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ABSTRACT:

Cell-penetrating peptides (CPPs) and nanoparticles have emerged as pivotal tools in advancing
modern drug delivery, enabling the efficient transport of therapeutic molecules across
biological barriers. This paper reviews the design principles, classifications, uptake
mechanisms and conjugation strategies of CPPs and explores their integration with diverse
nanoparticle systems. CPPs, short amino acid sequences capable of crossing cell membranes,
enhance intracellular delivery, while nanoparticles offer protection, controlled release and
targeting capabilities. Together, CPP—nanoparticle hybrids enable applications in drug
delivery, gene therapy, diagnostic imaging and antimicrobial therapy. We discuss uptake
pathways, structural modifications, endosomal escape strategies and bioconjugation methods
(covalent and non-covalent) and highlight therapeutic examples including SPIONs, gold
nanoparticles, quantum dots, polymeric and lipid carriers. Preclinical and clinical studies
demonstrate encouraging results, with some CPP-based candidates reaching advanced trial
stages. Despite challenges of stability, selectivity and systemic clearance, advances such as
activatable CPPs (ACPPs) and optimized conjugates offer promising avenues. These hybrid
systems represent a critical step toward precision medicine and the treatment of complex
diseases.

KEYWORDS: Cell-penetrating peptides; Nanoparticles; Drug delivery; Hybrid vectors; Gene
therapy; Endocytosis; Therapeutic applications; Activatable CPPs.

1. INTRODUCTION

The utilization of cell-penetrating peptides (CPPs) and nanoparticles has significantly
transformed the drug delivery field. These advancements have provided novel approaches to
address challenges related to cellular barriers and improve the transportation of therapeutic
cargo. The combination of CPPs and nanoparticles has resulted in the creation of hybrid
delivery vectors. These vectors possess the inherent ability of CPPs to penetrate cells, along
with the versatile capacity of nanoparticles to load various types of cargo. Hybrid systems have
significant potential in the fields of targeted drug delivery, gene therapy and diagnostic
imaging. This presents a promising opportunity for the advancement of precision medicine. In
order to effectively utilize CPP-nanoparticle hybrid delivery vectors, it is crucial to have a
thorough grasp of the design principles, uptake pathways and regulatory considerations
associated with them. CPPs, also known as cell-penetrating peptides, are amino acid sequences
that play a crucial role in transporting different substances across cell membranes. These
sequences have attracted considerable interest due to their capacity to improve the uptake of
therapeutic agents by cells. CPPs, also known as cell-penetrating peptides, have the ability to
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either directly penetrate the lipid bilayer or aid in the process of endocytosis. This enables them
to efficiently transport various cargoes into cells. The utilization of CPPs as vehicles for
therapeutic molecules originated in the early 1990s, when the transactivator of transcription
(TAT) peptide, derived from the protein of the human immunodeficiency virus (HIV-1), was
first discovered. Since then, a wide range of cell-penetrating peptides (CPPs) have been
discovered. These include penetratin, which is derived from the Drosophila Antennapedia
homeodomain protein, as well as several arginine-rich peptides [1].

Nanoparticles offer a flexible platform for the encapsulation and delivery of therapeutic
payloads. The utilization of nanoscale carriers offers several advantages, including the
protection of cargo molecules from degradation, the ability to control release kinetics and the
facilitation of site-specific targeting. The combination of nanoparticles and CPPs has been
found to enhance the ability of nanoparticles to enter cells and deliver therapeutic cargo inside
them. This integration improves the overall efficiency of transporting therapeutic substances.
Different types of nanoparticles, including liposomes, polymeric nanoparticles and lipid-based
carriers, have been studied for their compatibility with CPPs [2]. The utilization of CPPs and
nanoparticles together has shown significant potential for improving the efficiency of drug
delivery, especially in reaching target tissues that are difficult to access.

The cellular uptake pathways associated with CPP-nanoparticle hybrid delivery vectors exhibit
a high degree of complexity and involve multiple facets. The pathways mentioned are
influenced by various factors, including the size of the cargo, the surface properties of
nanoparticles and the specific cell-penetrating peptide (CPP) employed. Endocytosis is a
frequently observed uptake mechanism in which cells engulf extracellular material by forming
vesicles. The study by [3] highlights the utilization of various endocytic pathways, such as
clathrin-mediated endocytosis, caveolae-mediated endocytosis and macropinocytosis, by
CPPnanoparticle complexes. In addition, certain cell-penetrating peptides (CPPs) have the
remarkable capability to directly cross the cell membrane, which aids in the transportation of
cargo into the cytoplasm. The successful escape of cargo from endosomes and its subsequent
release are significant challenges in CPP-nanoparticle-mediated delivery. Researchers have
been actively studying various strategies to improve this process [4].

The integration of cell-penetrating peptides and nanoparticles has resulted in the creation of
hybrid delivery vectors that have significant potential for advancing drug delivery and
therapeutics. It is crucial to have a comprehensive understanding of the design principles,
uptake pathways and regulatory considerations associated with CPP-nanoparticle hybrid
systems in order to effectively enhance their performance and ensure their safety. Through the
examination of the complex relationship between cell-penetrating peptides (CPPs),
nanoparticles and the mechanisms by which cells absorb substances, scientists are positioned
to discover innovative advancements in the field of targeted drug delivery and revolutionary
medical interventions.
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2. CLASSIFICATION OF CPPS

Cell-penetrating peptides (CPPs) are a collection of short amino acid sequences that have the
unique capability to cross cell membranes and aid in the transportation of different cargo
molecules within cells. These cargo molecules can vary in size and include both small drugs
and large biomolecules. The classification of CPPs involves multiple dimensions, including
origin, sequence characteristics, cellular uptake mechanisms, cargo delivery capabilities, cell
type specificity, post-translational modifications and therapeutic applications. The step-wise
classification outlined in this study offers a thorough analysis of the various CPPs in the field.
This analysis allows researchers to gain a comprehensive understanding of the CPP landscape,
which in turn helps them design and improve CPP-based delivery systems for specific
biomedical purposes.

A. Primary Classification Based on Origin

One way to classify CPPs is by their origin. They can be divided into two main categories:
naturally occurring CPPs, which are derived from proteins or peptides found in biological
organisms and synthetically designed CPPs.

o Natural CPPs are a type of cell-penetrating peptide that is obtained from natural
sources. These CPPs consist of sequences that come from various sources, such as viral
proteins (for example, TAT from HIV), transcription factors (like the Antennapedia
homeodomain) and other cellular proteins.

e Synthetic CPPs refer to cationic cell-penetrating peptides that are intentionally
designed using rational design or combinatorial libraries. The purpose of designing
these peptides is to give them specific properties, such as improved cell penetration,
reduced cytotoxicity, or enhanced efficiency in delivering cargo [5]. B. Secondary
Classification Based on Sequence Characteristics:

Cell-penetrating peptides (CPPs) can be categorized into different groups according to their
sequence characteristics, which play a role in determining their ability to enter cells.

e Arginine-rich cell-penetrating peptides (CPPs) are peptides that contain a significant
number of arginine residues. These arginine residues play a crucial role in giving the
peptide a positive charge, which enables it to interact effectively with negatively
charged cell membranes.

e Hydrophobic and amphipathic cell-penetrating peptides (CPPs) possess a
wellbalanced arrangement of hydrophilic and hydrophobic amino acids. This unique
composition allows them to effectively integrate into cell membranes and facilitate the
translocation process into cells [6].

C. Tertiary Classification Based on Mechanisms of Cellular Uptake:
CPPs can be classified according to the main mechanism by which they enter cells.

e Direct Translocation Cell-penetrating peptides (CPPs) are peptides that interact
directly with the lipid bilayer of the cell membrane. This interaction is facilitated by an
amphipathic structure, which allows the CPPs to insert into the membrane and
translocate across it [7].
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e Endocytosis-Mediated Cell-Penetrating Peptides (CPPs) refer to CPPs that are taken
up into cells through different types of endocytosis, such as clathrin-mediated,
caveolae-mediated, or macropinocytosis. This internalization process results in the
CPPs being transported into endosomal vesicles [8]. D. Quaternary Classification
Based on Cargo Delivery:

This classification refers to the capacity of CPPs to transport cargo molecules alongside them
into cells.

e Cargo-Bearing CPPs are a type of cell-penetrating peptide that acts as carriers,
facilitating the transport of various cargoes such as drugs, nucleic acids (DNA, RNA),
peptides, proteins and nanoparticles across cellular barriers. E. Quinary Classification
Based on Cell Type Specificity:

Some CPPs have a preference for specific cell types, which allows for targeted delivery.

e Cell-Type Specific Cell Penetrating Peptides (CPPs): These CPPs are designed with
specific sequences or modifications that enable them to selectively target and deliver
cargo to particular cell types, ensuring accurate delivery to desired cell populations [9].
F. Senary Classification Based on Post-Translational Modifications

Certain CPPs undergo modifications that can have an impact on their properties and
effectiveness.

e Modified CPPs refer to cell-penetrating peptides that have undergone chemical
modifications, conjugation with other molecules, or engineering to improve their
stability, efficiency of uptake, or targeting abilities.

