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In recent years, the main quest of science has been the pioneering of the groundbreaking
biomedical strategies needed for achieving a personalized medicine. Ribonucleic acids (RNAS)
are outstanding bioactive macromolecules identified as pivotal actors in regulating a wide range
of biochemical pathways. The ability to intimately control the cell fate and tissue activities
makes RNA-based drugs the most fascinating family of bioactive agents. However, achieving
a widespread application of RNA therapeutics in humans is still a challenging feat, due to both
the instability of naked RNA and the presence of biological barriers aimed at hindering the
entrance of RNA into cells. Recently, material scientists’ enormous efforts have led to the
development of various classes of nanostructured carriers customized to overcome these
limitations. This work systematically reviews the current advances in developing the next
generation of drugs based on nanotechnology-assisted RNA delivery. The features of the most
used RNA molecules are presented, together with the development strategies and properties of
nanostructured vehicles. Also provided is an in-depth overview of various therapeutic
applications of the presented systems, including COVID-19 vaccines and the newest trends in
the field. Lastly, emerging challenges and future perspectives for nanotechnology-mediated

RNA therapies are discussed.



1. Introduction

During the course of human history, the evolution of diseases has brought about a constantly
rising demand for novel effective medical treatments. Scientists working in different fields have
made a huge effort to pioneer brand-new strategies useful for fighting against severe medical
conditions and developing new biomedical therapies. Material scientists, supported by
biotechnologists and medical doctors, have focused on acquiring a thorough understanding of
molecular interactions in the human body to create new biomedical “weapons”. Their activities
have significantly stimulated the design and synthesis of bioactive molecules with innovative
functionalities.!!!

From a historical perspective, drug research has concentrated on small molecules, that is, all
the bioactive molecules with a molecular weight lower than nine hundred Daltons, which can
modify biochemical processes and prevent, identify, or cure diseases.[ Such molecules are
easily synthesizable with well-optimized chemical processes, scalable from the laboratory to
the manufacturing level. However, due to their simple working mechanism and low specificity,
they can be less than efficient in reaching the desired effects.[®! In addition, the effectiveness of
these bioactive molecules has been greatly hampered by the resistance developed by cancer
cells and pathogens.!

Over the past decades, a new class of bioactive molecules, called biological drugs, has
achieved an increasingly important role in fighting human body diseases.®! The Food and Drug
Administration (FDA) has defined biological drugs as large, complex molecules derived from
living cells or biological processes which are used to diagnose, prevent, treat, and cure a broad
spectrum of diseases and medical conditions.[®! Biologics comprise a wide range of substances,
including carbohydrates, proteins, nucleic acids, and elaborated composites of these
substances.[l Unlike small molecules, biological drugs have sophisticated structures, from a
few hundred to more than one thousand times larger than the classic marketed agents. They

boast exceptional therapeutic properties, with an excellent and unique specificity for targeting
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a precise biological process. Compared with small molecules, bioactive molecules are superior
in terms of biomedical efficiency, off-target toxicity, and safety for patients, making them ideal
candidates for personalized medicine.®

Despite all these considerations, small molecules are still leading the drug market due to
both the high cost of biologics and the conservative implementation strategy of pharmaceutical
companies. In any case, the pharmaceutical industry has recognized the possibility of
developing new drug-based treatments using biologic molecules, employable as vaccines, gene
and cellular therapy drugs, hormones, monoclonal antibodies, and recombinant therapeutic
protein allergenics, cytokines, growth factors, along with others.[®l In 2016 and 2017, small
drugs and biological molecules equally split the top ten positions of the best-selling drug list*%,
while the number of approved biological drugs is progressively rising (Figure 1a). In addition,
the advent and application of the fascinating gene-editing tool CRISPR-Cas9 and the new,
enormous healthcare needs imposed by the coronavirus disease (COVID-19) outbreak are
watershed events in the field of drug development, which now lead to a common belief that the
next generation of medical treatments will be dominated by biological drugs.

Among biological molecules used as therapeutic agents, ribonucleic acids (RNAs) stand out
thanks to its unique properties and diverse impacts on the biological processes of the human
body.'YI RNA is a family of complex biological molecules made up of linear chains of
monomeric nucleotides, playing a fundamental role in different biochemical cellular
mechanisms.[*2l RNA was discovered a few decades ago and, at the beginning, it was simply
considered as an intermediate product in the genetic information transmission from
deoxyribonucleic acid (DNA) to ribosomes.[*3l Over the past decades, various RNA roles have
been discovered, indicating involvement in almost all biochemical paths.[**l These exciting
findings have drawn the attention of a large number of scientists toward testing RNA as
therapeutic molecules, thus triggering a constant increase in outcomes and scientific discoveries

in this field (Figure 1b).



All these efforts have also led to the approval of a few RNA-based drugs in the past two
years (Figure 1a). Indeed, RNA has gained a central role in pharmacotherapy, achieving a level
of complexity and efficiency that would have been unimaginable in the beginning. However,
the transition from prospective biomolecules to effective therapeutic agents is ambitious and
arduous, since the systemic delivery of naked RNA molecules to a specific target (e.g. cells or
tissues) is extremely challenging.l*® Naked RNA are negatively charged large molecules, and
cells have a robust defense system to keep exogenous RNAs out of their membranes (Figure
1¢).1181 An additional issue is that some naked RNA might trigger an inflammatory response.[*"]
Lastly, naked RNA is prone to degradation and needs to be protected during the delivery
process.'®l For these reasons, there has been a rapid development in groundbreaking
nanoplatforms for drug delivery applications during the past five years, triggering a remarkable
progress in RNA therapy. A vast number of nanostructured vehicles that guarantee the efficient
delivery of RNA, while protecting their cargo from the threat of the immunological system,
have been designed, manufactured, and tested.*®] Nanotechnology-based systems make it
possible for RNA to overcome human body barriers and exploit their own biochemical
functions into the target (Figure 1d).[% The merging of the striking advances in the nanoscience
and bioactive molecule discovery fields opens a new era in drug development, which is bringing
about a revolution in the pharmacological treatment of a broad range of diseases.

This paper offers a systematic summarization of the most significant advancements in the
field of RNA delivery. First, we briefly introduce RNA-based drugs and their impact on the
ongoing revolution in drug development. In the second part, we present the essential features
of the key RNA families, focusing on messenger RNA (mRNA), small interfering RNA
(sSiRNA), micro RNA (miRNA), and short hairpin RNA (shRNA). Next, we highlight the recent
advances in using nanostructured platforms for delivering RNAs to the defined targets,
including carbonaceous nanomaterials, inorganic nanoparticles, polymer nanomaterials, virus-

like particles, and lipid nanoparticles. In the next section, an in-depth review of the recent
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progress in applying biomedical treatments based on the delivery of RNA drugs is extensively
discussed. The most advanced RNA application methods, including wound healing, treatments
of different classes of cancers, various nervous system therapies, and the development of
COVID-19 vaccines are reported and enlightened. The newest trends, such as the use of both
light-activated nanoplatforms for the on-demand delivery of bioactive molecules and RNA for
guiding the pluripotent stem cell differentiation and reprogramming, are then illustrated. The
review concludes with a valuable discussion of future prospects, challenges, and opportunities
in designing brand-new healthcare materials and developing innovative therapies based on
RNA, while emphasizing the enormous potential impact of artificial intelligence (Al) in this
field. This review will provide a comprehensive panorama of RNA-based therapies; most
importantly, it will inspire and offer guidance for developing next-generation biomedical

treatments that combine the unique properties of RNA molecules and nanostructured materials.
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Figure 1. Impact of nanotechnology-based delivery of biologics and RNAs on drug
development and biomedical fields. a) Biological drugs approved by FDA in the last sixteen
years. Asterisks represent the approved RNA-based pharmaceutical products. b) The number
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of published articles on RNA delivery during the period 2001-2020, obtained from Web of
Science database. ¢) Unlike small molecules, RNAs cannot overcome the lipid bilayer barrier
developed to protect cells from RNA entering. Naked RNAs are too large and too charged to
pass through the cell membrane, therefore they require a delivery agent to invade cells.
Reproduced with permission.!*8 Copyright 2017, Nature Publishing Group. d) RNA protection
from RNase-mediated degradation and capability of RNA internalization into the cell are
guaranteed by the use of nanoplatforms as RNA carriers. Fulfilling these objectives allows RNA
molecules to exploit their therapeutic effect, directly influencing biochemical cell processes.
Reproduced with permission.[?% Copyright 2018, Wiley-VCH.

2. Classification of RNA therapeutics

Gene therapy using RNAs is a promising treatment because of its therapeutic effect on
several types of diseases.!?!! It permits the delivery of targeted nucleic acid sequences to edit
(e.g. downregulate, augment, or correct) specific genetic anomalies or mutations.?]

Therapies may be broken down into coding and noncoding RNA approaches. Coding RNA
therapeutics introduce RNA sequences into the host body to stimulate the synthesis of coded-
protein antigens, which resemble antigens of the targeted disease. This stimulates a specific
immunological response in terms of antibody and cytotoxic lymphocyte production.[?
Noncoding RNA approaches aim not to encode a protein, thus silencing one single gene or
multiple related genes and inhibiting protein production.

