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Gene therapy has been used as a potential approach to address the diagnosis and treatment of genetic diseases and
inherited disorders. In this line, non-viral systems have been exploited as promising alternatives for delivering therapeutic
transgenes and proteins. In this entry, we explored how biological barriers are effectively overcome by non-viral systems,
usually nanoparticles, to reach an efficient delivery of cargoes.
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| 1. Introduction

Gene therapy has been considered a promising therapeutic strategy, and it is based on the delivery of genes to treat
several acute acquired and inherited diseases 1. Some examples include, among others, the autosomal or X-linked
recessive single-gene disorders (i.e., cystic fibrosis), Severe Combined Immunodeficiency Defect (SCID), emphysema,
retinitis pigmentosa, sickle-cell anemia, phenylketonuria, hemophilia, Duchenne Muscular Dystrophy (D.M.D), some
autosomal dominant disorders, even polygenic disorders, various forms of cancers, vascular disease, heurodegenerative
disorders, inflammatory conditions .

Viruses were the first carriers for delivering therapeutic genes, assuring protection, and taking advantage of the virus-life
cycle . This type of carrier, known as a viral vector, is one of the most widely used vectors in gene therapy due to its
ability to carry genes efficiently and ensure long-term expression 2. However, these vectors have several disadvantages,
such as the potential risk of harmful immune responses [, the high cost and difficulty related to their preparation 4! and
the limited size of the genetic sequences that can be inserted into human cells 2. Accordingly, there is a need to look for
safer and cheaper alternatives . Hence, non-viral approaches have risen to deal with the limitations of viral systems.
Research in this field has attracted significant attention because of the advantages that non-viral systems offer over the

viral ones regarding safety, relatively low immune response, and ease of preparation to enable large amounts at low cost
[6]

Non-viral DNA delivery systems are classified into two groups: physical approaches and chemically constructed vectors.
Physical approaches rely on a physical force to weaken the cell membrane, thereby facilitating the gene’s insertion into
the nucleus (8. Some strategies following this approach include electroporation, gene gun, ultrasound, and hydrodynamic
delivery. Meanwhile, chemically constructed vectors can be prepared by the electrostatic interaction between polycationic
derivatives, either lipids or polymers and the anionic phosphate of DNA to form a particle €. This complex is known as a
polyplex when the interaction occurs between the polymer and DNA or a lipoplex when the DNA interacts with a
phospholipid. Moreover, it is possible to chemically build DNA vectors by encapsulation or adsorption within biodegradable
spherical structures to yield micro and nanoparticles B, Other chemically constructed vectors include the conjugation of
bioactive compounds such as proteins and peptides in the surface of metal, magnetic, lipid, polymer, and carbon-based
nanomaterials [,

DNA plays a crucial role in storing genetic information, which is transcribed into messenger RNA. This transcript serves as
the bridge between the genetic information encoded in DNA and its protein translation. Other types of nucleic acids that
can potentially control protein expression include interference RNA (RNAi) and antisense oligonucleotides. These
therapeutic approaches are similar as they act as a gene silencing mechanism. The ultimate goal of gene therapy is to
deliver a transgene into the nucleus (for DNA delivery) or the cytoplasm (e.g., to deliver RNAI) to finally express the
therapeutic protein 2. Therefore, DNA must be complexed with the delivery system or vector that carries the therapeutic
gene into the targeted cell, thereby avoiding its degradation and ensuring its final transcription 19,



| 2. Nanocarriers for the Delivery of Nucleic Acids and Proteins
2.1. Lipid-Based Nanocarriers

