemic
stroke.1??

Although Arg-rich CPPs show excellent prospects for drug delivery,
their non-targeting nature limits their applications. One solution to

these limitations is to modify Arg-rich CPPs with targeting ligands. In
this regard, Chen and co-workers designed two self-assembled BolA-
like Arg-rich CPPs that act as viral-mimetic gene vectors. Here, R8 was
used as the cell-penetrating moiety, and the Arg-Gly-Asp (RGD) as
the tumor-targeting unit. In addition, Arg-rich CPPs (SRs, HRe, and
PRo) act as efficient carriers for intracellular delivery of gene (plasmid
DNA) containing the Enhanced Green Fluorescent Protein (EGFP)
coding sequence into living human A549 cells. Moreover,
cotreatment with CaCl; salts during this delivery enhanced cellular

uptake of Arg-rich CPP-mediated gene expression.3”

The Arg-rich CPPs, due to their exceptional cellular uptake, have
been shown to have widespread application in biosensor technology.
Xie and coworkers utilized Arg-rich CPP, R12K (where K = lysine) to
develop a novel ratiometric fluorescent probe. Despite its
fluorophore activity, this CPP also functioned as both a carrier and a
linker. The same group then modified the optical properties of 5-
carboxyfluorescein (FAM, a pH-sensitive fluorophore) using R12,

which has potential applications in measuring pH in organelles.138
Limitations

Arg-rich CPPs have shown great promise for the cytoplasmic
delivery of biomacromolecules and other therapeutic entities,
gaining attention in healthcare and R&D. However, the
transition from Jin vitro studies to preclinical and clinical
applications has faced several hurdles.139.140

One of the primary challenges is the degradation of CPPs in
biological fluids, such as blood and intestinal fluid. Moreover,
current methods for detecting and tracking CPPs in biological
environments are largely limited to fluorescence-based assays
requiring fluorophore conjugation. This process can alter the
peptide’s properties and reduce its ability to permeate cell
membranes. Detection of non-labelled CPPs will be preferable,
Table 2. CPP-cargo conjugates under clinical trial development.

This journal is © The Royal Society of Chemistry 20xx
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butitis hindered by the lack of specific antibodies for such short
peptides, which limits the development G4ssay$3AKeSERISASLF

RIA.140,141

Despite their potential, CPPs face issues such as non-specific
membrane binding, high toxicity, and low uptake efficiency
when fused with cargo. These limitations must be addressed to
optimize CPP-based delivery systems for therapeutic use.
Successful translation to clinical settings requires overcoming
these challenges.'#?

Researchers have faced challenges in accurately identifying the
cytosolic delivery pathways of cell-penetrating peptides (CPPs)
due to a lack of standardized assays. Traditional techniques,
such as flow cytometry and total cell lysate analysis, often
overestimate CPP uptake, as they misinterpret plasma
membrane association and endosomal entrapment as
successful cytoplasmic delivery. Fixed cell microscopy also
overestimates cargo quantity due to cellular localization errors.
Discrepancies in confocal microscopy results between fixed and
live cells further highlight the impact of organic solvents on cell
membrane integrity.14%143 Studies by Spiess and co-workers
found that engineered variants of toxin peptides like LI7E
showed reduced uptake and toxicity at lower concentrations,
although membrane damage still occurred, impacting effective
cargo delivery. Researchers used the propidium iodide (Pl)
assay to confirm plasma membrane damage during CPP
uptake.'#* Schneider and Futaki’s teams found that serum-free
media enhanced CPP uptake, while serum components lowered
toxicity but reduced uptake efficiency due to non-specific serum
binding.10145 Additionally, Spiess noted that the configurational
orientation of cargo molecules influences CPP toxicity, with
cis/trans isomers affecting membrane damage.*° Deprey and
co-workers stressed the importance of distinguishing between
total cellular uptake and actual cytosolic delivery, noting that
most internalized material remains trapped in endosomes with

limited delivery to the cytosol or nucleus.146

Challenges and Future Scopes

This review briefly discussed the different strategies adopted
for CPP’s cellular internalization. However, it is essential to note
that the exact pathways remain unclear. Depending on the
nature of Arg-rich CPPs (such as their size, charge, geometry,
structural rigidity, and hydrophobicity), the nature of the cargo,
and the linking type between CPP and cargo, the extent of cell
internalization will be chosen from a set of selective pathways
for cellular uptake. Given these myriad factors, creating a
universal CPP for all possible applications is unreal. It has been
suggested that such conjugates should be fine-tuned according
to their specific purpose to ensure improved target-specific
selectivity, biocompactness, and efficiency, thereby meeting
various therapeutic needs.
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Facial wrinkles