RNA therapies offer enormous advantages, including simplicity of sequence design and
synthesis, functional versatility, safety and cost, and the possibility of patient-specific
treatments.#! Moreover, RNAs can initiate the translation of proteins into the cellular
cytoplasm without requiring nuclear entry (as in DNA therapies), and do not integrate with the
host genome, thus ensuring the safety of these treatments.!?! In light of this, the development
of more accurate and customized therapeutic treatments for various chronic diseases is
possible. 2]

In this chapter, the main RNA therapeutics — including messenger RNAs (mMRNAS), small

interfering RNAs (SiRNAs), short hairpin RNAs (shRNAs), and micro RNAs (miRNASs) — are

described and discussed.



2.1. mMRNAs

MRNAs are single-strand structures made of a sequence of nucleotides (Figure 2a). They
participate in the translation of genetic information from gene to proteins.?) mMRNAs are coding
RNAs which act as an intermediated agent in the transport of information from the nuclear
DNA to the cellular cytoplasm, where the ribosomal translation into functional proteins
occurs.?® More specifically, mRNAs are produced by the gene transcription of complementary
DNA, resulting in a transcribed genetic sequence.? The dimensions of mMRNAs are 300-5000
kDa, while nucleotide sequences are organized into codons formed by three ribonucleotides.
Codons encode for a specific structural unit of a protein (i.e. amino acid), resulting in protein
synthesis.[?"28 At the end of the process, the mRNA is naturally degraded in the cell body. As
mentioned earlier, mMRNAs do not have to cross the cellular nuclear barrier to initiate the
encoding process, thus offering a high efficacy per dose.[?®l Moreover, the mRNA is not inserted
into the genome, thus ensuring safety of the treatment. Another advantage of mRNA therapeutic
strategies is the fast, cost-effective, and efficient development because of its easy in vitro
production.242°]

The limitations of mMRNA therapies, however, concern mRNA’s large size, stability,
biological activity, and immunogenicity, as well as its translational and delivery efficiency.[?*!
For these reasons, MRNA modifications have been studied. Within this framework, chemical
treatments and the architectonic stabilization of mMRNAs (e.g. circularization of mMRNAS) can
significantly improve the sensitivity to enzymatic degradation and immunity.2°3% Moreover,
the introduction of self-replication functions may prolong and extend the protein synthesis and
ameliorate the mRNA immunogenicity.[2334

The therapeutic strategies based on mMRNAs have been explored for several applications, such
as protein replacement, vaccine design, cancer immunotherapy, genomic editing, genetic
engineering, and regenerative medicine.l*2%1 More specifically, cancer immunogenic therapies

provide the encoding of tumor antigens by mRNAs, in order to promote specific immune
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responses against tumors.?#34 In addition, mMRNA-based vaccines have been developed using
specific mMRNA sequences to induce the production of proteins, which mimic the infectious
antigens of the targeted disease, thus leading to the synthesis of antibodies and lymphocytes. !
mRNA-based vaccines have been developed recently for treating viral diseases (Figure 2a).[*"!
Some studies have shown that mRNAs can induce the antibody and T cell response to attack
and neutralize mutants of virus, thus defending the host body against the viral infection.*®!

Furthermore, mRNA-based therapy has been investigated for liver regeneration purposes.
The delivery of mMRNAs by injection induced a high hepatocyte proliferation rate, while the
liver function was successfully restored and tissue regeneration was accelerated.*) In the same
manner, MRNA therapeutics which encode the vascular endothelial growth factor A (VEGFA)
have been researched and developed for the treatment of type 2 diabetes mellitus. Results show
a successful upregulation of VEGFA expression and the subsequently improved skin blood
flow, thus evidencing the potential of this therapy for angiogenesis.[!
2.2. siRNAs

siRNAs are double-stranded RNAs which act during RNA interference (RNAI) pathways in
gene silencing mechanisms (Figure 2b).B%1 siRNAs have 21-23 nucleotides with 3’ two-
nucleotide overhangs and size of 13-15 kDa.[*®! siRNAs are noncoding RNAs which modulate
the expression of a specific gene at the post-transcriptional stage by silencing targeted
mRNAs.*041 More specifically, siRNAs can silence a gene by interaction with a fully
complementary mRNA gene sequence, inducing mRNA degradation and translation
suppressions.[?®! This prevents the encoding of selected genes into proteins and inactivates the
gene expression.*%421 siRNAs can potentially be designed to silence any targeted gene, since
they are likely to inhibit the progression of any genetic diseases, attack any viral infections, and
prevent cell degeneration processes.[**] However, each siRNA can successfully target only one
specific gene. For this reason, siRNA therapeutic approaches appear particularly suitable for

single-gene disorders (e.g. hemophilia and hereditary amyloidosis). On the other hand, siRNA-
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based strategies are not expected to have a high therapeutic potential for complex multigene-
related diseases.[**l The efficiency of siRNA gene silencing is strictly dependent on the target
complementary mRNAs that should be cleaved. Within this framework, it has been
demonstrated that the length of the double strand and its thermodynamic symmetry can
positively influence the gene inhibition potency.[*043]

siRNAs are also widely studied in molecular biology and pharmacology. However, some
disadvantages of the application of siRNA therapeutics include their hydrophobicity and
relatively large dimensions, which result in a difficult diffusion of the siRNA through the
extracellular membrane and its rapid renal excretion. In addition, the high sensitivity of SiRNAs
to ribonucleases leads to an ineffective delivery as well as an inefficient targeting of specific
cells. To overcome these limitations, some chemical modifications of sSIRNA nucleotides have
been introduced, thus improving siRNA potency, stability, and safety.[?2261 More specifically,
chemical modification geometries and convenient delivery systems have been proven to
enhance treatment potency, cellular target specificity, and delivery efficacy, while reducing
siRNA potential immunogenicity and toxicity.***1 siRNA conjugates have been also
demonstrated to improve the target delivery efficiency and the higher durability of the silencing
treatments.*®! Enhanced long-term activity and organ specificity were found in siRNA
conjugated with trivalent N-acetylgalactosamine (GalNAc) therapeutics, allowing a continuous
activity of RNAI for months in vitro and in vivo.[*#l

In light of this, several siRNA-based drugs for gene control during RNAIi have been
investigated and developed for anti-cancer treatments, gene mutations and disorders, and viral
infection therapies.*® Within this framework, several studies have demonstrated high siRNA
silencing efficiency in anti-cancer therapies. Authors have reported a successful siRNA
inhibition of targeted gene expression and the induction of cancer cell apoptosis, while also
detecting a reduction in tumor size (Figure 2b).1**-5381 Furthermore, the effect of SiRNAs in

neurological disorders has been studied to effectively inhibit targeted gene expression in the
11



central nervous system by specific gene silencing.’**! Additionally, GalNAc-siRNA
conjugates are exploited for efficient sSiRNA delivery to liver hepatocytes, inducing targeted
gene silencing while guaranteeing the duration of the effect.>®! Lastly, the suitability of sSiRNA-
therapeutics in cardiovascular diseases has also been proved. The beneficial silencing of a
specific gene (i.e. monocyte chemotactic protein 1, Mcpl) led to the specific cell inhibition and

decreased leucocyte production, thus promoting tissue healing.[>"]
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Figure 2. Schematic illustration of mMRNA- and siRNA-based therapies. a) mRNA structure
and design for engineering vaccines: mMRNA single-strands are loaded into nanoparticle carriers
and delivered to the host body, encoding virus antigens and inducing the immunological
response by producing antigen-specific antibodies. Reproduced with permission.[®! Copyright
2020, Wiley-VCH. b) siRNA structure and design for cancer therapy: siRNA double strands
are loaded into nanoparticle carriers and delivered into the host body in order to silence the
tumor-associated gene and induce cancer cell apoptosis. Reproduced with permission.[*%]
Copyright 2018, American Chemical Society.
2.3. sShRNAs

shRNAs are stem-loop RNAs which have a mediating role in RNAI processes (Figure
3a).[21401 They are noncoding RNAs which perform specific gene silencing functions like those
of siRNAs.581 shRNAs are characterized by a slow degradation and low turnover rate, resulting
in a sustained efficacy on cellular functions. The significantly longer effect of shRNAs
compared to siRNAs is, most probably, their greatest advantage.®® However, it should be
mentioned that longevity knockdown effect of ShRNA appears less significant if compared to
GalNac-siRNA conjugates (e.g. inclisiran).[6

Chemically synthesized shRNAs are considered a promising therapeutic alternative for the
treatment of genetic disorders and viral infectious diseases.[X1 However, sShRNAs’ insufficient
silencing potency and off-targets are considered the main limitations of this approach.®
Another limitation of ShRNA therapeutics is the necessity for viral-based delivery systems.
Indeed, even though viral vectors are considered more effective with superior delivery and
transfection efficiency than non-viral vectors, their safety for medical applications has been
strongly argued because of their potential immunogenicity and oncogenicity.!® Moreover, viral
vectors have small insert size and the additional disadvantages of being more costly and less
reproducible compared to non-viral vectors.[64
Today shRNA-based therapy research is mainly focused on cancer treatment, where chemically
synthesized shRNAs are introduced to downregulate the expression of specific tumor-related

genes. Within the framework of cancer gene therapy, ShRNAs are delivered using oncolytic or

adeno- viruses and act by attacking tumor cancer cells and inhibiting specific gene
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expressions.[®® Positive results on both the shRNA inhibition of tumor cell proliferation and
the high rate of cell apoptosis have been reported.[¢®!