Lipid-based nanocarriers include liposomes, lipid nanoparticles (LNPs), and emulsions. These are the most widely used
non-viral vectors for nucleic acid (NA) therapy 1. In the 1980s, phospholipids containing liposomes were first tested to
deliver SV40 DNA to monkey kidney cells 2. Such nanocarriers consist of spherical, self-assembled closed structures
with one or several concentric lipid bilayers encircled around an inner aqueous phase (Figure 1A). The lipid coat may be
composed of both cationic and ionizable lipids. In vitro and in vivo delivery of DNA, siRNA and mRNA has been enabled
by liposomes synthesized from classical cationic lipids such as N-[1-(2, 3-dioleoyloxy)propyl]-N,N,N-trimethylammonium
chloride (DOTMA), 1,2-dioleoyloxy-3-trimethylammonium propane chloride (DOTAP), and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) 1. Recently, these liposomes demonstrated promising results in delivering mRNA to
dendritic cells for cancer immunotherapy 1. Alternatively, liposomes with ionizable lipids composed of hydrocarbon
chains, linkers, and headgroups, are neutral under a physiological pH environment. However, they are ionized and
protonated under the acidic conditions of endosomes and lysosomes, which further triggers osmotic lysosomes and
endosome rupture 1. As a result, this type of liposome has been successfully tested for RNAI therapies for hereditary
transthyretin-mediated amyloidosis (hATTR), where they demonstrated significant endosome/lysosome escape ability 111,
Some examples of ionizable lipids previously investigated preclinically and clinically are listed in Table 1.
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Figure 1. Schematic of different types of nanocarriers for drug and gene delivery. (A) Polymeric nanoparticle; (B)
Liposome; (C) Inorganic nanoparticle. Adapted from Weng et al. 141, Molecular Therapy Nucleic Acids, 2020.

The resulting liposome/NA complex is obtained by electrostatic interactions between lipids (positively charged) and NAs
(negatively charged). Mainly, nano-complexes derived from the interaction of liposomes and siRNAs are obtained with a
slightly positive charge, thereby facilitating interaction with negatively charged cell surfaces 131, Subsequently, these
nano-complexes are delivered to cells for uptake, internalization, escape, release, and expression 1. Despite this
process’s efficiency and simplicity, significant difficulties to overcome include the cationic lipid-associated cytotoxicity, off-
target effects, and limited cell types for transfection 11, Meanwhile, recently developed advanced technologies such as
bio-orthogonal liposome fusion, click chemistry, and surface engineering may be combined with lipid nanocarriers for the
development of NA delivery systems that are produced more straightforwardly (i.e., with fewer manipulation steps), are
more efficient, and exhibit higher precision in cell transfection 1411511161 These strategies look for packing and delivering
NAs to cells using rapid artificial surface labeling and targeting. Instead of relying on nonspecific electrostatic interactions
between the nucleic acid complex and the cell, these methods produce complexes with a bio-orthogonal functional group
displayed superficially for adhesion and delivery. For example, liposomes containing ketone groups are synthesized and



added to cell culture to enable ketone display on the cell surface. Then, a complementary oxyamine liposome is
generated to complex with nucleic acids. Later, the oxyamine/nucleic acid lipoplex is added to the ketone from cells.
Finally, oxime formation occurs at the cell surface, and the nucleic acid is endocytosed and release within the cell (24],

The ability of lipid NPs to internalize and escape endosomes has been facilitated by membrane fusion events 14 (Figure
2). In general, through hydrophobic interactions, the liposomal envelope fuses with the endosomal membrane 28, These
interactions are facilitated by the protonation of anionic groups of the liposomal envelope, thereby allowing the release of
encapsulated cargoes into the cytosol 2. Also, by incorporating cholesterol within liposomal structures, it has been
possible to increase the contact sites needed for lipid mixing and pore fusion expansion 29,

Table 1. Some ionizable lipids employed in the production of liposomes for gene silencing.

Abbreviation = Chemical Name Findings/Relevant Data Reference
DLin-MC3- 62,92,282,31Z-heptatriaconta-6,9,28,31-tetraen-19-yl-4- Used for the first time in 1
DMA (dimethylamino)-butanoate Patisiran (liposome formulation).