G. Septenary Classification Based on Therapeutic Applications:
There are different therapeutic fields where CPPs are applied, which leads to classifications
based on their usage.

e Drug Delivery CPPs are specifically designed to enhance the intracellular delivery of
therapeutic drugs. Their purpose is to improve the effectiveness of the treatment while
minimizing any potential side effects.

e Gene Delivery CPPs are engineered cell-penetrating peptides (CPPs) that have the
ability to transport genetic material, such as DNA or RNA, for gene therapy purposes.
These CPPs facilitate the targeted modulation of gene expression, allowing for more
precise and effective gene therapy applications.

e Diagnostic CPPs are used to transport imaging agents or diagnostic probes, which
enhance visualization and detection in different imaging techniques.

e Antimicrobial CPPs are specifically designed to transport antimicrobial agents. They
play a crucial role in the targeted treatment of infections by delivering therapeutic cargo
directly to microbial cells.

Hence, the step-wise classification of CPPs offers a comprehensive framework for
comprehending and categorizing these versatile peptides. Researchers can strategically design
and engineer delivery systems based on cell-penetrating peptides (CPPs) by considering
various factors such as their origin, sequence characteristics, mechanisms of cellular uptake,
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cargo delivery capabilities, cell type specificity, post-translational modifications and
therapeutic applications. This allows for the customization of CPP-based delivery systems to
meet specific biomedical needs.
3. CPP WORKING MECHANISM & APPLICATION
Cell-penetrating peptides (CPPs) are short sequences of amino acids that have the remarkable
ability to cross cell membranes and help transport different cargo molecules into cells. This
exceptional characteristic has attracted considerable attention in multiple domains, such as drug
delivery, gene therapy and diagnostic imaging. It is crucial to have a clear understanding of
how CPPs work and what their ultimate outcomes are in order to effectively utilize their
potential in biomedical applications.

3.1 The working mechanism of Cell-Penetrating Peptides (CPPSs)

CPPs work by interacting with cell membranes and then being taken up into cells. There are

two main ways in which cells take up CPP sequences, depending on the specific sequence and

the type of cell being targeted. These two modes are direct translocation and
endocytosismediated uptake.

v Direct Translocation: Direct translocation occurs when certain cell-penetrating peptides
(CPPs) have an amphipathic structure, which means they have both positively charged and
hydrophobic amino acids. CPPs have the ability to interact with the lipid bilayer of cell
membranes due to this structural feature. The presence of positively charged residues helps
to facilitate electrostatic interactions with the negatively charged components of the cell
membrane, which in turn leads to initial attachment. The hydrophobic residues facilitate the
insertion of CPPs into the lipid bilayer, allowing them to directly penetrate through the
membrane. After entering the cell, the cargo molecules that are linked to cell-penetrating
peptides (CPPs) are released into the cytoplasm [10].

v Endocytosis-Mediated Uptake: Numerous cell-penetrating peptides (CPPs) are taken up
by cells through endocytosis mechanisms. This process entails the cell membrane engulfing
both the CPPs and their cargo. Clathrin-mediated, caveolae-mediated and macropinocytosis
are common forms of endocytosis that cell-penetrating peptides (CPPs) take advantage of.
After being engulfed, CPPs and their cargo are enclosed within endosomes. In order to
ensure successful delivery of cargo, CPPs need to escape from the endosomal compartment
and release the cargo into the cytoplasm. Endosomal disruption can occur through various
strategies, such as pH-responsive properties [11].

3.2 The final outcomes and applications of cell-penetrating peptides (CPPs)

The cell-penetrating ability of CPPs is exceptional, leading to a wide range of applications in

various fields of biomedicine. The efficient delivery of therapeutic cargo into cells drives these

applications, allowing for targeted interventions and improved outcomes.

Cell-penetrating peptides (CPPs) are highly valuable in biomedical research and applications

because they possess the distinctive capability to transport different cargo molecules across

cellular membranes. The exceptional properties of CPPs have led to their exploration in various
fields such as drug delivery, gene therapy and diagnostic imaging. This article explores the
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various applications of CPPs and provides relevant references. It emphasizes how CPPs have
the potential to revolutionize different aspects of healthcare. @ Drug Delivery
One of the significant applications of cell-penetrating peptides (CPPs) is their ability to improve
the delivery of therapeutic drugs. Cell-penetrating peptides (CPPs) have the ability to transport
various small molecules, peptides and proteins across cellular barriers. This capability not only
enhances the effectiveness of drugs but also reduces the occurrence of side effects. The TAT
peptide, for example, has been used to transport anticancer drugs into tumor cells. This has
resulted in increased effectiveness in killing the cancer cells while minimizing harm to the rest
of the body. Furthermore, CPPs have demonstrated potential in the administration of
neuroprotective agents for the treatment of neurodegenerative diseases [12].

e Gene therapy
Gene therapy has been greatly improved by the use of cell-penetrating peptides (CPPs). These
peptides have made it easier to transport nucleic acids, like DNA and RNA, into specific cells
for gene delivery. This is especially beneficial for tackling diseases that have genetic factors.
The use of a CPP-based approach has the potential to enhance transfection efficiency and
effectively address challenges such as the blood-brain barrier (BBB) in neurological disorders.
The use of CPPs has been instrumental in achieving successful delivery of siRNA for targeted
gene silencing in cancer cells as well as efficient transfection of neurons for potential therapies
in neurodegenerative diseases [13].

e Protein Delivery:
Delivering functional proteins into cells poses a significant challenge due to the large size and
intricate nature of these molecules. CPPs, or cell-penetrating peptides, provide a solution by
enabling the direct transportation of proteins across cellular membranes. In therapeutic
applications, researchers have used CPPs (cell-penetrating peptides) to effectively deliver
enzymes, transcription factors and other biologically active proteins into cells [14]. This
approach has the potential to treat various disorders by either restoring protein function or
modulating cellular pathways.

e Diagnostic Imaging:
CPPs have the ability to improve diagnostic imaging by transporting imaging agents to specific
cells, allowing for better visualization and detection. One example of using CPPs conjugated
with fluorescent dyes or nanoparticles is to enhance the contrast and sensitivity of imaging
techniques like fluorescence microscopy, magnetic resonance imaging (MRI) and positron
emission tomography (PET) [15]. These strategies have important implications in the fields of
cancer detection, disease monitoring and biomedical research.

e Antimicrobial therapy
Antimicrobial therapy has become increasingly important due to the emergence of
antibioticresistant pathogens. This has led to a greater focus on exploring alternative strategies
for effectively treating infections. CPPs have been studied for their potential use as
antimicrobial agents. Certain CPPs have inherent antimicrobial properties. Researchers have
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found that these CPPs can be used as delivery vehicles for antimicrobial peptides or drugs,
which have shown promise in treating bacterial and fungal infections.

e Vaccination:

Controlled-release drug delivery systems, known as CPPs, have shown promise in improving
the delivery and effectiveness of vaccines. They have the ability to assist in the transportation
of antigens to immune cells and facilitate the initiation of immune responses. Several studies
have investigated the use of CPP-mediated delivery of antigens or immunomodulatory
molecules to enhance vaccine responses against infectious diseases or cancer [16].
Cell-penetrating peptides have had a significant impact on various areas of biomedical research
and applications. The ability of these carriers to transport a wide range of cargoes into cells has
created new opportunities in drug delivery, gene therapy, protein delivery, diagnostic imaging,
antimicrobial therapy and vaccination. As research progresses, the potential of CPPs and their
optimization strategies is being revealed. These peptides are expected to have a significant
impact on the development of innovative therapeutic and diagnostic approaches.

4. CPP UPTAKE MECHANISMS

In order to optimize these systems to create the highest effect possible, it is vital to first have a
solid understanding of the absorption process and the intracellular trafficking of drug carriers.
This will allow one to determine the intracellular behavior and the efficiency of the cargo
delivery. It is not yet known whether cellular entrance of CPPs occurs with or without the
mediation of specific cellular receptors, despite the fact that CPPs have been extensively
utilized to carry cargo molecules into cells. The precise absorption process of these peptides is
still raising lots of issues. In spite of this, the two primary cellular uptake mechanisms of CPP
include nonendocytotic or energy-independent pathways and endocytotic pathways have been
hypothesized depending on the characteristics of CPP itself, the transported molecule, the cell
type and the membrane lipid composition. Both of these processes are important for cellular
uptake. [21] In Figure, you can see the many processes of absorption that have been presented
as an explanation for the internalization of free or cargo-conjugated CPPs. In addition to
entering cells through the endocytic pathway, certain CPPs that carry relatively unimportant
payloads may also enter cells rapidly through direct translocation. In most cases, the uptake of
big molecules that were coupled to these peptides was mediated via macropinocytosis in an
energy-dependent manner, with the uptake rates for larger compounds being significantly
slower. [22]

It has been hypothesized that adsorptive transcytosis (AMT) processes are responsible for the
transport of peptides across the BBB. The AMT process involves the endocytosis of vesicles
containing polycationic peptides in a manner that is analogous to that of a receptor-mediated
manner, but not through a particular mechanism. Because of the great density of the brain's
capillary network, the blood-brain barrier (BBB) has a large concentration of negative charges,
which in turn promotes an environment that is selective for positively charged molecules.
Wheat germ agglutinin (WGA), a glycoprotein with lectin-like capabilities, was proven to be
able to induce AME by binding to sialic acid and N-acetyl-d-glucosaminyl acid. This was
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demonstrated by a previous study. An AMT process can be triggered when cationic peptides
are attached to drug molecules in order to facilitate transport of the drug molecules across the
BBB. This process has been shown to be dependent on energy levels, time and temperature in
order to carry out its functions. Although it is well recognized that CPPs can increase the brain
delivery of a variety of molecules by crossing the BBB, the precise method by which CPP cargo
can bind to and transport to the brain via AMT remains unclear. [23] This is despite the fact
that the ability of CPPs to promote brain delivery is extensively documented. The putative
absorption pathways for a selection of CPPs are outlined in Table 1.