Besides, it is worth pointing out that the prolonged duration of ShRNA activity has not always
been considered as an advantage. Indeed, since the long-term effects are still unknown, the

benefits related to long-lasting therapies remain questionable.

2.4. miRNAs

miRNAs are double-stranded stem-loop RNA structures with a length of 21-25 nucleotides
and dimensions of 13-15 kDa (Figure 3b).[*”l miRNAs are noncoding RNAs which take part in
RNAI mechanisms, playing a crucial role in gene modulation and editing. The miRNA structure
is partially complementary to a targeted mRNA sequence and can regulate the gene expression
at the post-transcriptional level.[81 miRNAs act selectively by inhibiting the mRNA sequence
via mediation of its translational repression, and cleaving or inducing its degradation.%®" More
specifically, only 2-8 nucleotides of miRNAs can actually interact to the targeted mMRNAS via
imperfect base-pairing interactions. This short nucleotide sequence of miRNA is called ‘seed’
region and usually pairs with the 3'-untranslated region (UTR) of the target mMRNA, inducing
post-transcriptional silencing.[’*! Less frequently, miRNA can bind to other mRNA sites, such
as the 5’-UTR and the coding region.t"?!

Because of the short binding region and the non-perfect complementarity with mRNA, the
specificity of the miRNA action is lower than that of other RNA therapeutics (e.g. SiRNA).[*0!
Additionally, the low target specificity of miRNAs results in a great ability to target a broader
range of MRNAs, by simultaneously modulating the expression of multiple genes.*! Moreover,
since miRNAs are not required to be perfectly complementary to the mRNA target sequence,
the design of miRNAs appears straightforward and much easier to develop than that of SIRNAs

(which requires the fully complementarity of the strands).
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The therapeutic approaches of miRNAs may be broken down into two main classes: miRNA
inhibition and miRNA replacement. The first strategy is based on the silencing of endogenous
miRNAs using a synthetic miRNA antagonist; the latter provides the introduction of synthetic
miRNAs to mimic the activity of endogenous miRNAs.[ ]

However, some limitations of miRNA therapies, such as off-target and immunological
effects and a less than optimal delivery efficiency, have been pointed out. To overcome these
disadvantages, the chemical modification of miRNAs has been studied, leading to improved
miRNA properties while preserving its silencing activity. Additionally, miRNAs’
hydrophilicity, high molecular weight, and negative charge result in their poor in vivo stability
and consequent difficulties in crossing cellular barriers. Thus, in order to guarantee the miRNA
clinical application, several delivery systems have been investigated and developed."!

Due to their multiple gene targeting ability, miRNAs can modulate one third of mMRNAs.
Therefore, miRNAs are involved in a large number of biological processes, including cellular
activities and functions, as well as degeneration processes and the defense from viral
pathogens.[”¥1 Within this framework, miRNA-based therapies can target a wider range of
diseases than other RNA therapeutics.[®® More specifically, the miRNA approach can have
significant therapeutic effects on complex multigenic diseases (e.g. cancers, neurodegenerative
and cardiovascular disorders) which require the control over the expression of entire gene
families.[?>671 Thus, the silencing of undesirable and mutated genes as well as the inhibition of
pathological cellular pathways can be targeted by miRNA activity and the recovery of a regular
gene expression can be achieved.[*?

In light of all the characteristics and features described, we believe that miRNA therapeutics
would be the most promising alternatives for some specific applications, for example, within
the wound healing framework. This is because of some significant miRNA advantages,
including its relatively simple synthesis and the possibility to simultaneously regulate the

expression of multiple genes to accelerate the cure of wounds. On the other hand, the high
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efficacy of mMRNA-based treatments in terms of encoding processing, as well as their safety and
cost-efficiency, make mRNA, in our opinion, the most relevant candidate to produce vaccines

for the treatment of viral diseases.
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Figure 3. Schematic illustration of the shRNA- and miRNA-based therapies. a) schematic
representation of shRNA structure (stem-loop), activity and function. Reproduced with
permission.?l Copyright 2019, Elsevier B.V. b) Schematic representation of miRNA structure
(double-stranded stem-loop RNA), functions and activity. Reproduced with permission.[¢]
Copyright 2018, Wiley Periodicals, Inc.

3. Nanocarriers

The use of safe delivery platforms can ensure the efficient delivery of therapeutic RNA and
protect it from degradation, and compensate for its inherent hydrophilicity and negatively
charged nature when crossing the cellular membrane.l’”¥ RNA carriers should be carefully
engineered to adjust to physiological conditions and overcome the obstacles posed by the
human immune system. To this end, a perfect RNA carrier with a high loading capacity should
be nontoxic and undetectable by the immune system, retain RNA stability, and protect it from
being digested by the nuclease enzymes in living organisms. Lastly, an ideal carrier should be
taken up into the desired cell and demonstrate good transfection efficiency in order to ensure a
successful endosomal escape of the cargo.[”> "7 Recent advances in the field of nanotechnology
have shown that nanostructured platforms have remarkable RNA delivery perspectives. These
nanocarriers can overcome various biological constraints and spread into the body.["®! In this
section, we summarize recent advances in this field and describe the main delivery platforms
including carbonaceous nanomaterials, inorganic nanoparticles, polymer nanoplatforms, virus-

like particles, and lipid nanoparticles (Figure 4) (Table 1).
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Figure 4. Schematic representation of nanocarriers for RNA delivery. Fueled by investigation
and innovation, nanocarrier functionalities develop progressively as the pursuit continues for
achieving higher transfection efficiency balanced with lower immunogenicity.
3.1. Nanocarrier fate: biodistribution, circulation time and cellular uptake

Ideally, the effectiveness of nanotechnology-assisted strategies is based on the capability to
remain in the bloodstream for a considerable time and overcome the physical body barriers,
represented respectively by i) the first-pass hepatic effect, ii) the spleen sieve activity, and iii)
the gap junction between endothelial cells (ECs). Key advantages of nanotechnology-assisted
therapies consist in increasing the intracellular concentration of drugs and reducing dose-
limiting toxicities simultaneously.l” To tackle these challenges, nanocarriers size and surface
are the principal features that should be considered during their design. The size of these
vectors, which can be easily adjusted, should be sufficiently small to escape from macrophages
present principally in the reticuloendothelial system of the liver and spleen and, at the same

time, should be large enough to prevent their extravasation from the capillaries. A broad

literature has identified the best nanocarrier size to be below 100 nm.[% Additionally, the
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nanocarriers lifespan and destiny in the bloodstream can be increased by modifying nanocarrier
surface. Hydrophilic polymers, such as poly(ethylene glycol) (PEG), and repelling plasma
proteins — that prevent the opsonization and therefore their phagocytosis — are the principal
strategies used to achieve the surface modification.® Further, the initial interaction of
nanocarriers with the plasma membrane of the target cells can be promoted by introducing
positive charges or active targeting ligands on the outer nanocarrier surface, which can interact
with the negatively charged cell membrane or specific proteins present on the surface of the
target cells.[®?

Nanocarriers should be also designed to prevent non-specific uptake. This feature is
particularly important in all the applications — for instance delivery of chemo drugs — where the
nanocarrier content must be delivered selectively to certain targeted cells. Passive and active
targeting are the two approaches that can be used to tune nanocarrier uptake. The enhanced
permeability and retention effect (EPR effect), characteristic of the blood vessels committed
with the tumor mass, can be used in passive strategies to allow the infiltration of nanocarriers
into the cancer tissues. In this case, it has been reported that liposomes up to ~400 nm are
suitable for correct extravasation while those having size lower than 200 nm offer higher cell
uptake.’®! However, several disadvantages occur with passive targeting approaches. Tumor
cells can develop acquired resistance to chemotherapies, overexpress the transporter proteins
that actively expel drugs from cancer cells, or do not release factors that induce EPR effect,
hence limiting the passive strategy. Alternatively, active approaches, in which the nanocarrier
surface is modified with specific ligands, can be used to tune the cellular uptake. These ligands
can recognize specific receptors present on the surface of the host target cells thus enhancing
their selectivity. Further, to prevent undesired, non-specific uptake, the receptors recognized by
the ligands should be overexpressed on target cells. Interestingly, the progress in the
nanomaterials field has allowed developing nanocarriers labelled with specific ligands that —

after the interaction with the target protein — can be engulfed into the cytoplasm by receptor-
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mediated internalization machinery. The physical properties of nanocarriers and the
internalization machinery of targeted cells govern the uptake of nanoparticles into the
cytoplasm. Remarkably, the same nanocarriers can be internalized by different mechanisms in
different cell types, which underline the relevance to identify the endocytic pathways involved,
especially in in vivo models. The direct fusion with the plasma membrane and endocytosis are
the two main routes of entry of nanocarriers into the cells. However, the latter is the principal
pathway involved in the internalization process. So far, five major types of endocytosis were
investigated: i) clathrin-coated pit-mediated endocytosis (CME; clathrin and dynamin
dependent), ii) fast endophilin-mediated endocytosis (FEME, a clathrin-independent but
dynamin dependent pathway for rapid ligand-driven endocytosis of specific membrane
proteins), iii) clathrin-independent carrier (CLIC)/glycosylphosphatidylinositol-anchored
protein-enriched early endocytic compartment (GEEC) endocytosis (clathrin and dynamin
independent), iv) macropinocytosis and v) phagocytosis. A thorough description of all these
mechanisms is out of the scope of this review. For more information, the reader can refer to the
following references in which these mechanisms are described in detail.[8384]

All these mechanisms show early common trafficking. After the interaction with the target
cells, the nanocarriers — independently from the internalization pathways — are conveyed to the
early endosomes (EEs) and successively can be recycled back to the plasma membrane or
moved forward to the late endosomes (LES) and consecutively to the lysosomes. However,
these pathways can share common components. For example, CLIC/GEEC endocytosis and
micropinocytosis boundaries can be unclear because most of the proteins involved are the same.