Entry Compound CPP-Cargo Therapeutic Use Status Reason for failure Ref.
1 AM-111 TAT-JBD20 (D- Hearing Loss Successful e It didn’t offer an effective treatment 147
JNKI-1) in phase Il strategy for the entire population
(completed suffering from ASNHL (acute
in 2014) sensorineural hearing loss). It lacked to
provide optimal drug dosage and
concentration.
2 KAI-9803 TAT-6PKC Myocardial Successful e It did not aim to detect discrepancies in 148
inhibitor infarction in phase Il safety, biomarker, or clinical
(completed observations. Small sample population in
in 2011) each dose prevented a clear conclusion
on safety, tolerability and drug activity.
e Due to a lack of proper imaging in some
cases, 99mTechnetium sestamibi infarct
size data were not evaluated for ~11 %
patients  treated  with KAI-9803.
Additionally, due to the early death of
some patients, inconsistent follow-up, 7
patients were not completely accounted
for in the 6-month clinical endpoint
analyses
3 KAI-1678 TAT-6PKC Pain: postherpetic Successful e The experiment was performed on a 149
inhibitor neuralgia, spinal in phase Il smaller population with limited efficiency
cord injury, post- (completed and detection capability, potentially
operative in 2011) reducing its clinical relevance.
e  The highest tolerated dose-rate was used
based on safety and tolerability during
phase |, but such doses can be
subtherapeutic.
e  There was no way to determine whether
KAI-1678 completely inhibited EPKC or
not, due to the absence of a
pharmacodynamic marker for KAI-1678.
4 PsorBan R7-cyclosporin Psoriasis Unsuccessfu e  Occurrence of non-life-threatening side 73150151
A |'in phase effects in patients stopping photo
[1]s) therapies like psoralen plus ultraviolet A
(discontinue (PUVA) ~21-36.3 % patients, ultraviolet A
din 2003) (UVB) ~23 %, and medications like
Infliximab, Methotrexate.
5 p28 p28 Solid resistant Successful e  Grade | or Il infusion-related reactions, 527154
tumors in phase | particularly in patients suffering from pre-
(completed existing bone marrow metastases.
in 2014) e  Only p28 addition is not effective against
paediatric CNS tumors.
6 RT001 MTS-botulinum Successful - 155,156
toxin A Laterafl canthal in phase Il
lines
(completed
Crow’s feet in 2013)
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7 AVI-4658 N/A Duchenne Successful e From the entire population administered, ... e
muscular in Phase /11 with AVI-4658, only boys were f8dR&tB5TB02935
dystrophy (completed be suitable for a close-check up, but

in 2010 and clinical improvements were unnoticeable.
2015) The reason being, AVI-4658 was
administered only for 12 weeks.
e Due to limited exposure to the
experimental studies, progression of the
disease was not studies properly.

8 AVI-5126 (R-Ahx-R)4-PMO Cardiovascular Unsuccessfu - 159

diseases, | phase Il
Coronary artery (discontinue
bypass din 2009)

Despite several limitations, the development of label-free
improved analytical tools, targeted distribution, a better
understanding of its processes, and other factors, among
others, has the potential to transform Arg-rich CPPs soon. A few
of them are addressed in this section.