Despite the fact that CPPs have been used in a diverse range of applications for more than two
decades and despite the fact that different models of internalization have been proposed, the
precise absorption mechanism of the various CPPs has not yet been completely revealed [24,
25]. This is despite the fact that CPPs have been used for more than two decades. For example,
Koppelhaus et al. evaluated Tat- and penetrating-mediated cellular uptake of peptide nucleic
acid oligomers in five distinct cell lines (HeLa, SK-BR-3, IMR-90, H9 and U937) [26]. They
found that the uptake was either low or nonexistent in all of the cell lines. The authors found
that the efficacy of internalization is mostly determined by the membrane's composition
(membrane-bound components and lipids). Recent research has demonstrated that heparan
sulfate proteoglycans (HSPGs), cell surface proteoglycans made up of a core protein and one
or more heparan sulfate (HS) glycosaminoglycan (GAG) chains [27], interact electrostatically
with CPPs as initial binding sites, increasing the local concentration of CPP-cargo conjugates
and thereby promoting internalization [28, 29]. Particularly, arginine-rich CPPs with a positive
net charge under physiological circumstances, such as Tat, penetratin, or oligoarginine, have a
high affinity for HSPGs, one of the most heavily negatively charged biopolymers [30]. Other
uptake processes, in addition to HSPG-mediated cellular uptake, have been reported, including
clathrin-dependent, caveolae-mediated and clathrin/caveolae-independent endocytosis. For
organelle-specific targeting to be effective, one of the first steps that must be taken is to get an
understanding of the internalization pathway that a CPP-cargo conjugate follows. The
energyindependent way of direct translocation into the cytosol, for example, may avoid the
disadvantages of vesicular entrapment of cargo as well as the need for endosomal escape
mechanisms and as a result, it makes it easier to target cellular organelles like the nucleus or
the mitochondria. However, the major absorption route may be direct translocation or
endocytosis, depending on the CPP that was used, the plasma membrane composition of the
cell type and the properties of the cargo molecule [31]. Endocytosis may also be the case,
depending on the features of the cargo molecule. Exploiting the small changes in the makeup
of the vesicle membranes produced by the various absorption systems [32] is one way in which
the intracellular destination of their payload may also be altered. One way to do this would be
to equip the carrier system with sorting peptides, for instance. It is incorrect to assume that a
certain CPP, which has been shown to transport therapeutic molecules in a specific manner into
specified cells, would be able to do the same for other cargo or other cell lines. As a result,
when selecting a CPP, all of these criteria need to be taken into consideration. Table 1 and
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Figure 2 are helpful in illustrating the intricacy of this issue since they illustrate that even
systems that are comparable in cargo type as well as the employed CPP may lead to distinct
uptake mechanisms merely because of differences in the shape and size of the cargo. This
highlights the fact that the uptake mechanisms can be affected by factors other than the cargo
itself. For example, increasing the size of the CPP-cargo conjugate results in a reduction in the
amount of direct translocation and an increase in the amount of energy-dependent endocytotic
uptake [33]. Molecules may traverse the blood-brain barrier (BBB) thanks to a time- and
energy-dependent endocytotic process called adsorption transcytosis (AMT) [34]. Since AMT
largely relies on electrostatic interaction between the positive charge of the crossing molecule
and the highly negatively charged cell surface of the brain capillary network, cationic
argininerich CPPs can be used to successfully deliver conjugated cargo molecules without
impairing biological activity [35]. Despite its efficacy, the precise mechanism of AMT for the
transportation of CPP-cargo conjugates through the BBB is yet unclear [36].

5. CELL-PENETRATING PEPTIDES (CPP) UPTAKE MECHANISM STRATEGIES
Cell-penetrating peptides (CPPs) are highly effective in enabling the delivery of different cargo
molecules into cells. The uptake mechanisms by which CPPs are taken up involve intricate
interactions with both cell membranes and cellular machinery. Numerous strategies have been
suggested to improve the efficiency of cell-penetrating peptide (CPP) uptake and facilitate the
successful delivery of cargo. Here, we will outline some key strategies for the uptake
mechanisms of CPP.

a) Covalent Modification and Conjugation:

Cellular Penetrating Peptides (CPPs) can be enhanced in their cellular uptake by conjugating
them with specific moieties. According to [17], when hydrophobic molecules like fatty acids
or cholesterol are covalently attached, it improves the interactions between CPPs and the cell
membrane, leading to enhanced penetration. Specificity and uptake efficiency can be further
enhanced by conjugating targeting ligands or cell-penetrating antibodies. b) Endosomal
Escape Enhancers:

Numerous cell-penetrating peptides (CPPs) undergo internalization through endocytosis, which
can result in their confinement within endosomes. The inclusion of endosomal escape
enhancers, such as pH-responsive peptides or fusogenic peptides, can help facilitate the escape
of cell-penetrating peptides (CPP) from endosomes and into the cytoplasm [18]. c¢)
Electroporation and microinjection:

Electroporation and microinjection are physical methods that can be used to enhance the uptake
of cell-penetrating peptides (CPPs). Electroporation is a process that involves the application
of electric pulses to cells. This application creates temporary pores in the cell membrane, which
enable the entry of CPPs (cell-penetrating peptides). Microinjection enables the direct delivery
of CPPs into the cytoplasm, eliminating the requirement for membrane translocation. d)
Optimization of CPP Sequence and Structure:

Optimizing CPP sequences and structures can greatly influence their efficiency in cellular
uptake. Rational design plays a crucial role in achieving this optimization. The distribution of
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charged and hydrophobic residues can have an impact on interactions between cell-penetrating
peptides (CPPs) and cell membranes, as well as the mechanisms involved in translocation.
Furthermore, the inclusion of helix-stabilizing elements can improve membrane penetration
[19].

e) Cell-Penetrating Nanoparticles:

By conjugating CPPs to nanoparticles, such as liposomes or nanoparticles, it is possible to
create multifunctional delivery systems. According to [20], nanoparticles have the ability to
protect CPPs from degradation, enhance cellular uptake and facilitate the controlled release of
cargo within cells.

f) Combination with Other Delivery Systems:

CPPs have the ability to be combined with other delivery systems, such as viral vectors or
polymers, in order to improve their ability to be taken up by cells and deliver cargo effectively.
Combining CPPs with viral vectors can enhance the effectiveness of gene delivery, for
example.

g) Cell-penetrating peptide libraries and screening:

The process of high-throughput screening of CPP libraries allows for the identification of new
CPP sequences that have improved uptake efficiency. Modifications based on structure-activity
relationships from screening results can be made to rationalize the development of optimized
CPPs.

h) Cellular Uptake Pathway Targeting:

CPPs can be designed to specifically target particular cellular uptake pathways. CPPs can be
directed towards a specific internalization route by incorporating specific motifs recognized by
endocytic pathways, such as clathrin or caveolae.

There are various and adaptable strategies available for improving the uptake mechanisms of
cell-penetrating peptides (CPPs). There are several approaches that can be used to enhance the
efficiency of cellular uptake and delivery of cargo by cell-penetrating peptides (CPPs). These
include covalent modifications, endosomal escape enhancers, physical methods, sequence
optimization, nanoparticles and combinations with other delivery systems, library screening
and pathway targeting.