Internalization of nanocarriers is only the first step for the delivery of therapeutic
nanoparticles. Several studies suggest that the delivery of the nanocarriers to the EEs,
independently from the internalization pathways, is mediated by the Rab5/EEA1-dependent
trafficking pathway.[®® The fate of nanocarriers and subsequent cellular trafficking can be

affected by several factors that relate to the mechanism of internalization. However, so far, it is
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not clarified if the internalization pathway or the signalling from the receptor drives the
nanocarriers trafficking. From the EEs, the cargo can be recycled back to the cell surface via
the Rab11-positive recycling endosome or can proceed to LEs compartment. It is important to
underline that the cargo endocytosed by the same pathway can be delivered into different EEs
and that nanocarriers endocytosed by different signalling can be sorted into the same EEs
compartment. 838l

So far, the internalization of RNA-loaded lipid-based nanocarriers has not been fully
clarified. However, several evidences revealed that the principal uptake mechanism is the
clathrin-dependent endocytosis followed by micropinocytosis. Further, it has been determined
that only a tiny fraction (1-2%) of lipid nanoparticles can evade the endosomal pathway.®’]
The recent advances in our understanding of endocytosis pathways have shown that CME,
FEME and CLIC/GEEC are all involved in the processing of nanocarriers with a diameter
smaller than 200 nm, which means it is unlikely that these routes can internalize particles larger
than 200 nm. %]

Importantly, the nanocarriers, after the resuspension in cell medium or injection in vivo, are
quickly adsorbed on the surface of serum proteins (for example, vitronectin), forming a protein
corona. This interaction, in turn, can influence the binding to specific receptors on the target
cells and lead to the selection of the uptake pathway. Unfortunately, the formation of protein
corona can favour the aggregation of the nanocarriers and affect the real size of the particles
that will be larger than the size measured ex vivo.[®3 Therefore, improving our knowledge
regarding the fate and the remodelling of nanocarriers in vivo is essential. To face this aspect,
the standardization of the synthesis, analysis, and follow-up of in vivo nanocarrier
administration represents crucial aspects to be considered. The Minimum Information
Reporting in Bio—Nano Experimental Literature (MIRABEL) has been recently proposed to
introduce guidelines to improve reproducibility, increase quantitative comparison of bio-nano

materials, and facilitate meta-analyses and in silico modelling. To provide data standardization,
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these guidelines are focalized onto three main categories: i) material characterization, ii)
biological characterization, and iii) experimental protocols.

Unfortunately, nowadays, few data are available on the magnitude of different endocytic
pathways in physiological contexts and on different tissues and how these alternative pathways
can impair/improve the delivery of nanocarriers into the cells of interest.

3.2. Carbonaceous Nanomaterials

The unique structural properties of carbonaceous nanomaterials make them promising in
many fields, including energy storage and electrochemistry.[®®°Y The encouraging potential of
these nanomaterials, such as graphene oxide (GO) and carbon nanotubes (CNTSs), has been
recently explored in biomedicine and tissue engineering.[®? Therapeutic molecules can bind
noncovalently to GO and CNTs through n—= stacking. CNTs are particularly advantageous
since they can benefit from the high surface area. In this frame, for the successful integration
of CNTs in a biological system, surface functionalization of nanotubes should be practiced to
break the relatively high number of nanotube agglomerates in suspension and to improve their
low biocompatibility. The addition of cell-targeting agents to the design of CNT carriers is
another requirement of RNA delivery for high cell recognition and efficient internalization. Cao
et al. developed functionalized single-walled CNTs for the codelivery of surviving siRNA and
4-Substituted-2,5-dimethoxyamphetamines (DOx). A combination of a poly(ethylenimine)
(PEI)-betaine conjugate and a targeting peptide was further reacted with oxidized CNTs to grant
cell penetration and pH-sensitive endosomal escape characteristics to the carrier. The
undesirable size of pristine CNTs was decreased to 250 nm after polymeric modification.®*! A
similar approach was used in the study conducted by Edwards et al.l®*l In their report,
polyamidoamine dendrimer and CNT suspension were placed under sonication to modify the
surface of CNTs and improve their functional properties. On the other hand, GO is a sheet of
oxidized carbon atoms with a hexagonal conformation resembling a honeycomb, which has a

higher specific surface area, suspension stability, and biocompatibility than CNTs.[®! The
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carrying capacity of bare GO was evaluated via the intracellular delivery of sSiRNA. The small
interfering RNA was complexed at different mass ratios with pristine GO, maintaining an
average lateral size of one um and thickness of two nm. GO accumulated and isolated in large
vesicles and the intracellular trafficking was hindered, most probably due to the formation of
GO agglomerates. Furthermore, the charges between cargo and carrier cancelled out when the
complex was introduced into the cell culture medium, which led to low transaction
efficiency.l® In another study, GO with an average diameter of approximately 200 nm was
exfoliated under sonication and mixed with an a complementary strand of miR-21 and
doxorubicin hydrochloride as an anticancer drug. Results showed a quick cellular uptake of the
carrier and desirable gene silencing by the cargo in cancer cells.®”) These findings show that
although GO benefits from several functional groups, effective delivery of RNA can be further
enhanced by polymer and cationic lipid coating of the sheets. These coatings have the capability
to extend the presence of nanoparticles in blood circulation, by circumventing immune system
recognition, and improving functionalization for a targeted delivery of therapeutic agents.
Dense polymer brushes were fabricated from fluorescent conjugated polyelectrolyte macro
initiators on the surface of GO sheets with a thickness of 1.3 nm, which permitted the cellular
tracking of the nanocarrier.[® Qu et al. constructed a composite of GO and poly(amidoamine)
dendrimer incorporated with a PEG modified glycyrrhetinic acid as targeting ligand, and
complexed it with sSiRNA to demonstrate an active targeting of cancer liver cells. A satisfactory
cell uptake of nanocomplex by HepG2 cells and a decreased expression of VEGFA in mMRNA
and protein levels were observed, and the effective in vitro gene silencing was demonstrated.®®
In a recent study, Saravanabhavan et al. introduced a functionalized chitosan GO nanoparticle
into traditional pristine GO carriers and developed a suitable tumor-targeted material with good
biocompatibility and the potential to regulate the B-cell lymphoma-2 (Bcl-2) expression.[*% |n
this experiment chitosan was mixed with siRNA prior to GO addition. A composite of loaded

chitosan nanoparticles and GO, formed at the weight ratio of 1:1, were complexed with sSiRNA,
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and used to reduce the survivability of tumor cells (Figure 5a). It was apparent that chitosan
prevented immunogenicity, while the lateral size of GO reduced the inflammatory response.
The Fickian pH-sensitive diffusion of sSiRNA from the carrier complex showed the controlled
release required to target tumor cells. In addition, an advanced structure of GO and a porous
zeolitic imidazolate framework were designed to enhance RNA-delivery efficiency. The
complex of siRNA and positively charged GO-zeolite composite improved the cell transfection
and demonstrated adequate in-vitro gene knockdown.[*® A prime obstacle in the delivery of
nanomaterials to the targeted cells is represented by the liver and spleen sequestration of
carriers. Carbonaceous platforms are not exempt from this process.[*°? The yet unclear CNT
toxicity at the molecular and cellular level makes a future endorsement of this material uncertain
and doubtful .[*%®! Specifically, adopting CNT as a carrier of genetic molecules may carry more
risks of malignant transformation, DNA damage, and mutation.® On the other hand, the
adverse effects of accumulated sequestrated CNTs and GO on zonation, epigenetic changes,
and liver function should be studied and addressed.X%1%1 \Wu et al. set out to find that the
controlling mechanisms related to GO liver retention and nano-bio interaction stemmed from
the unavoidable liver sequestration of GO nanosheets.[*%1 GO oxidation level, average lateral
size, and the frequency and type of surface functional groups dictated the in vivo behaviour of
GO. The pattern of liver functional zonation appeared to be strikingly disrupted by GO and
some notable changes in representative liver gene expression were found. In spite of the minute
changes in liver function, the study showed that the transcription and epigenetics of liver cells
were largely affected by GO. These pieces of evidence prompted researchers to take cautionary
steps toward the consideration of carbonaceous nanomaterials as RNA carriers. [l
3.3. Inorganic nanoparticles