One of the most significant challenges in CPP research is
scalability. It is often limited by low synthetic yields, which
directly affect manufacturability and large-scale translation.
The manufacturability of CPPs ideally requires efficient
synthetic methods, cost-effective protocols, rapid production
processes, and simplified peptide designs; however, fulfilling all
these criteria simultaneously remains a significant challenge.
The synthesis of linear and cyclic Arg-rich CPPs, such as Rig,
shows moderate performance at the laboratory scale but faces
significant challenges during scale-up. The poor efficiency in
solid-phase peptide synthesis (SPPS) for sequences longer than
20-30residues (typically less than 50%) is common, though each
coupling yields 95%. These challenges are further worsened by
aggregation arising from highly positively charged guanidinium
groups during synthesis and purification. To address these
limitations and to meet future industrial accountability,
improvements in synthetic strategies could be pursued, such as
the use of SPPS with multi-coupling strategies for each amino
acid and the implementation of more efficient ligation methods
(whenever applicable). In addition, chemists should focus on
developing new coupling strategies over the conventional SPPS
method for the synthesis of complex or highly charged peptide
sequences.

Another major difficulty is identifying CPPs, particularly
underivatized CPPs, within complex biological systems, such as
blood, plasma, and tissues. Current approaches rely heavily on
fluorophore conjugation, which alters CPP characteristics and
impairs their functionality. To solve this, highly sensitive and
unique analytical methods are required for real-time
monitoring of CPPs without affecting their native structure.
These methods may involve improved mass spectrometry
techniques and high-throughput screening devices to identify

trace levels of CPPs and characterize their biodistribution.

This journal is © The Royal Society of Chemistry 20xx

Additionally, high-throughput confocal microscopy should be
used to assess cellular uptake, rather than commonly employed
techniques such as CLSM and flow cytometry. This approach
utilises advanced systems, such as the CYTATION™ 5 high-
throughput microscopy technique, which provides live-cell
images of large numbers of cells over a short period. As this
technique utilizes 96-well plates for sample holding and data
acquisition, it can be well-suited for a higher number of
samples. It has already been successfully applied in drug
discovery fields and many cell-based assays. Therefore, we
anticipate that applying this methodology to determine the
cellular uptake of CPP and CPP-cargo conjugates will provide
nearly error-free results.160

A major shortcoming of current CPPs is their lack of specificity,
which leads to off-target effects and increased toxicity. Future
research should focus on developing CPPs with greater
selectivity for specific cell types or tissues, either by integrating
targeting ligands or by adjusting CPP surface chemistry. This
could enable CPPs to deliver their cargo solely to sick cells,
enhancing treatment outcomes while lowering side effects. For
example, targeting ligands such as peptides, antibodies, or
aptamers can be used to direct CPPs to specific receptors or
environments.

While significant work has been done in understanding how
CPPs diffuse across cell membranes, the specific pathways
should
understanding the molecular and biophysical processes that
control CPP entrance and cargo distribution. This includes

remain unknown. Future research focus on

investigating how parameters such as cell type, cargo size, cargo
chemical nature, membrane composition, and environmental
conditions affect cellular uptake of CPP. Creating in vitro models
that closely resemble in vivo conditions could yield more
reliable insights into how CPPs function in living organisms.
Conjugation of small molecules to CPPs has been shown to
improve delivery. However, most current approaches focus on
attaching these molecules to the peptide's N-terminus.
Investigating how conjugation at other points (except the N-

terminus) in the CPP chain impacts cargo delivery may reveal

J. Name., 2013, 00, 1-3 | 19
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additional efficiencies. Investigating alternate conjugation
points or multi-point attachments may result in greater control

over CPP behaviour and improved cargo release in target cells.

One of the major challenges in the CPP field lies in the discovery
of novel peptides that are sufficiently stable under intracellular
glutathione concentration and in the plasma environment. A
promising strategy to address this limitation is the design of
rigid and conformationally constrained CPPs, which are less
susceptible to degradation with high cellular absorption.
Approaches such as bicyclization, tricyclization, or
multicyclization can significantly improve the conformational
rigidity of CPPs and thereby enhance their stability. Although
research in this direction is still in its early stages, the research
group of Christoph Nitsche has made notable progress. They
integrated macrocyclization chemistry with bismuth binding to
develop a series of linear, cyclic, bicyclic and tricyclic peptides
with identical sequences.’®>11! Among these, the maximum
system displayed

constrained peptide-bismuth tricyclic

pronounced resistance to proteolysis and demonstrated
potential for targeted therapeutic applications. Therefore,
future efforts should prioritise the systematic development of
constrained CPP architectures and thorough investigation of
their delivery efficacy, especially for the delivery of large
proteins or gene-editing tools. The advancement of such
structurally constrained peptides holds considerable promise
for

the development of next-generation peptide-based

therapeutics.