5. HYBRID-VECTOR SYSTEM

6.1 Adenovirus/EBV Hybrid-Vector Systems

AdV was the primary form of vector that was utilized in the process of delivering autonomous
replicas. Tan and his colleagues presented the first prototype of AdV-based hybrid vectors in
1999. The authors made use of an adenovirus of the first generation (fgAdV) and inserted the
DNA of an EBV replicon that was flanked by the Cre recombinase recognition site loxP into
it. The latent EBV origin of replication (oriP) and the coding sequence of EBNA-1 were both
found in the EBV replicon, which is a collection of DNA sequences. The researchers
demonstrated that the EBV-replicon may be detached from the adenoviral genome in the
nucleus following coinfection of canine cells with an adenovirus that encodes the Cre
recombinase. Brenton and his colleagues demonstrated that up to 37% of transduced cells were
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able to maintain the EBV-replicon in a stable manner while the cells continued to be subjected
to selection pressure. However, one disadvantage of this first prototype vector system was the
fact that, in order to achieve high establishing efficiencies of the DNA replicon, large vector
doses of the AdV were necessary. These high vector doses were linked to cell toxicity in a
dose-dependent way. Another limitation of this first prototype vector system was the fact that
it was not possible to achieve high establishing efficiencies for the DNA replicon. One year
after that, Leblois and colleagues successfully transmitted the EBV replicon by making use of
an adenovirus of the second generation (sgAdV) that was devoid of the early adenoviral genes
E1l and E4. This was the first in vivo work to demonstrate that an EBV episome can be
maintained in vivo after it has been freed from adenoviral DNA by Cre recombinase-mediated
recombination. This was also the first in vivo study to demonstrate that an EBV episome can
be maintained in vivo. The authors developed a xenotransplantation model in which they
injected HelLa-derived cells that had been stably transduced with the AdV/EBV episome hybrid
vector into the flanks of female nude mice. This was done using a subcutaneous injection rather
than a surgical procedure. The second generation of the AdV/EBV replicon hybrid-vector
system was based on HCAdV, which was devoid of any adenoviral coding sequences. This was
done in order to lessen the cellular toxicity that is associated with adenoviruses. Two separate
studies published in 2004 each documented the first AdV/EBYV episome hybrid vector that was
based on the HCAdV delivery platform. Dorigo and his colleagues created an HCAdV with an
EBNA-1 expression cassette and a FR for attachment of the DNA replicon to the host
chromosomes and they substituted the EBV-derived DS with a 19 kbp human origin of
replication from the chromosome. This allowed the HCAdV to replicate without the need for
the host's chromosomes. The DNA replicon had a total size of 28 kilobase pairs and the authors
demonstrated that they could create these episomes in mammalian cells by using Cre
recombinase-mediated recombination. The expression of the transgene was maintained for up
to 20 weeks when it was subjected to selection pressure. In the second investigation, which
Kreppel and Kochanek reported in 2004, they similarly utilized an HCAdV hybrid vector for
the delivery of an EBV episome. However, in place of the origin of replication that was derived
from EBV, this vector had the putative human origin of replication that was derived from the
lamin B2 locus. The scientists were able to demonstrate that a large percentage of HCAdV
genomes, including the EBV replication and retention machinery, were circularized without
excision and were subsequently preserved as extrachromosomal DNA. This was the case even
though the lamin B2 locus had no influence on the maintenance of the EBV episome. In 2009,
Gallaher and colleagues presented the first in vivo investigation using HCAdV for delivery of
the episome into mice. This work was the first of its kind. The researchers demonstrated that
HCAdV causes transduction of all hepatocytes in immune-deficient mice and they
demonstrated that reporter gene expression can be sustained for up to 30 weeks when there are
50 copies of the replicon per cell. It is important to note that in order to commence replication
of the replicon, this hybrid-vector system also utilized the 19 kbp human origin of replication
derived from the chromosome. [37]
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In another study conducted by the same team in 2010, they presented the first single-vector
approach, in which the Cre recombinase expression cassette for excision of the EBV episome
and the EBV episome itself were both supplied by the same HCAdV molecule. This allowed
the episome to be removed without having to use two separate vectors. It is not necessary to
co-transfect a single cell with the vector that encodes the recombinase and the vector that
delivers the episome when using this approach, which is a significant benefit of the method.
The expression of Cre recombinase was what was driven by this work and it was driven by a
liver-specific promoter. [38] The scientists were able to demonstrate that this leads to
hepatocyte-specific release of the episome, which can then be maintained in a manner that is
long-term. Most crucially, this was the first study to show that an episome based on EBV may
be maintained extrachromosomally in immunocompetent mice.

6.2 HSV-1 and S/IMAR hybrid vectors

In 2007, Lufino and his colleagues merged the HSV-1 amplicon vector technology with the
S/MAR-based plasmid replicon methodology. This work aimed to produce an infectious
highcapacity episomal vector (iBAC) that is capable of delivering a big DNA fragment that can
be maintained episomally. This was the primary objective of the study. A HSV-1 amplicon
vector was used by the authors to package the whole human genomic DNA locus of the low
density lipoprotein receptor (LDLR), which is 135 kb in size, coupled with the S/MAR region
that was produced from the plasmid replicon pEPI technology. [39] The scientists did research
with Chinese hamster ovary (CHO) cells that were lacking long-distance light-harvesting
receptors (LDLR) and they showed that the episomal replicon could be consistently maintained
for more than 100 cell cyclings at low copy numbers per cell without selection. These results
demonstrated the effectiveness of the system. Importantly, the scientists were able to
demonstrate that LDLR was expressed and that the protein that was expressed brought back
LDLR's ability to function. Overall, the results of this investigation showed that HSV1/S/IMAR
hybrid vectors may be used to efficiently transport a large transgene and maintain it episomally.
6.3 Adenovirus/pEPI hybrid vectors

Recent research has led to the discovery of the first and only recombinant adenovirus capable
of delivering the plasmid replicon pEPI. The absence of any viral coding sequences in the pEPI
replicon, in contrast to those found in EBV-based episomes, makes it an appealing candidate
for use in therapeutic applications. The hybrid-vector system that was described by
Voigtlaender and colleagues was based on a two-vector system that combines HC-AdV for
efficient delivery with the upgraded pEPI-derived plasmid replicon pEPito. The hybrid-vector
system was able to successfully transport the plasmid. By using Flp recombination, the plasmid
replicon could be separated from the adenoviral DNA molecule and then it could be
circularized. The plasmid replicon could be maintained in mammalian cells and in murine livers
for up to six weeks and six months, respectively. Importantly, the excised plasmid replicon
does not contain any bacterial backbone sequences, just as the minicircles that are employed
for non-viral administration do. This results in a large reduction in unwanted side effects. [40]
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6.4 Hybrid Vectors Based on Adenovirus/SV40

Adenovirus/simian virus 40 (SFV) hybrid vectors are useful tools for applications in which
transgene expression for a shorter period of time than usual is adequate to achieve the desired
effects. Consequently, research into this sort of hybrid vector was focused mostly on its
application in immune-based medicines and vaccinations. In 2006, a prototype of an
adenovirus/SFV hybrid-vector system was presented, in which the SFV replicon was inserted
into an HCAdV genome. This system was initially developed in the United States. The
alphafetoprotein promoter was responsible for controlling the production of the RNA replicon
that included the SFV replicase gene. This made it possible for the RNA replicon to express
itself only in tumors. Within the same expression unit, the transgene was expressed through the
use of the SFV subgenomic promoter as the controlling factor. The effectiveness of the hybrid
vector was evaluated both in vitro and in vivo using an animal model of hepatocellular cancer.
These vectors triggered apoptosis in vivo, which was started by the replication of SFV and the
production of murine 1L-12 induced potent anticancer action. According to the findings of
another piece of research, a hybrid vector composed of adenovirus and alphavirus can transduce
cancerous hematopoietic cells. Yang and his colleagues created the adenoviral/SFV hybrid
vector Ad5/F11p-SFV-GFP containing chimeric fibers of Ad5 and Adllp. They then
investigated the effectiveness of the infection in four human leukemic cell lines (K562, U937,
Jurkat and HL60 cells), as well as in raw cells obtained from leukemia patients. The authors
concluded that this vector system may offer a great deal of potential for the creation of cellbased
vaccinations for individuals suffering from leukemia. [41]

In fact, research into developing vaccines using adenovirus-alphavirus hybrid vectors was
conducted. The publication of the first vaccination based on the SFV replicon and administered
by an adenovirus expressing the early E2 gene of the classical swine fever virus (CSFV)
occurred in 2011. Mice, rabbits and pigs all demonstrated robust immune responses against
CSFV, which shielded the animals from the potentially fatal effects of a CSFV challenge. More
recently, the same researchers conducted an in-depth analysis of this adenovirus/SFV-replicon
chimeric vector-based vaccine in terms of its efficacy, necessary dosages and specificity. [42]
6.5 Baculovirus/SFV Hybrid Vectors

Baculovirus was also used for the delivery of SFV-replicons in addition to adenovirus. The first
baculovirus/SFV hybrid vector was developed in 2009 and demonstrated good transduction
efficiency as well as foreign gene expression in five distinct mammalian cell lines (HEK293,
BHK-21, CHO and Hela). A very recent demonstration by a different group showed that this
hybrid-vector technology is also capable of being used for the purposes of vaccination.
Researchers found that giving BALB/c mice a chimeric baculovirus/SFV hybrid vaccine that
expressed two genes from the pig reproductive and respiratory syndrome virus (PRRSV) led to
strong immune responses against the PRRSV. These results, when taken as a whole,
demonstrate that the combination of the SFV-replicon system with other viral vectors for
efficient delivery holds a great deal of potential for the development of vaccines for which just
the temporary expression of the transgene at high levels is necessary. [43]
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Nanoparticles

The possibility of regulating drug distribution was a driving force behind the invention of the
"PEGIlylaton concept” by Frank Davis. Davis discovered that molecules containing
polyethylene glycol (PEG) presented lower immunogenicity and could increase the CPP's
circularization time. Later on, in 1965, Richard Feynman presented the concept of
nanotechnology with the discovery of the potentially therapeutic properties of liposomes in
drug transport [44]. In the year 1970, Dr. Langer investigated the potential for non-degradable
polymer matrices (polynyinilacetate) to transport and release proteins. In the area of
nanostructured delivery systems, numerous advancements have been accomplished throughout
the course of time and years. The following is an explanation of what a nanoparticle is:
"Nanoparticles may be characterized as being submicronic polyoxamers, poloxamine and
polysorbate 80 (Tween 80), which are related to prolonged circulation time and impaired
phagocytosis.