Inorganic nanoparticles are another group of materials for RNA delivery which feature

several advantages, including their simple synthesis and functionalization, tunable size,
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distinctive optical and electrical properties, as well as good biocompatibility and low
cytotoxicity. [

The advantages of gold nanoparticles are their unique optical properties, ease of
functionalization, and tunable size and shape. Gold (Au) nanoparticles can be engineered to
protect RNA against degradation through steric hindrance.[*? Furthermore, Au nanoparticles
benefit from the Compton effect, facilitating radical production and making them promising
vehicles for cancer therapy.[**H The surface plasmon resonance of these nanoparticles, tuned to
their size and shape, bestows a property of light-controlled release of the cargo.['!? The
quantum-based parameters of the thiolation of a nucleotide and its adsorption on metallic
nanoparticles were studied using the density functional theory (DFT).*'¥l Seed-mediated
growth, a simple and low-cost process, was used to synthesize Au nanoparticles from
HAuCIl4-3H20 and cetyltrimethylammonium bromide (CTAB) solutions. CTAB molecules
were later exchanged with a peptide to decorate Au with the regulatory protein HIV-1 TAT and
enhance the cellular uptake. The carrier was noncovalently complexed with receptor tyrosine
kinase-like orphan receptor 1 (ROR1) siRNA and the apoptosis in MDA-MB-231 breast cancer
cells was evaluated.[**4!

Thanks to their likeness to carbonaceous nanomaterials and enhanced cargo delivery, the
trimming of inorganic nanoparticles with polymer brushes or natural substances has been the
topic of many studies. Yi et al. introduced glucose-installed PEG-block-poly(L-lysine) (PLL)
(PEG-block-PLL) modified with lipoic acid complexed with a single siRNA into a 20 nm gold
nanoparticle through sulfur-gold bonding in the presence of sucrose, and a two-step bottom-up
self-assembly method.™**®! To obtain nanocarriers with a <50 nm size, it was necessary to add
sucrose to the buffer during the construction of glucose-modified particles, probably due to the
hydrogen bonding hindrance between glucose on the carrier surface. The carrier system profited
from stealth, targetability, and uniform size. The unimer polyion complex helped the targeted

carrier show a high cellular uptake of payloads in a spheroid breast cancer (Figure 5b). An
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efficient internalization into the glutathione (GSH)-rich environment of the stem-like cancer
cells was observed and gene silencing was notably enhanced in a cancer cell orthotopic MDA-
MB-231. In vivo investigations showed significant suppression of tumor growth. The
accumulation of modified nanoparticles in the brain was reported to be significantly small. The
authors attributed this finding to both the low probability of an effective transcytosis of glucose-
gold nanoparticles into the brain tissue and the low density of nanoparticles on the luminal
plasma membrane of brain capillary endothelial cells (BCECs) in the normal glycemic
condition. Cytotoxicity, cellular uptake, and downregulation efficiency of chitosan-coated gold
nanoparticles were evaluated. The positively charged carrier was subsequently complexed with
siRNA and modified by a final layer of chitosan over the therapeutic molecules.[**® Yang et al.
designed an updated nanosystem by decorating amine-terminated generation 5 dendrimers with
1,3-propanesultone, and then entrapped it with Au nanoparticles to take advantage of the
antifouling and serum-enhanced transfection properties.l*'!l The carrier was then complexed
with hypoxia-inducible factor 1-alpha (HIF1A) siRNAs for a dual sensitization-boosted
radiotherapy (RT) of tumors.

Another advantageous inorganic platforms are iron oxide nanoparticles which are promising
biomaterials for gene delivery and can be bound covalently to nucleic acids. *1 It is worth
mentioning that iron oxide particles can be promptly degraded and join the iron stores in the
body.[8 To guide nanocarriers toward the desired tissue by an external magnetic field,
Cristofolini et al. proposed a hybrid of superparamagnetic iron oxide nanoparticles with caffeic
acid for siRNA delivery to breast cancer cells.[**®] Iron oxide nanoparticles were synthesized
by a co-precipitation method from degassed solutions of FeClz-6H20, FeCl2, and NH4OH, with
the subsequent addition of caffeic acid in NaOH. Spherical particles had an average diameter
of 14 nm and a hydrodynamic diameter of 93 nm. A hierarchical nanostructure was formed by
the agglomeration of 70 magnetic particles when iron oxides were stabilized by layers of

calcium phosphate and PEG-polyanion block copolymer. Au and iron oxide nanoparticles are
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homogeneous nanoscale particles suitable for avoiding biological barricades and for effective
RNA delivery. Selenium is also a promising chemotherapeutic gene carrier. The
biocompatibility, easy surface modification, and low toxicity of these nanoparticles can be
compared with that of Au.

In a recent study, a positively charged peptide was installed on the surface of selenium to forge
a tumor-targeted siRNA delivery carrier.’?% Selenium was synthesized from a solution of
Na>SeOs and vitamin C. The modified 80 nm selenium nanoparticles obtained were able to
form a stable suspension, significantly bind siRNA, and protect it from degradation.[*?!l In
cases of bone-related delivery of drugs and genes, calcium phosphate can be considered a good
candidate for in vitro and in vivo transfection. The advantages of these nanoparticles are
biocompatibility, low toxicity, remarkable surface-to-volume ratio, stability in the extracellular
space, and a strong affinity for binding to nucleic acids.l*??l Recently calcium phosphate
nanoparticles were stabilized using a conjugate of hyaluronic acid (HA) and 3,4-dihydroxy-L-
phenylalanine. The inorganic carrier was synthesized from a CaCl, and Na2HPO4 solution and
coated with marine mussel-derived amino acids and anionic non-sulfated glycosaminoglycan
in an acidic mixture. The surface-stabilized nanoparticles offered an orderly cellular delivery
of microRNA to human mesenchymal stem cells followed by the down-regulation of
Noggin.?' Among various types of inorganic carriers, mesoporous silica nanoparticles
(MSNPs) have been proven suitable for various uses. Their excellent biocompatibility, large
surface area, tunable porosity, and ability to encapsulate and protect nucleic acids turned the
focus of many studies toward the development of engineered silica carriers that can ferry
different sizes and types of therapeutic molecules. For photodynamic therapy, siRNA and
photosensitizers were simultaneously delivered using amine-functionalized mesoporous silica.
Nanoparticles were synthesized using a HA-catalyzed sol-gel procedure.l*?4 Another report
showed that siRNA-loaded HA-assembled MSNPs were effective in controlling the drug

release and internalization in CAL27 cancer cells. Modified nanoparticles of an average size of
27



184 nm were synthesized from a solution of CTAB, NH4OH, and tetraethyl orthosilicate
(TEOS).['%! The design of effective amine-functionalized MSNPs was investigated, and the
pore size-dependent thermodynamic driving force of the interactions of double-stranded RNA
(dsRNA) with MSNPs depending on dsRNA length was evaluated through isothermal titration
calorimetry. During the synthesis of silica nanoparticles with 8 nm pore sizes,
triisopropylbenzene (TIPB) was used as a CTAB pore expanding agent. It was shown that the
efficient design of dsRNA nanocarriers offers the advantage of creating small pores to protect
the RNAs from degradation, while a sufficient space is required for dsSRNA threading into
pores.'?l A layer of lipid conjugated with iRGD peptide was used to stabilize silica
nanoparticles by copper-free click-chemistry in a tumor-penetrating siRNA and miRNA
codelivery investigation. The carrier efficiency in cytosolic RNA delivery was further enhanced
by loading a near-infrared-responsive photosensitizer into nanoparticles for the local generation
of reactive oxygen species (ROS). During zeta potential assay, silica particles kept their gross
positive charge — an indication of an undersaturated particle surface by the negatively charged
molecules leading to high loading capacity. The disruption of the endolysosomal membrane
was facilitated by the light-triggered photodynamic effect of reactive oxygen production on the
surface of silica nanoparticles.*?” The large specific surface area of inorganic particles ensures
the easy adsorption of RNA. As far as loading, complexing efficiency, protection, and release
of RNA are concerned, these results suggest the suitability of the design of inorganic particles

as nanocarriers.

3.4. Polymer Nanoplatforms

Polymer nanoplatforms are popular materials for RNA delivery due to their great diversity,
structural flexibility, and low immunogenicity.*?-131 Many studies have adopted new
strategies to engineer a new class of synthesized polymers or copolymers with lower toxicity,

higher transfection efficiency and stability. This endeavour involves chemical modification of
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traditional polymers used to form polyplexes and studying large polymeric libraries through the
implementation of high-throughput strategies, which ease the assessment of the relationship
between structure and activity.**13%1 Moreover, recent investigations on the architectural
design of polymeric nanoplatforms can facilitate tissue integration, promote localized delivery
of genetic molecules, and finally affect the development of fibrous capsules.[*3131 Finally, and
in order to address the unbalanced relationships between cytotoxicity and transfection
efficiency of polymeric nanocarriers, the emergence of green nanoparticles will be discussed in
this section.[%!