Artificial intelligence (Al), machine learning (ML), and molecular
dynamics (MD) simulations are rapidly transforming the field of
drug discovery, and their application to CPP design holds the
potential to revolutionize this field. MD simulations support de
novo peptide design by offering mechanistic information that
helps prioritize and understand Al-generated sequences. Here,
a mechanistic permeability score can be obtained from multiple
MD simulations, each starting from a different initial structure.
The top-scoring peptide will exhibit consistent conformational
change with all simulations irrespective of initial structures.!6!
For instance, Wang and co-workers used MLCPP2.0 machine
algorithms to screen numerous Arg-rich peptide sequences for
their cytosolic uptake ability using the nuclear export signal
Through this algorithm, the NCR peptide
demonstrated four times greater cytosolic delivery of EGFP

database.

(Enhanced Green Fluorescent Protein) compared to the CPP
TAT. The high deliverability of the NCR peptide can be attributed
to the presence of well-defined hydrophobic regions within the
sequence.%2 Thus, using a huge database, Al-ML systems may
anticipate the most effective CPP sequences for a specific
payload or target.1%3 Therefore, future research in this direction
analytical tools, high-throughput imaging, and Al/ML guided
design promise improved monitoring, selectivity, and delivery
efficiency. Incorporating structural constraints improves the
stability and therapeutic potential of CPPs, while conjugation
strategies and targeting ligands can improve specificity and

20 | J. Name., 2012, 00, 1-3

is necessary, which could significantly reduce the time, required
to develop CPP structures, enabling reseatehéfsl 86X reated TPPS
with higher specificity, stability, and delivery efficiency.

(stability and
cytotoxicity) of CPPs is crucial for safe and effective therapeutic

applications. The in vitro studies have shown that Arg-rich CPPs

Ensuring biological feasibility negligible

exhibit cytotoxicity threshold of ICso > 10-50 M and membrane
disruptions are observed at high doses > 5 uM. Moreover,
detailed pharmacokinetic (PK) and pharmacodynamic (PD)
investigations of these CPPs are limited, especially regarding
their stability in serum-containing culture media. Although D-
Arg based CPPs exhibit improved proteolytic stability over their
L-Arg counterparts, they are rapidly cleared through the renal
filtration, which significantly limits their cytosolic delivery
efficiency. Despite these limits, a few of the Arg-rich CPP-based
conjugates are used for therapeutic applications and have
entered clinical trials; however, none have successfully
completed clinical development or received FDA approval. As a
result, the successful translation of Arg-rich CPPs from material
design to clinical medicine has not yet been achieved.
Therefore, future research should focus on developing CPPs
that can withstand enzymatic degradation while maintaining
biocompatibility, and optimized PK/PD profiles. Chemical
alterations like cyclization, backbone modification, insertion of
unnatural amino acids, and conjugation with functional
moieties that improve serum stability can help in enhancing

stability while preserving cargo delivery.

Extending the use of Arg-rich CPPs to deliver complex
compounds, such as bifunctional PROTACs, antibodies, and
gene-editing tools, has promising results. Future research
should concentrate on optimizing CPPs for these developing
treatment modalities, ensuring that they can efficiently
transport large and complex compounds across cellular

membranes.

Developing CPPs with on-demand degradability could provide a
more regulated approach to medication administration. This
would allow cargo release at specific areas or times, reducing
the likelihood of unexpected side effects and ensuring that the
medicinal agent is only active when needed. Controlled
degradation can be achieved by incorporating pH-sensitive or
enzyme-cleavable linkers that degrade the CPP in response to
specific intracellular conditions.