Demonstrated to have in vivo

DLin-KC2- 1,2-dilinoleyl-4-(2-dimethylaminoethyl)-1,3-dioxolane activity at SiRNA doses as low (21]

DMA as 0.01 mgl/kg in rodents and 0.1
mg/kg in nonhuman primates.
Biodegradable lipid displaying
di((2)-non-2-en-1-yl)-9-((4- rapid elimination from plasma
L319 (dimethylamino)butanoyl)oxy)heptadecanedioate)-9-((4- and tissues, substantially 22
(dimethylamino)butanoyl)oxy)heptadecanedioate improved tolerability in

preclinical studies.

Over 95% silencing at a dose of
C12-200 - 0.03 mgl/kg in non-human 23
primates and 0.01 mg/kg in mice.

Over 95% silencing at a dose of
0.3 mg/kg in nonhuman
primates. Toxicity studies [24]
showed that cKK-E12 was well
tolerated in rats at a dose of 1
mglkg.
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Figure 2. Strategies to improve the endosomal escape ability of some nanocarriers. This schematic illustrates the
association between the more typically employed surface modifications and the endosomal escape mechanisms (EEMs):
(A) Proton-Sponge and osmotic lysis; (B) Membrane fusion; (C) Particle swelling, and (D) Membrane translocation and



destabilization. The color legend below the EEMs corresponds to the surface modifications that likely trigger the
corresponding EEM. Created with BioRender.com.

2.2. Polymeric-Based Nanocarriers

Polymers and their derivatives are an attractive alternative for the development of drug delivery systems. In this regard,
polysomes for NA delivery can be formed with an ample variety of materials, including NPs, nano-micelles, dendrimers,
hydrogels, and nanoemulsions (Eigure 1B) 1. Some of these developments have even reached clinical stages, and for
instance, the natural polymer cyclodextrin enabled the first siRNAs delivery application at the clinical level 23,
Cyclodextrin is a natural macrocyclic oligosaccharide with internal hydrophobic and external hydrophilic structures, which
may interact with NAs externally and improve their stability. Nonetheless, a major challenge for a full translation into the
clinic is its relatively high toxicity (28271281 Besides cyclodextrin, other natural polymers, including chitosan (29139
hyaluronic acid BY, dextran B2, and gelatin B3], have been widely studied as promising candidates for NA delivery
systems.

Table 2 shows some synthetic polymers employed in NA delivery. PEI (polyethyleneimine) has been demonstrated to be
an ideal cationic delivery carrier for NAs L1341 |nterestingly, block copolymers of PEG-PEI instead of PEI alone have
been considered excellent alternatives to decreasing toxicity and improving its performance, mainly due to the ability of
PEG to prevent opsonization and avoid specific interaction with blood cells 2, However, it is important to remark that this
property is a function of PEG density and particle size in nanocarriers, as discussed above and demonstrated by Walkey
et al. B8 and Han et al. B, One of the most important pH-sensitive cationic polymers, pDMAEMA, is widely used for
DNA, siRNA, mRNA, and miRNA delivery with acceptable cytotoxicity and combined transfection efficiency [L138][39][40][41]
Surprisingly, besides serving as delivery vehicles, some polymers also exhibit therapeutic properties 1. For example, a
polymer derivative of the drug metformin, with anti-cancer and anti-diabetic effects, was found to have the ability to deliver
siRNA for RNAI therapy without losing its anti-cancer properties 42,

On the one hand, the anti-cancer property of metformin is mainly attributed to the activation of AMP-activated protein
kinase (AMPK) [“3l44] and inhibition of the mammalian target of rapamycin (mTOR) 4248l On the other hand, this
polymer’s ability to deliver siRNA may be due to the presence of guanidine groups in its structure. The guanidine has
been found to pass through the non-polar membrane of a cell and even across tissue barriers by possibly forming a
bidentate hydrogen bond with anionic cell surface phosphate, carboxylates, and/or sulfates on the cell surface 4748l As
another example, a near-infrared absorbing, dendronized, and semiconducting polymer delivered DNA efficiently and
controlled gene expression spatiotemporally together with a heat-inducible promoter 42,

Table 2. Some synthetic polymers frequently used for nucleic acids (NA) delivery.