3.4.1. Copolymeric nanoparticles

Considered one of the most potent carriers, PEI is a cationic polymer currently widely used in
clinical trials!*3" with different formulations. Unfortunately, the high toxicity and low colloidal
stability of this cationic polymer cause several limitations in physiological conditions. The high
positive charge and non-biodegradable nature of PEI can be corrected with PEG grafting.
Grafted polymeric nanoparticles offer a low toxicity and high colloidal stability in correlation
with PEG chain length and PEG grafting degree. Ke et al. outlined the synthesis of a PEI-g-
PEG library for mMRNA delivery and examined the effects of complexing volume, efficiency of
encapsulation, cell penetration, and endosomal escape, with various PEG assemblies and
different grafting ratios. An ideal carrier should have a straightforward and consistent
manufacturing process. Taking this into account, Ke et al. also assessed a scalable flash nano
complexation production method to manufacture nanoparticles in a reproducible manner for
future clinical translations.[*3 Another scientific work dealt with various PEI nanoparticles
such as dexamethasone-conjugated PEI (2 kDa, PEI2k) and deoxycholic acid-conjugated PEI12k
for mRNA delivery into the brain.**¥1 Among the different PEI derivatives, branched PEI has
the highest transfection efficiency in serum-free conditions owing to both its ability to form
stable polyplexes and its buffering capacity. The latter ensures the endosomal escape via the

proton sponge effect. The grafting of a branched PEI with poly (lactide-co-glycolide) (PLGA)
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has been reported to be a viable method for increasing the transfection efficiency of the carrier
in the presence of serum, specifically when carried out in vivo. For example, a cationic
amphiphilic copolymer of PLGA-graft-PEI nanocarriers of different shapes and sizes was used
for nucleic acid delivery.’% To improve the site-specific intracellular delivery of RNA,
endolysosomal escape, and temporal delivery of the cargo, a photochemical internalization
technology has been devised. This method, however, suffers from both its reduced reactive
oxygen generation in the microenvironment of the tumor and the low efficiency of RNA and
photosensitizer co-loading. To address these issues, Zhang et al. designed a nanoparticle system
featuring a photoactivated polyprodrug for the light-controlled codelivery of sSiRNA for cancer
synergistic therapy.[**Yl The stability and tumor-targeting ability of this carrier were later
enhanced by coating the nanoparticles with PEG-grafted HA. The polymeric protective shell
and active tumor-targeting ligand protected siRNA from degradation and facilitated the carrier
accumulation by the tumor.[*4?1 Chitosan is another interesting polymeric carrier. sSiRNA-loaded
chitosan-cysteine nanoparticles were devised by crosslinking cationic polyplexes with various
amounts of anionic crosslinkers: tripolyphosphate, HA, and a copolymer of methacrylic acid-
methyl methacrylate.l**3144 To reduce crosslinker cytotoxicity, amine groups of low molecular
weight chitosan were covalently reacted with HA dialdehyde, while HA bound to the
nanoparticle surface. To enhance the colloidal stability and a lengthen the circulation time of
the polymeric carrier, the PEGylation of chitosan was also reported.[**>] Periodate oxidation in
an ethanol-water mixture was used to prepare HA dialdehyde. Monodisperse chitosan
polyplexes ranging from 100 to 120 nm, with spherical morphology, were achieved. It was
demonstrated that the presence of conjugated HA did not affect the particle size. Carrier-cargo
complexes accumulated specifically in the tumor site and inhibited the targeted oncogene. 24!
Since chitosan can only dissolve in acidic solutions, other derivatives of this natural polymer,
such as carboxymethyl chitosan and chitosan hydrochloride, have been tested for water-soluble

chitosan-based delivery systems. These systems show advantages for the oral route of delivery.
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An intestinal-targeted siRNA was efficiently delivery by using an external stimulus, while
siRNA was released from carboxymethyl chitosan-fluorescein isothiocyanate-chitosan
hydrochloride nanoparticles to inhibit the B-catenin protein expression.!4”l For a targeted
delivery, siRNA microparticles were condensed with cationic PLL and modified using
electrostatic deposition and click chemistry. Tetrazine-conjugated HA was deposited on
condensed nanoparticles via electrostatic interactions, forming a carrier with a single-targeting
moiety. Then, trans-cyclooctene-N-hydroxysulfosuccinimide (NHS) ester-modified
HER?2antibody was conjugated onto the HA layer of nanoparticles via click chemistry to
achieve a dual-targeting complexed carrier.[**8 Synthesis and the assessment of transfection
efficiency, toxicity, and polyplex stability of polymeric materials have been carried out. In this
context, Ulkoski et al. synthesized a library of copolymers with a balance of ionizable diethyl
aminoethyl methacrylate or dimethyl aminoethyl acrylate and hydrophobic alkyl methacrylate
monomers to disassociate and electrostatically interact with genetic molecules under acidic
conditions.[*¥? In this study, pH-responsiveness copolymers self-assembled into micellar
nanoparticles and entrapped the cargo once titrated to pH 7.4, to ensure a controlled ionizability
that promoted membrane destabilization within endosomal compartments.
3.4.2. Electrospun polymeric nanofibers

Another strategy for reducing the unwanted carrier uptake and accumulation in tissues is the
surface-mediated delivery of genetic molecules via electrospun nanofibers. Therefore, RNA-
loaded tissue engineering scaffolds, fabricated by electrospinning, have recently been receiving
much attention. To minimize systemic side effects and enhance gene transfection efficiency,
Pinese et al. achieved a sustained delivery of SIRNA-MSNP complex, while incorporated into
a nanofibrous scaffold.[**?1 Poly(caprolactone) (PCL) was chosen as the main material for
scaffold fabrication and two methods had been tested for siRNA loading: the first method was
the direct fiber surface absorption of the therapeutic molecule using a mussel-inspired

bioadhesive, while the second was the direct encapsulation within poly(caprolactone-co-ethyl
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ethylene phosphate) (PCLEEP) nanofibers. Using a similar method, randomly oriented
PCLEEP nanofibers were fabricated to encapsulate miRNA and siRNA for modulating
macrophage phenotypes. The presence of genetic molecules in the electrospinning solution did
not affect the average diameter of the fibers and a sustained release was achieved for at least 30
days. It was also demonstrated that the minute changes in average fiber diameter had negligible
effects on the variation of miRNA release.[*3¥ Several strategies exist to compensate for the
inherent hydrophobicity of PCL fibers. Specifically, and inspired by mussel adhesion
chemistry, polydopamine-coated PCL nanofibers showed enhanced cell-substrate interactions
and biomolecule immobilizations. Zhang et al. successfully fabricated a layer-by-layer self-
assembling peptide coated on PCL nanofibers.*® The proposed system was able to mediate
the localized delivery to promote neural regeneration. In another study, miRNA-gelatin
polyplexes were introduced into PCL nanofibers. As a result, the cell viability and osteogenic
differentiation were improved.[*5%

3.4.3. Advanced polymeric nanoparticles

In order to address the shortcomings of common polycationic nanoparticles, such as
unfavourable charge density, lack of specific cell targeting, and low RNA uptake, several
strategies have been devised to alleviate these limitations through functionalizing the
constructional polymers of nanoparticles or polymerizing a new advanced category of
bioreducible polymers. By using a simple high-throughput synthetic scheme, Blersch et al.
developed and assessed a nanoparticle library of one hundred sixty polymers for the controlled
delivery of RNA therapeutics.[*>Y) Michael-type addition chemistry was selected to synthesis
polymers with a photocleavable linker. The set was further introduced to bisacrylamide and
monomers of amine. The unreacted acrylamide groups were terminated with an amine to obtain
high transfection efficiencies. The advantages of the library were a large variety of disulfide
bonds that rendered nanoparticles stable in physiological conditions and promptly degradable