Overall, the development of novel CPPs and understanding their
cellular uptake mechanisms remains incomplete as uptake is
strongly influenced by peptide properties, cargo nature and
conjugation strategies. Emerging advances in label-free

reduce toxicity. Additionally, achieving biocompatibility
remains a critical yet unresolved challenge that must be
addressed (Table 3). Therefore, future research must integrate
molecular modelling, advanced screening, and controlled
degradation systems to optimize CPP architectures.

This journal is © The Royal Society of Chemistry 20xx
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Collectively, these approaches hold considerable promise for
generating next-generation Arg-rich CPPs tailored for diverse

Table 3: Intracellular toxicity assessment for Arg-rich

Journal of Materials Chemistry B

therapeutic applications, including

protein delivery, .8gne

editing, and complex cargo delivery. DOI: 10.1039/D5TB02935J

Entry Compound Toxicity studies Cell lines Cytotoxicity of CPP Ref.
1 BCP 78 CellTiter-Glo assay Hela Toxic > 25 uM 93
2 C3-HAad WST-8 assay Hela Toxic > 35 uM 83
3 C6-HAad WST-8 assay Hela Toxic > 26 uM
4 C10-HAad WST-8 assay Hela Toxic >3 uM
5 HAad-C3 WST-8 assay Hela Toxic > 40 uM
6 HAad-C6 WST-8 assay Hela Toxic > 34 uM
7 HAad-C10 WST-8 assay Hela Toxic > 6 uM
8 p-Bu-HAad WST-8 assay Hela Toxic >3 uM
9 HAaD-pBu WST-8 assay Hela Toxic > 1 uM
10 Chol-HAad WST-8 assay Hela Toxic > 1.5 uM
11 HAad-Chol WST-8 assay Hela Toxic > 1 uM
12 Pyrene+ R8 MTT assay Hela - 89
13 Acylated cyclic MTS proliferation assay HEK 293T Toxic > 30 uM 103

dodecanoyl- [Rs]
peptide,
Acylated cyclic
dodecanoyl- [Re]
peptide, [Rs]
14 Acylated linear MTS proliferation assay HEK 293T Toxic > 25 uM
dodecanoyl- (Rs)
peptide,
15 Acylated linear MTS proliferation assay SK-OV-3 Toxic > 10 uM
dodecanoyl- (Rs)
peptide
16 Cyclic [Rs] MTS proliferation assay SK-OV-3 Toxic > 10 uM
17 Acylated cyclic MTS proliferation assay CCRF-CEM Toxic > 25 uM
dodecanoyl- [Rs]
peptide
18 Acylated cyclic MTS proliferation assay CCRF-CEM Toxic > 12 uM
dodecanoyl- [Re]
peptide
19 Acylated linear MTS proliferation assay CCRF-CEM Toxic > 25 uM
dodecanoyl- (Rs)
peptide
20 Cyclic [Rs] MTS proliferation assay CCRF-CEM Toxic > 25 uM
21 TMR-r13 MTT HDF Toxic >5 uM 87
MCH58 Toxic > 5 uM
. mechanisms have been discussed in-depth, focusing on the
Conclusions

In this review, we have summarized the diverse strategies developed
to improve the intracellular delivery of Arg-rich CPPs, which facilitate
the transport of a broad spectrum of cargos ranging from small
molecules to macromolecules. By outlining the structural influence
of CPPs on cellular uptake efficiency, we emphasise how newly
engineered CPPs enhance cargo delivery. Cellular uptake

This journal is © The Royal Society of Chemistry 20xx

conditions involved. While newly discovered strategies, such as
plasma membrane oxidation and bismuth-mediated bicyclization,
showed considerable promise, no single approach can be regarded
as universally optimal. Instead, each contributes reliable,
complementary insights, collectively advancing the field toward
more effective, clinically translatable peptide-based delivery
platforms. With proper planning, precise execution, and the use of
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advanced analytical tools like Al-ML, a significant breakthrough can
be expected for the CPP-based cargo delivery research community.

To date, none of the Arg-rich CPPs investigated have shown suitable
biocompatibility, received FDA approval, or attained universal
acceptance for therapeutic cargo delivery. Therefore, the
development of clinically viable CPPs capable of transitioning from
laboratory research to practical applications in the health care sector
is the utmost need of the hour.
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