Abbreviation = Chemical Name Findings/Relevant Properties Reference
PEI Polyethylenimine The most W|_dely used: It |_s the organic n_\acromolt_ecule with the [11](34]
highest cationic-charge-density potential.
DMAEMA Poly(2-dimethylamino)ethyl Extensively studied and widely used for the delivery of DNA, [501
p methacrylate siRNA, mRNA and miRNA. It had tertiary amines in its structure.

hDD90-118 ) An hyperbrar]ched Poly'(beta amino ester) capa.\ble f’f save and [51]
effective delivering of mRNA to lung epithelium.

N5 ) An assembly of poly A binding proteins and cationic [52]
polypeptides for enhanced mRNA delivery.
PAA8k-(2-3- ) A poly(acrylic acid) scaffold grafted with oligoalkylamines [53]
2) promoting enhanced mRNA delivery.

Other types of polymersomes, such as dendrimers, and polymeric micelles, have proven to be valuable nanocarriers.
Dendrimers are highly branched functional polymer-based nanocarriers that comprise an inner core, an amidoamine
backbone, and multiple terminal amine groups. Due to this conformation, dendrimers feature plenty of compartment space
for loading NAs [LLB455] Notably, the coupling of the GO-C14 dendrimer with PEG-PLA polymer leads to cationic
amphiphilic dendrimers that have exhibited synergistic anti-cancer effects through the encapsulation of both
chemotherapeutic drugs in their hydrophobic interlayer and NAs in their hydrophilic cavity LHBE8 polymeric micelles,
which have received considerable attention in polymer chemistry, are self-assembled from synthetic block copolymers or
graft copolymers with an inner hydrophobic core and an outer hydrophilic shell [22. NAs are more favorably incorporated
into micelles’ inner core formed from positively charged polymers through ionic interactions. This enables the
incorporation of NAs, such as CRISPR-Cas9 and siRNAs, into polymeric micelles with high stability RAE8], Davis et al. 59



developed a cyclodextrin-containing polymer to conjugate camptothecin (CPT) with near-neutral zeta potential that
properly self-assembles into nanoparticles of about 30 nm diameter. The nanoparticles enter the tumor cells and slowly
release the CPT, causing them to disassemble into individual polymer chains that are sufficiently small to be cleared
renally. Additionally, the nanoparticles showed long circulation half-lives in animals and humans and targeted localization
in tumors. These encouraging results suggest that polymeric micelles can be promising nanocarriers for in vivo and in
vitro NA delivery.

Various strategies have been proposed to facilitate endosomal escape through different pathways. For example, cationic
polymers (such as PEI) and others with pendant amine groups exhibit a buffering capacity that enables escape from
endosomal entrapment through the proton-sponge mechanism and the osmotic lysis effect 2. By this pathway, protons
are pumped by an ATPase into the endosome during its acidification to reach the desired pH to start their maturation.
However, amine groups’ presence may produce a buffer effect and sequester the incoming protons because pKa values
of such groups are in the range of endolysosomal pH values 9. Consequently, they can maintain a constant pH, altering
the Nernst equilibrium potential. This results in an influx of chloride counterions and water molecules to restore such an
equilibrium, thereby producing a pressure increase, which eventually disrupts the endosomal membrane €2 (Figure 2).
Another endosomal escape mechanism that pH-responsive polymeric NPs may follow is through particle swelling €2, As
the pH lowers during the endo/lysosome’s maturation process, polymeric NPs tend to swell within the endosomal vesicle.
Finally, the endosome’s lysis is reached by either the exerted mechanical strain during swelling or the proton-sponge
effect 62 (Figure 2).