in intracellular reductive environments. Moreover, polymeric nanoparticles, with a size ranging
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from 100 to 500 nm, showed different solubility and hydrophilicity in an agueous solution. Six
polyplexes of this library were more efficient than commercial Lipofectamine in knocking
down GFP expression. A mixture of di-acrylate and amine monomers was suggested for another
library of acrylate-terminated poly(fS-amino ester). Polymers were synthesized by mixing
monomers in a dioxane solution with 1,8-diazobicylcoundecene as a catalyst and then
precipitated in diethyl ether. The result was centrifuged, dried in a vacuum, and dissolved in
anhydrous tetrahydrofuran to react with a methoxy-PEG amine. From this library, a polyplex
formulation was detected that increased type | interferon production by 13 times, compared to
that of naked dsRNA. Following vaccination, the mentioned carrier-cargo complex enhanced
the magnitude, duration, and affinity maturation of antigen-specific antibodies. Furthermore,
the terminal group modification with oligopeptides may suggest a targeted RNA therapy.[*521%
To investigate the hydrolysis rate effect on the pH-independent mechanism, another library of
poly(dimethyl aminoethyl) acrylate ()-DMAEA) copolymers was synthesized with differences
in the co-monomer lipophilicity. Self-immolative charge-altering carriers can be engineered
from the polymerization of dimethyl aminoethyl monomers which can effectively condense
RNA in its positively charged state, followed by self-catalyzed hydrolysis and charge inversion
for the repelling and final release of the cargo. While degrading in an aqueous media, the charge
of PDMAEA polymeric chains can alter from positive to negative and the polymer releases the
non-acrylated monomers. With this knowledge, Gurnani et al. prepared a library and analysed
the effects of monomer ratio in the copolymeric library and the alteration of charge on mRNA
delivery.'> Examining the biological properties and structure-activity relationship in large
polymeric libraries is time-consuming and costly. Therefore, automated high-throughput
screening is beneficial for the production of multivariate delivery carriers. A library of
poly(CBA-co-4-amino-1-butanol (ABOL)) (pABOL) polymers was also prepared. Ranging
from 5 to 167 kDa, the prepared category contained pABOL with different molecular weights,

synthesized using an optimized aza-Michael polyaddition protocol, a common method for
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making poly(amidoamine). To facilitate the reaction rate, triethylamine was used as a Lewis
base catalyst. The double-bond conversion rate exceeded 99.9% after 4 days of reaction. The
cytotoxicity and in vitro transfection efficiency of the library were characterized and compared
to the commercially available PEI (Figure 5c). The molecular weight-dependent pABOLs
cytotoxicity was lower than that of PEI. Due to the presence of hierarchical structures and steric
hindrances, which cause a reduced accessibility of binding sites on high molecular weight
PABOLs to complex self-amplifyng RNA (saRNA), the range of polymer/RNA weight ratios
adopted was different from commonly used values. In spite of the weight ratios, the nano
polyplexes formed were in the range of 100 to 400 nm, while pABOL with a molecular weight
of more than 5 kDa showed a positive surface charge that was adequate for maintaining a
sufficient colloidal stability and good cell permeability. It is easier to obtain a successful
endosomal escape when the desired surface charge is reached with a low polymer loading.
PABOLSs with higher molecular weight make this attainable by means of more effective binding
sites per chain, which can then increase the binding constant between polymer chains and
saRNA. As a result, more polymers are incorporated into nanoparticles, while the surface
charge increases. Transfection efficiency was also enhanced at high pABOL molecular weights
and plateaued for pABOLs with molecular weights between 72 and 167 kDa. Unlike PEI,
PABOL is bioreducible and can release saRNA via the intracellular GSH reduction of disulfide
bonds on its backbone, where the fast release mechanism facilitated a rapid transgene
expression. The in vivo protein expression of pABOL polyplexes was 100 times higher than
commercially available PEIs, while higher percentages of cells expressing saRNA both ex vivo
in human skin explants and in vivo in mice after intramuscular (IM) and intradermal (ID)
injections were achieved.**3 Bioreducibility can also be induced by adding a cystine unit into
each repeating unit of the polymer backbone. Cystine-containing architectures ensure a low
cytotoxicity and facilitate the intracellular disassembly of the cargo.[*5!

3.4.4. Green polymeric nanoparticles
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All these strategies, although promising, may not yet be able to counteract either the high
cytotoxicity and poor biodistribution of carriers, which may affect RNA therapy, or the adverse
effects of polymer accumulation in cells and impaired tissue functions. The undesirable
compromise between delivery efficiency and cytotoxicity should be addressed.!**®! Looking at
nature for inspiration, Shen et al. discovered that a catechin derivative from green tea could
ease SiRNA condensation in carriers made of low molecular-weight polycations with minimum
cytotoxicity.[*®! Since these materials are regarded as nontoxic and are produced naturally,
“green nanoparticles” was the name chosen for these carriers. In their work, natural polyphenol
(-)-epi-gallocatechin gallate (EGCG) was complexed with siRNA to form negatively charged
nanoparticles and a shell of low molecular weight e-PLL was used as a coating. It was
postulated that EGCG can protect siRNA from nuclease degradation, while bacterial
manufactured PLL ensures an efficient internalization with low cytotoxicity (Figure 5d).
Coated green nanoparticles maintained an average hydrodynamic size of 127 nm with a 78%

complexing efficiency.
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Figure 5. RNA delivery based on carbonaceous, inorganic, and polymer nanocarriers. a)
Graphene oxide functionalized with chitosan nanoparticles as a carrier of sSiRNA for regulating
the Bcl-2 expression. Reproduced with permission.l*% Copyright 2019, Elsevier. b) Glucose-
linked gold nanoparticles for targeted siRNA delivery to breast cancer stem-like cells. Glucose
ligands endow the nanoparticles with target ability toward the breast. Readapted and reproduced
with permission.*51 Copyright 2019, Elsevier. ¢) Green nanoparticles for siRNA delivery.
Natural polyphenol from green tea catechin was complexed with siRNA to form negatively
charged nanoparticles, followed by surface coating with PLL. Reproduced under the terms of
the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).1*%61 Copyright 2020, The Authors, published by
Springer Nature. d) Higher molecular weight, bioreducible, cationic polymer enhanced saRNA
delivery. High molecular weight pABOLs achieved by improved aza-Michael addition.
Complexation with saRNA happened via titration method and transfection efficacy of the
pABOL-100 polyplexes were compared to jetPEI and PEIMAX. Reproduced under the terms
of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).1%31  Copyright 2020, American Chemical
Society.
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3.5. Virus-like particles

Virus-like particles (VLPs) account for another group of materials that are attractive for RNA
delivery due to their suitable size, uniform structure, controllable assembly, and easy
modification. This method is based on an artificial pseudovirus progress, using multiprotein

structures that resemble viruses in many characteristics but lack any genetic material. By using
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the natural infectious potential of viruses for gene delivery to living cells, VLPs are excellent
vaccine carriers.>”1 The remnant of the helical or icosahedral envelope and capsids of the virus
in the VLP structure can efficiently encapsidate the genetic molecule within the virions of the
host and deliver it to the targeted cells.['® Viral infection or transfection, recombinant
techniques, and cell-free systems are the three main categories of viral capsid production. The
first category describes a method for harvesting the empty capsids being fabricated as by-
products of the infected cells.[***! One interesting VLP, hepatitis B VLP (HBV VLP), is used
for the development of vaccine and drug delivery platforms. The exterior shell of HBV VLP
can be easily modified with targeted moieties, such as site-specific protein conjugation with
SpyCatcher, while surface spikes are four-helix bundles of the hepatitis dimer. The core
component maintains an icosahedral structure with a size of 34 nm and assembles from 240
copies of hepatitis B proteins. Hartzell et al. proposed a modular nanocarrier platform using
HBV VLP and inserted SpyCatcher into the c/el loop. The high-yield production of particles
took place in Escherichia coli (E. coli) shake flasks. To achieve a modular platform capable of
an easy customization with different targeting and detection components, HBV-SpyCatcher
was decorated with 240 functional moieties for different applications.[*%! In another study, the
conjugated form of truncated hepatitis B core antigen (tHBcAg) VLP with folic acid was used
to benefit from attained precise targeting property in comparison with the native form of this
viral capsid.[*51 The conjugation process was performed by the mediation of sulfo-NHS and 1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) that activates the carboxylate groups of
folic acid and couples the surface primary amine groups of VLP to activated ligands. The urea
dissociation and association technique was used prior to folic acid modification in order to load
the genetic molecules inside the icosahedral capsid. The internal C-terminal of hepatitis B
capsid has an arginine-rich section with positive charge that can complex the negative
therapeutic molecules. Folate receptors are abundant in cancerous tissues, and nanocarriers

modified with folic acid are able to transfect the malignant cancers with high efficiency.
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Therefore, the targeted delivery of short hairpin RNA, encapsidated in tHBcAg VLP, to HelLa
cells was able to downregulate anti-apoptotic Bcl-2 expression and hampered the proliferation
of cancerous cells. To generate type 1 helper T (TH1) immune responses, activate the desired
intracellular signalling pathways, and shift dendritic cell (DC) responses to prompt a specific
outcome, Alam et al. investigated a DC-targeting strategy using VLPs.!*621 Synthetic glycans
were linked to a VLP to harness different factors using a structurally well-controlled platform.
Moreover, to address the selection method of a proper DC targeting agent, different criteria —
including identity optimization, spatial distribution, and valency — were taken into account for
an efficient antigen uptake and DC activation. Therefore, a highly stable particle, derived from
the bacteriophage QP, was used and its surface lysine was modified for ligand conjugation. It
was demonstrated that the density and the nature of VLP’s binding ligands play a crucial role
in signalling, especially in aryl mannoside-induced proinflammatory signalling pathways and
cytokine expression, leading to the induction of TH1 cells in vivo. Another well-studied VLP
is a derivative of the MS2 bacteriophage (MS2 VLP), which takes advantage of a chemically
robust genetic assembly. MS2 VLP comprises 180 copies of identical coat proteins (CP). The
coat protein is harvested from the bacterial media, such as E. coli. The c-terminus of Q-Beta
VLP was engineered to display binding peptides that can evoke an immune response when
resides in its native viral form. Furthermore, to present epitopes on VLPs, a nonfusion technique
was investigated to increase the diversity of MS2 VLP peptide insertion sites. A mutation-
prompt region known as the “FG loop” was detected. By inserting all possible three-residue
peptides into the FG loop of MS2 CP, the “systematic mutagenesis and assembled particle
selection” method was adopted to elicit the sequencing of the selected peptide insertion
library.[*631 Positive controls for molecular assays are used in reverse transcription-polymerase
chain reactions (RT-PCRs), which serve as a detection tool for COVID-19 infection to validate
each test with high accuracy. Recently, to overcome the related limitations of positive controls,