In addition, NP can be functionalized with peptides (such as CPPs and avidin-biotin),
antibodies, transferrins and saccharides (such as mannose and hyaluronic acid) in order to
generate specific interactions between the target ligand and NP conjugates. For example,
scientists used photon-correlation spectroscopy and dynamic light scattering to measure the
size of the NPs. This is an essential step in the process of comprehending the NPs' biological
fate, toxicity, drug release and stability. The surface features of NP, such as their
hydrophobicity, which impacts their fate in vivo and the zeta potential, need to be analyzed as
well. This is an extremely important step in the process. The zeta potential, also known as the
surface charge, is a reflection of the electric potential of the NP, which is impacted by both the
composition and the media that are around it. Zeta potential values greater than -30 mV indicate
stability in suspensions, reduced aggregation and the ability to pinpoint the location of the
encapsulated active ingredient. In spite of this, the application of NP in existing treatments has
been held back by a number of obstacles, the majority of which are due to inadequate drug
loading, rapid release and a lack of selectivity. The constraints that NP currently faces have led
to an increase in the development of new alternative conjugates. [45]

7.1 Cellular uptake of nanoparticles

Nanoparticle uptake requires highly regulated mechanisms and intricate biomolecular
interactions to traverse the plasma membrane of the cell. This biological membrane serves as a
barrier and separates a cell's interior from its exterior environment. Structural and biomolecular
membrane characteristics (i.e., phospholipid-based bilayer membrane strewn with proteins and
other biomolecules) result in an overall negative charge of the plasma membrane with a limited
number of cationic domains and selective permeability to ions, biomolecules and nanoparticles.
Nanoparticles must be able to penetrate the cell's plasma membrane in order to enter the cell.
It is essential to understand how nanoparticles enter cells because the underlying uptake
pathways determine a nanoparticle's function, intracellular fate and biological response. [46]
During both in vivo and in vitro cell exposure, nanoparticles have access to a wide variety of
possible cellular entry pathways, which allows them to pass the plasma membrane of a cell.
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These pathways can be placed into one of two broad categories:

e Endocytosis-based absorption pathways and

e Direct cellular entrance of nanoparticles
The sector's understanding of these nanoparticle cell entry pathways is currently evolving as
researchers aim to further unravel the fundamental mechanisms of how nanoparticles acquire
access to cells. This is due to the fact that the field has been focusing on understanding how
nanoparticles enter cells. It's possible that in the future, this kind of research will make it
possible for tailored nanoparticles to be taken up by desired cells in a more efficient and
targeted manner.

1) Endocytosis-based pathways
Endocytosis is a generic term that is used to represent a variety of distinct pathways and
mechanisms through which nanoparticles might gain access to cellular membranes and enter
cells. These routes can be separated into the following five mechanistically distinct classes:

e Clathrin-Dependent Endocytosis;

e Caveolin-Dependent Endocytosis;

e Clathrin- And Caveolin-Independent Endocytosis;

e Phagocytosis;

e Macropinocytosis
These uptake mechanisms are heavily controlled at the biomolecular level and are mediated by
a variety of lipids and transport proteins (such as lipid rafts, clathrin, dynamin, caveolin and
pattern recognition receptors, among others). Nanoparticles, once they have been endocytosed,
are often contained within intracellular vesicles, such as endosomes, phagosomes, or
macropinosomes and as a result, they do not have direct and quick access to the cytoplasm or
the organelles of the cell. Endosomal vesicles are essential sites for toll-like receptors and major
histocompatibility complexes, which means they play important roles not just in innate
immunity but also in adaptive immunity [47].
e Direct cytoplasmic delivery of nanoparticles
When a cell enters through the process of endocytosis, it is not common for nanoparticles to
have direct access to the cytoplasm. On the other hand, such direct access is possible through
the use of different nanoparticle delivery channels. Nanoparticles are so small that they are able
to physically or chemically traverse the plasma membrane of a cell and enter the cytoplasm
within. Nanoparticles that are freely diffused throughout the cytoplasm have the potential to
target and engage subcellular organelles and intracellular structures in order to elicit specific
biological reactions and functions that are useful in medicine.
6. CELL-PENETRATING PEPTIDES CONJUGATED TO NANOPARTICLES
The introduction of nanotechnology and the subsequent proliferation of its uses in the field of
medicine have enabled significant strides to be achieved in the treatment of a wide range of
ailments, including a variety of malignancies, HIV/AIDS and hepatitis. Nanoparticles are
materials that have a size in the range of 1-1000 nanometers. These materials include a group
of compounds such as metals, semiconductor quantum dots (QDs), oxides, polymers, vesicles
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(e.g., micelles and liposomes), carbon-based materials (e.g., nanotubes, fullerenes and
nanodiamonds) and protein- and nucleic acid-based particles. In recent decades, nano-sized
materials have attracted an increasing amount of attention in the field of medical science due
to their dominant properties such as large surface areas, binding to a large number of surface
functional groups, appropriate distribution, controllable absorption and release properties.
These properties have contributed to the rise in popularity of nanosized materials. Conjugated
nanoparticles with cell-penetrating peptides (CPPs) and their analogues, such as activatable
cell-penetrating peptide (ACPP) and cell-penetrating peptide dendrimer (DCPP), are briefly
discussed in the following paragraphs. [48]

NPs' laboratory identity changes into a biological identity as soon as they interact with a
biological system. In actuality, their physicochemical characteristics, such as particle size and
surface modification, which control biodistribution, blood circulation time, protein corona
formation, toxicity and immunological response, have a significant impact on their destiny [49].
Therefore, it is usual practice to post-modify NPs with biocompatible and useful biomolecules.
Typically, functional molecules or particles must cross the cell membrane, which is a biological
barrier, in order to fully exert their effects within the cell. Because of their capacity for
internalization, CPPs are excellent vehicles for moving NPs and other payloads through cell
membranes [50]. Numerous attempts have been made to form conjugates of inorganic, organic
and hybrid nanostructures with CPPs since the first attempt to produce CPPNP conjugates, as
described by the team of Weissleder et al. in 1999, who reported a 100fold higher
internalization into lymphocytes compared to nonmodified particles [51]. In general,
electrostatic interactions or covalent coupling techniques may be used to bind CPPs to NP
surfaces.

e Non-Covalent Attachment

The easiest method of surface ornamentation for NPs is the self-assembly of substances and
biomolecules with opposing surface charges. However, compared to covalent surface
connections, this electrostatic interaction allows less control over the quantity of connected
molecules as well as their orientation and is strongly reliant on the ionic strength and pH value
[52]. In order to ascertain conjugate stability in a biological context, it is also important to
analyze the likelihood of a ligand exchange when other highly charged biomolecules are
present. When it comes to the pH-dependent removal of biomolecule layers that causes the
release of drug molecules from the core material, for example, the gradual disintegration of
bioconjugates may be favorable in certain circumstances. To date, self-assembly of CPPs on
the surface of negatively charged nanostructures has been facilitated by the CPPs' often
significant positive net charge. To employ the noncovalent loading of penetratin, Tan and
colleagues [53] developed mesoporous silica particles with a strong negative zeta potential (32
mV) and wide pores up to 11 nm. Following previous surface modifications of silica particles
with polyethylene glycol (PEG) (average molecular weights of 4000 and 10,000, respectively),
lower loading rates of CPPs were reported. These findings are likely due to the rise in zeta
potential as well as the shielding effects of long PEG chains.
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Additionally, based on the electrostatic interactions between silica particles and sC18, our lab
has only recently explored the internalization effectiveness of CPP-NP conjugates [54].
Strongly positively charged CPP-silica conjugates were produced by the straightforward
selfassembly of positively charged CPPs on the NP surface when the surface of silica particles
included deprotonated hydroxyl functionalities at neutral pH. Although noncovalently joined,
conjugates showed great water stability, even in the presence of serum proteins, demonstrating
a strong CPP-silica interaction. Excellent internalization efficiencies in as-prepared
nanoconjugates were even better than in the individual components. Recently, [55] investigated
the effectiveness of four different CPPs for cochlear drug delivery by noncovalently attaching
them to the negatively charged surfaces of PLGA NPs through electrostatic forces. These CPPs
included low molecular weight protamine (LMWP), penetratin, Tat and R8. In situ
complexation methods with negatively charged molecules may be used to create
polyelectrolyte-complex NPs rather than post-synthetic surface modification of NPs with CPPs.
He and colleagues, for instance, revealed the efficient electrostatic synthesis of
insulinpenetratin nanocomplexes, yielding homogeneous spherical NPs with a mean size of 75
nm [56]. The disintegration of nanocomplexes could be slowed down by coating the surface of
NPs with hyaluronic acid (HA), which could gradually separate from the NP core upon pH
change. The release of insulin could be measured over a period of hours after stirring the
asprepared particles at 37 °C in phosphate-buffered saline (PBS). This surface coating is
particularly helpful when administering NPs orally since HA significantly reduces interactions
between the NPs and the mucin network in the gastrointestinal system while protecting the
encapsulated insulin.

e Covalent Attachment

Covalent linkages of CPPs to NPs constitute the most prevalent modification technique for both
organic and inorganic NP types because they give great stability and precise control over
siteselectivity, which are critical requisites to retain the function and features of the peptides.
Covalent linkages of CPPs to NPs have been shown to be effective in modifying organic and
inorganic NP types. In many instances, extra spacer molecules, such as PEG, are used in order
to prevent steric hindrance on the particle surface. This is accomplished by the use of PEG. The
carbodiimide-based coupling approach is one of the most common covalent conjugation
techniques that is employed. It is typically carried out in an aqueous environment in the
presence of carbodiimides like 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and it
is dependent on the creation of amide bonds between free amines and carboxylic acid groups.
Because biomolecules such as CPPs are made up of amino acids as their fundamental building
blocks, they provide amino as well as carboxylic acid groups. This enables carbodiimide
reactions to function as a flexible approach that is both highly practical and easily accessible to
synthetic synthesis. For example, He et al. very recently documented the synthesis of Yb®" and
Er**-doped NaYF4, which upconverted NPs into their onion-like form when they were loaded
with siRNA and a photosensitizer. After performing a surface modification using
polyethylenimine (PEI), which resulted in the creation of a large number of free amino groups,
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R8 was then covalently connected using carbodiimide coupling [57]. Visible emission was
produced upon irradiation with 808 nm, which led to the activation of the photosensitizer and
resulted in the generation of reactive oxygen species (ROS). This formation favored the
disintegration of NPs, which led to the release of sSiRNA. Surface decorating with R8 facilitated
the cell's internalization and endosomal escape of NPs, resulting in considerably increased
absorption rates in comparison to those of control NPs that lacked the CPP.