2.3. Inorganic Nanomaterials

Inorganic NPs have become an attractive therapeutic NA and drug delivery approach mainly because they feature several
advantages: precise size control, tunable surface properties, and high drug loading efficiency (Figure 1C). [EI11],

2.4. Cell-Penetrating Peptides

Cell-penetrating peptides (CPPs) are attractive nanocarriers for the delivery of nucleic acids and proteins. The first
application of CPPs was in the delivery of nucleic acids to cells through electrostatic interactions 3. In general, the
delivery of nucleic acids through this approach offers numerous advantages such as protection of cargoes from
degradation, effective internalization into specific target cells, improved release of cargoes intracellularly either at the
cytoplasmic level (e.g., antisense nucleotides, RNAI therapies) or the nucleus (e.g., plasmid DNA), high biological activity
at low doses, negligible cytotoxicity, and good biosafety for therapeutic studies in vivo [€4],

Several CPP-based conjugates have been synthesized and tested for the delivery of siRNA. For example, Kumar et al.
[65] developed siRNA delivery nanosystems for the central nervous system based on a small peptide derived from the
rabies virus glycoprotein (RVG, a ligand for acetylcholine receptor) modified with polyarginine (Arg9). In vitro studies
showed effective gene silencing and protection against the fatal viral encephalitis in a mouse model. Eguchi et al. [E8IE7]
produced a nanovehicle composed of a TAT fusion protein and a double-stranded RNA-binding domain to efficiently
deliver epidermal growth factor receptor (EGFR) and AKT serine/threonine kinase 2 (Akt2) siRNAs to intracranial
glioblastoma tumors in a mouse model. In parallel, non-covalent approaches allowed developing stable complexes of
CPPs to deliver siRNA. Indeed, the first non-covalent approach enabled the production of complexes with the MPG
peptide (derived from the hydrophobic fusion peptide of HIV-1 gp41 plus the hydrophilic NLS of SV40 large T antigen) €&,
These complexes facilitated the delivery of siRNAs targeting OCT-4 into mouse blastocytes and subsequently silencing
cyclin B1 (a cell cycle regulator) to reduce cell differentiation and proliferation, respectively 2. Moreover, an amphipathic
CPP named Cady, containing arginine and tryptophan residues effectively formed stable complexes with siRNA to
efficiently achieve gene silencing in both suspension and cell lines such as human osteosarcoma U20S, THP1
monocytes, human umbilical vein endothelial and mouse 3T3C cells [7q),

To significantly improve siRNA delivery systems’ potency, researchers have proposed the stearylation of CPPs. For
instance, a stearyl-TP10 analog modified with trifluoromethylquinoline was used to increase endosomal escape and
effective siRNA delivery in Jurkat cells and human umbilical vein endothelial cells (HUVEC) Zl. Similarly, the STR-KV
peptide (stearyl-HHHKKKVVVVVV) complexed with siRNA targeting the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) exhibited 80-87% gene silencing efficiency and low cytotoxicity 2. These studies showed that stearylation of
CPPs holds a significant promise as a novel alternative to increase the efficiency in siRNA delivery systems.

The use of CPPs also has demonstrated to facilitate the intracellular delivery of diverse proteins and peptides. For
example, a system composed of (-galactosidase linked to the TAT peptide exhibited improved blood-brain barrier
penetration after intraperitoneal administration 3. Other advances have shown the effective delivery of anti-apoptotic
proteins into cells through their conjugation to CPPs. For instance, Cao et al. [/4] obtained protective effects in neurons of



a murine middle cerebral artery occlusion model by conjugating the Bcl-xL protein to the TAT CPP. Similarly, a peptide
inhibitor of the apoptotic protease-activating factor (Apaf-1) was modified by its conjugation to the CPPs penetratin and
Tat. Both CPPs enhanced cellular uptake, but the penetratin conjugate was more effective at inhibiting apoptosis, likely
due to the Tat conjugate’s higher cytotoxicity 2, CPP-mediated delivery of peptides and proteins has mainly been
implemented to address cell penetration and targeting to tumors. For example, p53-derived peptides conjugated with the
TAT or polyarginine peptides were injected into a peritoneal carcinomatosis mouse model with increased mice survival
results (78], Additionally, a complex composed of a peptide inhibiting casein kinase 2 (P15) activity was injected in mice. to
promote enhanced anti-tumor effects 8. The delivery of proteins and peptides may potentially be improved by their
conjugation to CPPs. Consequently, this might provide a green light to developing a more comprehensive variety of
nanovehicles concerning the treatment of different types of malignant diseases.
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