Although the extensive presence of amino and carboxylic acid groups is particularly useful for
the covalent attachment of CPPs since it eliminates the need for any extra pre-modification
procedures, this may also result in unspecific binding, which can change the functioning of the
molecule. Therefore, several methods for the covalent attachment of CPPs to NPs take
advantage of the less common functionalities that are found in cysteine. Some examples of
these methods include the use of thiols. As shown by a number of research groups, free thiols
are capable of interacting with maleimide residues to produce a persistent carbon-sulfur bond.
This has been established for the purpose of the covalent attachment of CPPs such as RF,
LMWP, or Tat to liposomes, dendrimers, or protein-based NPs [58]. Alternately, the high
affinity of noble metals to sulfur, which results from the interaction between a soft acid and a
soft base, can be utilized for the direct linkage of sulfhydryl-containing CPPs to the surface of
metal NPs, as was recently demonstrated for R8 and Tat conjugation to silver, gold and
palladium NPs [59, 60].

Although Michael-type additions, such as maleimide-thiol reactions, are part of the family of
click reactions, which are notable for their high selectivity, stereospecificity, yield and mild
reaction conditions, succinimide-thioethers are prone to exchange reactions with other thiols or
can undergo retro-Michael additions under physiological conditions [61]. This is because
succinimide-thioethers are susceptible to both of these types of reactions. Therefore, other click
reactions, such as copper-catalyzed azide-alkyne cycloadditions, have been exploited as highly
selective and stable conjugation methods. These reactions preferentially yield 1,4-disubstituted
1,2,3-triazoles. For example, Perillo et al. and Han et al. reported on the covalent coupling of
Tat and gH625 onto the surface of polypeptide micelles and PEG-coated liposomes,
respectively, utilizing copper-catalyzed click chemistry [62]. These researchers were able to do
this by attaching Tat and gH625 to the surface of the liposomes. In spite of this, the possible
toxicity of copper ions is now driving research towards alternatives to copper-based click
chemistry, such as those based on cyclooctyne derivatives [63].

Huge strides have been achieved in the treatment of many illnesses, including various cancers,
AIDS and hepatitis, thanks to the development of nanotechnology and its broad use in the
medical industry. Materials with a size between one and one thousand nanometers are referred
to as nanoparticles. These substances include metals, semiconductor quantum dots (QDs),
oxides, polymers, vesicles (like micelles and liposomes), carbon-based materials (like
nanotubes, fullerenes and nanodiamonds), protein- and nucleic acid-based particles and many
others. Because of their dominating characteristics, such as large surface areas, binding to a
variety of surface functional groups, appropriate distribution, controllable absorption and
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release properties, nano-sized materials have attracted growing interest in medical science in
recent decades. [64]

The activatable cell-penetrating peptide (ACPP) and cell-penetrating peptide dendrimer
(DCPP), as well as coupled nanoparticles containing CPPs, are briefly introduced here. 8.1
Conjugation of cell-penetrating peptides with superparamagnetic iron oxide
nanoparticles

Because of their useful magnetic characteristics and low toxicity, superparamagnetic iron oxide
nanoparticles, also known as SPIONSs, have been the subject of a significant amount of research
in the fields of medication administration, gene delivery and contrast-enhancing agents in MRI
[65]. Because the majority of SPIONs that are now available are unable to enter cells, the
surfaces of cells will need to be changed before there can be any absorption of these
nanoparticles by cells. The conjugation of the TAT peptide to SPIONSs, as proposed by Wang
et al., has the potential to boost the translocation of these nanoparticles. Flow cytometry
experiments showed that TAT-decorated SPIONs had a higher cellular uptake and their
increased accumulation in comparison to the unmodified SPIONSs is owing to the positive
charge on the surface of the TAT as well as its positive zeta potential.

Another study indicated that when SPIONSs were conjugated with a unique synthetic CPP called
-amino-proline-prolinederived cell-penetrating peptide, the translocation of these nanoparticles
into HeLa and COS-1 cells was increased. This was compared to the translocation of the analog
TAT-SPION. In light of this, the novel CPP was put to use in the development of effective
bimodal imaging nanoagents. Important benefits of this novel nanocarrier include the resilience
of these kinds of peptides versus protease degradation, which is conferred by the -peptide
skeleton, as well as their low toxicity. [66]

8.2 Quantum dots Conjugation with cell-penetrating peptides

The nanocrystals known as QDs are fluorescent colloidal semiconductors. These inorganic
nanoparticles are extensively employed in the domains of drug administration, labeling and
imaging because of their amazing features, such as broad excitation, dependency of
fluorescence emission on the QD composition and core size and restricted size distribution.
[67]

For efficient intracellular delivery of fluorescent proteins, such as the multi-chromophore
bphyco-erythrin complex (b-PE) and the yellow fluorescent protein (YFP), CCP-functionalized
QDs have been employed. While QD-peptide-protein conjugates were distributed within the
endosomal compartments, direct microinjection of these proteins into living cells bypassed the
endolysosomal system and produced a more homogeneous distribution of conjugates
throughout the cytosol. Liu et al. recently showed that the effective localization of these
complexes within cells was caused by the binding of QDs with chimeric IR9 CPP (IR9:
combination of INF7 fusion peptide and nona-arginine, R9) and the production of persistent
IR9/QD complexes. Due to IR9's cationic character, electrostatic interactions of IR9/cargo
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8.5 Conjugation of lipid nanoparticles with cell-penetrating peptides
Because naked RNA is readily destroyed by RNase in the body, effective and profitable
internalization of small interfering RNA (siRNA) in gene therapy is dependent on the plasma
half-life and biodistribution of sSiRNA. Entrapping SiRNA into nanoparticles to shield it from
enzymatic degradation is a method that may be used in the transfer of siRNA that does not
require any intrusive procedures. [77, 78]
Recently, protamine-peptide-linked cholesterol nanoparticles have been constructed as an
effective vector for improving the delivery half-life and efficiency of siRNA distribution. This
design was completed. The interaction of CPP with the endosomal membrane, in addition to
the positive zeta potential of CPPlipid nanoparticles, would make it easier for SiRNA to enter
the cytoplasm. [79]
7. COMBINING CELL-PENETRATING PEPTIDES WITH LIPID AND
POLYMERIC NANOPARTICLES IN A CONJUGATED SYSTEM
Because naked RNA is easily destroyed by RNase in the body, effective and profitable
internalization of small interfering RNA (siRNA) in gene therapy is dependent on the plasma
half-life and biodistribution of sSiRNA. Entrapping siRNA into nanoparticles to shield it from
enzymatic degradation is a method that can be used in the transition of siRNA that does not
need any intrusive procedures. The interaction of CPP with the endosomal membrane as well
as the positive zeta potential of CPPlipid nanoparticles could facilitate the transfer of SiRNA
into the cytoplasm. Recently, protamine-peptide-coupled cholesterol nanoparticles have been
designed as an effective vector for improving the half-life and efficiency of sSIRNA delivery.
[80]
Gene delivery that is both safe and effective relies heavily on proper cellular uptake as well as
a high level of transfection efficiency. Chitosan (CS) is a natural cationic copolymer that has
been intensively researched as a potential carrier for drug delivery due to its favorable
biocompatibility, biodegradability and low cytotoxicity ratings. Chitosan is a chitin-derived
substance. However, because this polymer has a low gene transfection efficiency, its use in
gene delivery has been severely restricted as a result.
Penetratin, also known as the pAntp peptide, is a peptide sequence that is comprised of 43.75%
basic amino acids and is generated from the antennapaedia homeodomain of the Drosophila
fruit fly. As a potentially useful non-viral vector for gene transfer, CPP and
penetratinconjugated CS were utilized by Layek and Singh. According to the findings, a
chitosan derivative known as linoleic acid and penetratin dual functionalized chitosan (CS-
LinPen), which is a modified form of CS, was successfully utilized for the transfection of
plasmid DNA (pDNA). In comparison to the original CS, the modified CS demonstrated
remarkable protection of pDNA against the action of DNase | and a transfection efficiency that
was between 34 and 40 times higher. [81]
The blood-brain barrier, also known as the BBB, is one of the most significant challenges in
brain drug delivery. The blood-brain barrier (BBB) is made up of endothelial tight junctions
and one of its most important functions is to prevent the entry of therapeutic compounds into
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the central nervous system (CNS). CPPs that are connected to nanoparticles have been proposed
as an appealing carrier for increasing brain-targeted delivery; however, due to the positive
charge that these carriers carry, the efficiency with which they deliver drugs to the brain might
be nullified by the rapid systemic clearance that they undergo.
It has been documented that penetratin-functionalized poly (ethylene glycol)-poly (lactic acid)
(PEG-PLA) nanoparticles were successfully employed for the transport of drugs to the brain.
According to the findings, the coupling of PEG-PLA to the CPP lowers the clearance of
nanoparticles systemically. Additionally, penetratin conjugation on the surface of nanoparticles
has the potential to improve the uptake of the nanoparticles by cells. [82]
8. THERAPEUTIC APPLICATIONS OF CELL-PENETRATING PEPTIDES IN
CONJUNCTION WITH NANOPARTICLES
Intracellular administration of therapeutic molecules has been one of the most significant
obstacles in the way of a successful treatment so far. In the absence of an active transport
mechanism, the biological cell membrane functions as a barrier to the passage of proteins and
other particular substances. Certain pharmaceutical nanocarriers have been developed with the
goal of improving the efficiency of drug delivery inside cells as well as the long-term stability
of the drug that has been supplied. CPPs and nanoparticles have the most potential among all
delivery vectors, yet there are still certain restrictions connected with this type of delivery. The
conjugation of CPPs with NP has been investigated in order to bridge the gap that exists
between the two molecules and facilitate the production of a new chemical or conjugate that is
superior in terms of its efficacy, precision and therapeutic action. Numerous studies have shown
positive outcomes in the application of this conjugation to treat a wide range of ailments,
including [83] dermatological problems (through topical administration), cancer, inflammation
[84] and disorders of the central nervous system; some of these will be discussed in this study.
Combining a cell-penetrating peptide (CPP), a nanoparticle and an effector (cargo) can increase
the efficiency of delivery and prolong the viability of the delivery system.
9. POTENTIAL THERAPEUTIC USES OF CELL-PENETRATING PEPTIDES:
DELIVERY MOLECULES
Since the discovery of the potentially therapeutic approach of CPPs as safe and efficient
delivery vectors, an increased number of studies have explored the CPP-cargo transfection and
modulation of cells and tissues both in vitro and in vivo. These studies have been conducted in
a variety of different environments. Numerous compounds, including peptides, proteins,
medicines, antisense oligonucleotides, dyes and siRNAs, have already been attached to CPPs
and used in a variety of applications, including research and therapy. The CPP-cargo
conjugation has not only been the subject of a significant amount of research, but it has also
shown promising results so far in the treatment of a variety of diseases and conditions, including
inflammation, ischemia, cardiovascular disease, psoriasis, their application as imaging agents,
cancer and neurological disorders. In addition to its therapeutic promise in oncologic illnesses
and neurologic disorders, the primary focus of the research is on elucidating how CPPs can
penetrate cancer cells that are resistant to treatment and be highly selective for the nearly
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impenetrable blood-brain barrier (BBB) [85]. Another current strategy employing CPPs is the
potential for administering biopharmaceuticals in a manner that does not require surgical
incisions. There are still some biopharmaceuticals that are given to patients via parental
injection, which is associated with discomfort, pain and poor patient compliance. The optimal
mode of administration must be well tolerated and accepted by patients and oral dose forms
should be used wherever possible. The switch from injections to oral forms of treatment will
improve the quality of life for millions of people who suffer from chronic diseases. However,
successful oral delivery is still a difficult task. This is in part due to the inherent disadvantages
of the gastro-intestinal tract, which include inter-individual and intra-individual variations as
well as physical and biochemical barriers of intestinal mucosa, pH alterations and exposure to
enzyme degradation. It has been suggested in a number of research articles that CPPs could be
taken orally in order to facilitate and improve the penetration of therapeutic proteins and
medicines over the intestinal epithelium. [86] In order to accomplish this goal, researchers have
developed a variety of approaches for gene-targeted therapy that involve the regulation of gene
expression. In spite of the fact that CPPs have been portrayed as outstanding and helpful
delivery mechanisms, there are still some difficulties that need to be addressed. The in vivo
results can be problematic in a number of ways, including poor bioavailability, low stability, a
lack of selectivity, reduced precision and a short lifespan. Peptides have improved stability as
well as bioavailability when the CPP includes L-enantiomers rather than D-amino acid
analogues and/or unnatural amino acids. The cyclization of the CPP structure is another
technique that has been successful. It has been shown that cyclization of arginine-rich peptides
can improve the efficiency of the process. By cyclizing the structure of the peptide, the
researchers were able to achieve the greatest possible separation of guanidium groups and
improve the non-endocytic cellular uptake of the guanidium. Based on their findings,
Gronewold and colleagues demonstrated that dimerization of CPP sC18 led to higher cellular
uptake (mostly direct penetration) and tumor cell selectivity. This was found to be the case
depending on the nature of the target membrane (MCF-7 cancer cells). [87] Incorporating
sequences targeting specific receptors and employing mRNA display technology in order to
produce cancer lineage-homing peptides are two ways that can be used to overcome the
problem of the CPP's lack of selectivity, which is another significant issue. In addition, the
inclusion or coupling of CPPs with complex structures such as NP, micelles, or liposomes
improves the CPPs' stability, bioavailability and in vivo efficiency.

10. PRECLINICAL AND CLINICAL USE OF CPPS

In the search for an effective model for a variety of therapeutic applications, a number of
preclinical studies on experimental animals have been carried out. These applications include
the treatment of cerebral ischemia, amyotrophic lateral sclerosis (ALS), myocardial injury,
cancer, muscular dystrophy, cardiology, anti-prion treatment and both viral and bacterial
infections [88]. A few of these studies came up with some encouraging findings. For instance,
the RI-TAT-p53C' protein was designed in order to restore the pro-apoptic activity of the p53
protein, which is responsible for the arrest of the cell cycle and the initiation of apoptosis in
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response to the oncogenic stress that has been imposed. Certain chemotherapeutics are
administered in the form of prodrugs, which are then metabolized into their active forms, which
are frequently insoluble. CPPs have the potential to be utilized in gene therapy for the purpose
of targeted gene delivery; in comparison to other processes, they provide transfection methods
that are substantially less hazardous and significantly more effective. For example, the
protection afforded to CPP-DNA complexes in the extracellular space is superior to that
afforded to bare DNA. TAT-PEG-poly (ethylene imine) polymers carrying plasmid DNA
revealed approximately 600% higher transfection efficiency in vivo than plasmid DNA alone
when it came to pulmonary therapy. In addition to this, CPP-bound siRNAs exhibit improved
stability and distribution efficiency in living organisms. For example, MPG-8 goes after cyclin
B1, halting the progression of tumors in animal models in the process. The TAT-conjugated
method is able to deliver small interfering RNA (siRNA) of the epidermal growth factor
receptor (EGFR) and AKT serine/threonine kinase 2 (Akt2) in glioblastoma in the animal
model. There are currently over 25 clinical trials being conducted with CPPs, some of which
are already in the phase Il testing stage [89]. The p28 peptide, which was produced from
bacterial azurin, was demonstrated to have no immunogenicity and good tolerability among
patients. This is due to the fact that p28 penetrates the nucleus, then binds to p53 and blocks its
destruction, which ultimately results in cancer cell apoptosis. In addition to this, studies using
the same protein have been conducted on progressing tumors of the central nervous system.
11. INTRACELLULAR TRAFFICKING OF NANOPARTICLES

After being taken within the cell, nanoparticles go through a process called "transport and
trafficking™ on their way to their many destinations inside the cell. When cells take in
nanoparticles through endocytic pathways, the particles become encapsulated within a vesicle
that is enclosed with a membrane and is referred to as an endosome. Complex trafficking
patterns are followed by these vesicles as they move throughout the cell. The intracellular
trafficking of nanoparticles can be investigated using a variety of techniques, some of which
are based on optical and electron microscopy, such as super-resolution fluorescence
microscopy, confocal laser scanning microscopy, dark-field microscopy, transmission electron
microscopy, scanning electron microscopy, atomic force microscopy, flow cytometry, mass
cytometry, photoacoustic microscopy, surface-enhanced Raman scattering, laser - Once
nanoparticles enter cells, it is difficult to provide an accurate picture of all the events and
processes that occur within the cell because of the complexity of the pathways that
nanoparticles follow as they move through the cell on their way to other parts of the cell. [90]
In a manner analogous to that of nanoparticle cellular uptake, nanoparticle intracellular
trafficking is reliant on the kind of cell as well as the physicochemical features of a nanoparticle.
These properties include the nanoparticle's size, shape and surface chemistry. We will highlight
the discoveries that Al-Hajaj and his colleagues have reported in order to provide a concise
assessment of the dynamics of intracellular nanoparticle transport. The researchers investigated
the variations in nanoparticle trafficking that occurred in liver cancer cells and nonmalignant
kidney cells using tests that were conducted in tissue culture that were performed in vitro. In
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this study, the researchers changed the surfaces of semiconductor nanoparticles (quantum dots)
manufactured from CdSe@CdZnS. These nanoparticles had diameters ranging from 8-10 nm
and had one of the following four surface chemistries:

e Mercaptopropionic acid,

e dihydrolipoic acid,

e Lcysteine, or

e cysteamine ligands
These various surface chemistries did not have an impact on the total size of the quantum dots.
It is interesting to note that quantum dots treated with cysteamine were observed to have the
maximum cellular absorption in both liver and kidney cell lines. This could possibly be
attributed to the fact that they have an overall cationic surface charge. P-glycoprotein
transporters were demonstrated to excrete between 60 and 70 percent of the initially
accumulated quantum dots with cysteamine surface chemistry in both cell lines after cellular
uptake of these nanoparticles. This process took place over a period of six hours. These findings
indicate that nanoparticles found inside cells may be expelled from cells throughout the course
of time as a result of dynamic intracellular transport and trafficking processes. Despite the fact
that these findings were obtained through tests conducted on tissue cultures, the information
presented here is significant since liver and kidney cells are involved in the degradation,
metabolism and removal of nanoparticles that have been supplied. These are the primary
components of in vivo nanotoxicology [91]. We investigate the methods that can be used to
rationally design nanoparticles so that they can escape from endosomes and pass through
intracellular barriers. After that, we investigate and talk about nanoparticles targeting
intracellular organelles and then we wrap up with an outline of the processes involved in
cellular excretion.
11.1 Internalization mechanisms of CPP
The precise mechanism by which CPP is transported across biological membranes is not yet
fully understood. However, in the scientific literature, there have been reported three possible
main pathways for CPP internalization into membranes. The concentration of peptides, the
sequence of peptides and the lipid components of each membrane are three efficient parameters
for selecting one of the internalization pathways of CPPs into the cellular membranes. Many
cationic CPPs have variable absorption routes and these routes might differ depending on the
concentration of the peptide. When there is a lower concentration of peptides, endocytosis is
the predominant mode of uptake [92], but when there is a higher concentration, rapid cytosolic
uptake is identified, which shows that direct penetration is taking place for CPPs. In the
mechanism for the uptake of CPPs, peptide sequence is another crucial element. In this regard,
it is necessary to take into consideration that for arginine-rich CPPs such as Tat and penetratin,
local concentrations of these peptides in biomembranes can be increased due to the high
positive charge of CPPs that emerges from the presence of many lysines or arginines. This
charge is caused by electrostatic interactions. While impacting parameters on the membrane

Volume-10, Issue-4, October-December 2020 25



International Journal of Engineering,
Science and Humanities

An international peer reviewed, refereed, open-access journal

Impact Factor: 7.2 www.ijesh.com ISSN: 2250-3552

transduction of amphipathic CPPs like MAPs are helical amphipathicity and a length of at least
four full helical turns, the uptake process of this class of CPPs could be different from that of
Tat and penetratin. This is because MAPs have a length of at least four complete helix turns.
On the other hand, the positive charge of CPPs is an essential factor in the process of
transporting biomaterials across the cellular membrane. It is necessary to emphasize, however,
that the charge by itself is insufficient to adequately describe the uptake process. In addition, it
has been shown in a few of the publications that the ratio of peptides to cells can have an effect
on the way in which they are taken into the cell. For example, when there is a greater ratio of
peptide to cell, direct penetration together with the endocytosis pathway may be able to take
place. It has also been looked into how lipid components have an effect; in the case of the ionic
interaction between peptide sequences that have a positive charge and biomembranes that have
a negative charge, heparin sulfate proteoglycans, or phospholipids, play a crucial role. First
contacts between CPPs and the cell surface happen via electrostatic interaction with the cell
surface proteoglycan GlucosAminoGlycan (GAG) platform, followed by a remodelling of the
actin network and selective activation of the direct relations between cytoskeletal organization
and activation of small GTPases. Proteoglycans, the major component of the extracellular
matrix, possess a crucial role in the regulation of cell surface microdomains and are evidence
for the first contacts between As a consequence, GTPase activation and actin remodeling create
the beginning of the internalization pathway. They then have a significant influence on the
fluidity of the membrane, which promotes the entry of CPPs into the cell [93]. Despite this, it
is possible that the effect of membrane contents on the uptake mode event will be different for
each CPP. The figure 5 displays three potential methods for the entry of CPPs carrying cargo
into cells. There are three probable processes for the internalization of CPPs and they are as
follows:

= Direct penetration

= Endocytosis pathway

= Translocation through the formation of a transitory structure
12. ACTIVATABLE AND BIOCONJUGATES CELL-PENETRATING PEPTIDES
In spite of the numerous benefits they offer, CPPs have restricted utility in vivo because of their
lack of specificity. In recent years, an innovative method of CPP delivery known as activatable
cell-penetrating peptides (ACCPs) has been exploited in targeted cargo delivery. ACPPs are
novel CPPs that have excellent permeability. They are made up of a polycationic
cellpenetrating peptide that is connected to a polyanionic peptide by a cleavable linker. ACPPs
are sensitive to metalloproteinase (MMP). ACPPs have the potential to be utilized for the
sitespecific targeting and administration of anticancer medicines because of the high degree of
MMP expression that is present in tumor cells. [94] In fact, MMPs are disease biomarkers that
can be used to improve diagnosis or applied in image-guided surgery with radiolabeled MMP
binding ligands, such as antibodies or small molecules. Both of these applications can be
accomplished with the aid of radiolabeled MMP-binding ligands. It has been determined that
the detection of MMP activity in tumors by the use of radiolabeled ACPPs results in a
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significant increase in the retention of the tumor in vivo. In cancer treatment, paclitaxel, also
known as PTX, is utilized as one of the most appropriate antiproliferative agents. This
substance stops cell proliferation by stabilizing microtubules and tubulin polymerization, which
ultimately results in apoptosis of the affected cells. [95] conducted research on
ACCPfunctionalized nanoparticles (NPs) with increased permeability for site-specific targeting
of PTX in cancer tissue. These findings revealed that PTX loaded by ACCPs-NP had a larger
accumulation in the cancer site than unmodified nanoparticles; hence, these systems could
boost antitumor efficacy over CPP-PTX-NP, PTX-NP and PTX. [96]

The diagnosis and treatment of diseases with oligonucleotides have garnered a lot of attention
in recent years. Because the plasma membrane and oligonucleotides both have a negative
charge, a vector that has a positive charge is required in order to ensure the effective transport
of these biomaterials. The cationic character of CPPs makes the process of transduction easier
and contributes to the nucleic sequences' increased stability. When it comes to the oral delivery
of peptide and protein medications, factors such as high molecular weight, hydrophilicity and
enzymatic degradation all contribute to a reduction in the parameters of intestinal absorption.
Morishita et al. found that the co-administration of insulin as a peptide medicine and D-R8 (a
D-form arginine octamer, a common CPP) increases intestinal absorption of the peptide
pharmaceuticals as a result of intermolecular binding between the D-R8 and the insulin. This
results in a greater overall bioavailability of the peptide drugs. It is difficult to achieve efficient
intracellular distribution of antibodies due to the hydrophobic nature of these biomolecules as
well as their huge size. On the other hand, the antibody molecule is broken down inside the
lysosome; hence, in order to stop the lysosomal breakdown, it must be released into the
cytoplasm by breaking the endosome in order to prevent it from happening. [97]

There are two primary methods that are utilized for efficiently transporting antibody fragments
to their respective targeted compartments. The first step is the transportation of DNA containing
the code for an antibody fragment into the cell. The second step is inserting the antibody
molecule into the cytoplasm using appropriate vectors as a delivery mechanism. Quantum dots,
carbon nanotubes, gold nanoparticles and polymeric nanoparticles are some examples of the
vectors that can be employed to improve the efficiency with which antibodies transition into
cells. Other vectors may also be used. CPPs have only somewhat recently been utilized as a
potentially useful vector for the purpose of delivering the aforementioned biomolecules into
cells. In order to improve the uptake of antibodies and increase the capability for killing B-raf-
dependent melanoma cells, Montrose et al. built the Xentry complex, which is a CPP formed
from an N-terminal portion of the X-protein of the hepatitis B virus. This was done using an
antibody and siRNA. [98]

Technology based on RNA interference has been shown to be an effective therapeutic approach
in vivo for the treatment of neurodegenerative illnesses. Specifically, this technology has been
shown to reduce the levels of harmful chemicals in neurons. The gradual breakdown of the
structure and function of neurons is referred to as neurodegeneration, which is an umbrella
term. The TAT oligopeptide was used by Malhotra et al. as a model CPP and it was covalently
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attached to the chitosan (CS)-PEG copolymer in order to deliver siRNA that targets
neurological disorders. When it comes to the delivery of siRNA inside cells, particle size and
surface charge are two of the most important elements. Because the nanoparticles have a
positive charge and the cell membranes have a negative charge, the cells are able to take up
these biomolecules through a process known as adsorbtive uptake. According to the findings,
the unmodified CS nanoparticles were extremely toxic; however, the conjugation of PEG and
TAT on the CS nanoparticles dramatically reduced the toxicity and improved the intracellular
delivery of sSiRNA.

13. CONCLUSION:

Cell-penetrating peptides and nanoparticles have redefined the landscape of drug delivery and
biomedical applications by overcoming key biological barriers. The synergy between CPPs’
membrane-translocating abilities and nanoparticles’ cargo-protecting and targeting capacities
enables the development of hybrid systems with immense potential. The classifications, uptake
pathways and design strategies discussed in this paper reveal that CPPs can be tailored to
specific therapeutic needs, while conjugation with nanoparticles—metallic, polymeric,
lipidbased, or quantum—offers versatility and enhanced bioavailability. Significant progress
has been made in improving stability, uptake efficiency and specificity, as seen in activatable
CPPs and engineered conjugates. Clinical translation is underway, with several CPP-based
systems in preclinical and clinical trials targeting cancer, neurological diseases and infections.
However, challenges remain: ensuring safety, achieving cell-type selectivity, maintaining
systemic stability and scaling up production. Addressing these issues through structural
optimization, novel linkers, responsive designs and combination strategies will be crucial for
future success. The research underscores that hybrid CPP—nanoparticle systems are not merely
carriers but dynamic platforms that can integrate diagnostics, imaging and therapy—Kkey pillars
of precision medicine. Their continued evolution promises to improve treatment outcomes and
expand the therapeutic horizon
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