including cold-chain distribution requirements, a biomimetic virus-like particle was devised
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from a bacteriophage and a plant virus to encapsidate a SARS-CoV-2 detection module. Two
different perpetrations, namely i) a module capable of target detection during the in vivo
coexpression and, ii) module assembly, were used to obtain chimeric VLPs. The VLP positive
controls produced were able to mimic SARS-CoV-2 packaged RNA and remained
noninfectious. This important consideration was demonstrated by the deletion of the ribosome
binding site and appendage of QP hairpin to achieve an efficient in vivo reconstitution.
Furthermore, the scalability, stability, and the broad use of these positive controls were
demonstrated.[**1 QB VLP was also used to eradicate ovarian cancer. By implementing an Mg-
based micromotor as an active and dynamic QB VLP delivery platform in the weak acidic
peritoneal cancer ovarian fluid, a motor-based therapy was applied. Interestingly, motor
propulsion was engineered to be a result of the spontaneous reaction of Mg in acidic
environments, which generates hydrogen bubbles. It was postulated that motor propulsion could
enable the delivery of the payload in the tumor microenvironment, while enhancing the local
distribution and retention time of the carrier (Figure 6a). In this study, QB VLP was obtained
from E. coli BL21(DE3) cells using a well-documented method and labelled with cyanine3 dye
using NHS-activated esters which target surface lysine on the viral coat proteins. Magnesium
microparticles were used to construct micromotors and surface coated with TiO2 and two layers
of PLGA for further protection of the cargo via atomic deposition method. Chitosan coating
was used as another protective shield to coat the QB-loaded Mg-based micromotors as an
outermost layer. Using this autonomous propulsion system, the Qf VLP’s cargo possessed
immunostimulatory characteristic, and QB VLPs distribution and particle-macrophages
interactions enhanced.[*%! Nanomedical VVLP based on plant viruses is another burgeoning area.
Their easy and inexpensive production, inability to infect mammals, immunogenic properties,
and the ability to induce antitumor responses in the tumor microenvironment are some of the
advantages of adopting plant viruses by molecular farming in plants. Plant molecular farming

uses transgenic plants to capture naturally occurring empty capsids of plant viruses or particles
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consisting of the reassembled coat protein to produce plant virus-derived carriers.[*%8] By using
this method and selecting a plant-derived Cowpea chlorotic mottle virus (CCMV), CpG-
oligodeoxynucleotides (ODNs) (CpG-ODNs) were target-delivered to tumor-associated
macrophages. It was demonstrated that CCMV is more able to package RNA than ODNSs.
Biddlecome et al. investigated the encapsidation of a self-amplifying mRNA in CCMV VLPs
and its delivery to activate the DCs.[*5”] The premature DCs antigen-presenting cells of immune
system activated after being internalized by VLPs and expressed maturation markers.
Furthermore, and in order to increase the uptake and activation of DCs, CCMV VLPs, carrying
non-translated RNA, were first injected into mice and the blood serum of immunized animals
were collected prior to exposing the immune cells with mRNA. The results of DCs incubated
with anti-VLP suggested improved maturation and increased level of eYFP-Replicon mRNA.
Bromoviruses are another plant VVLPs that can be used in biomedical applications due to their
ease of production and handling. A brome mosaic virus (BMV), which falls in this category,
have a simple structure with the size of 28 nm, 180 identical proteins, and an icosahedral shell.
BMV has a region at its N-terminal which provides a positive internal surface and through
electrostatic interactions is capable of RNA encapsidation inside the VLP. In a study, the
potentials of BMV VLP as a nanocarrier of SIRNA were explored, and different aspects of this
plant bromoviruses such as biocompatibility, internalization into breast tumor cells and gene
silencing efficiency were compared against CCMV.1I |t is noteworthy to mention that the
immediate resemblance of size, shape, and protein quantity of BMV and CCMV should be
considered. The lower immunogenicity observed for BMV was promising, and the in-vivo
results indicated a successful inhibition of GFP expression and tumor growth. Moreover, both
carriers were internalized by the targeted cells short of the necessity of adding cell targeting
ligands to VLPs and despite the low amount of vimentin receptor on the surface of the cancerous
cells. These findings hold important prospects for vaccine delivery, when the VLP design is

optimized with optimal dynamic immune responses.[*6°l
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3.6. Lipid nanoparticles

Lipid nanoparticles (LNPs) are a large, popular class of non-viral carriers for RNA delivery.
First introduced in 1989, 1,2-di-O-octadecenyl-3-trimethylammonium-propane (DOTMA)
became one of the two most widely used cationic liposomes for therapeutic delivery, the other
being 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP). These synthetic lipids differ
from their classical structure, which consists of an ester-linked glycerol head and hydrocarbon
tail. For instance, DOTMA has two unsaturated aliphatic hydrocarbon chains, ether-linked to a
quaternary amine.’™ The new class of synthetic lipids is more efficient in encapsulating
genetic molecules when forming spherical-shaped liposome vesicles or lipoplexes. While
conventional liposomes are composed of only lipid bilayers, the hybrids of lipids and polymers
(LPNs) can form more stable nanoparticles with less leakage of the cargo.l"!! Benefiting from
stealth property, longer in vivo circulation time can also be provided if an outer lipid—PEG layer
is incorporated in the design of LPNs. Quite recently, and as an illustration, new lipoplexes
made of siRNA and DOTAP have been loaded into PLGA hybrid nanoparticles for the
pulmonary delivery of genetic molecules to treat severe lung disorders.[*”? Defined by their
hydrophobic or amphiphilic nature, LNP formulation is versatile when using different
molecular structures of lipids. An ionizable-cationic lipid or lipidoid compound, cholesterol, a
phospholipid (helper lipid), and a PEG-conjugated lipid are the four primary components of
LNPs with the role of complexing RNA, enhancing the stability of particles, facilitating
endosomal escape, and preventing particle aggregation, respectively.[!”®l PEG-conjugated
LNPs benefit from reduced protein opsonization and increased circulation times where the PEG
layer provides hydrophilic steric hindrance and acts as a stealth coating. Unfortunately, the
issues related to PEG activity and safety are still unclear. Low transfection potency and cellular
uptake are two of the drawbacks associated with the presence of PEG in LNP formulation. To
deal with this contradiction, a dynamic PEGylation strategy is being used via nanoparticle

surface decoration with cleavable pH responsive PEG.[Y™ A notable feature of this strategy is
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sequential-targeting which involves a two-stage consequent passive and active targeting. The
latter occurs when the ligands of a PEG-surface-functionalized nanoparticle are being exposed
as a result of pH-triggered de-PEGylation in acidic media. The exposed ligands, at that point,
perform an active targeting. Nevertheless, this strategy is well suited for cancer therapies, where
the tumor microenvironments are slightly acidic which has prompted many studies considering
PEG substitution with amino acid-derived polypeptoids. For instance, Nogueira et al. selected
polysarcosine (pSar) as a PEG substitute due to its stealth-like characteristic. pSar is made of
endogenous amino acid sarcosine (N-methylated glycine) repetitive units and shows no acute
immune response and low immunogenicity.'’®! Other amino acid-based PEG substitute
peptides are gemini surfactants derived from serine. Three variants of this surfactant, namely
(12Ser)2N12 (amine derivative), (12Ser)2CO0O12 (ester derivative), and (12Ser)2CON12
(amide derivative), were investigated for sSiRNA delivery in combination with monoolein, a
neutral single-tailed unsaturated lipid. The selection of monoolein was based on its potential to
increase the cationic surfactant transfection efficiency by improving both the system’s stability
in physiological conditions and the endosomal escape ability.[7®! Despite all the reported
shortcomings of PEG in LNP formulation, research into the chemical structure of this polymer
has continued. Linear-dendritic PEG lipids can boost the in vivo delivery of sSiRNA and increase
the presence of LNPs in blood circulation. The unusual topology of PEG lipids warrants diverse
chemical and biophysical properties of materials. To perform a systemic investigation into the
effects of the hydrophobic domains of PEG lipids on LNP formulation, cellular uptake and
trafficking, and in vivo RNA delivery, a series of linear-dendritic PEG lipids with different lipid
length and generation was synthesized. With a sSiRNA encapsulation efficiency of up to 90%
and a size ranging from 50 to 100 nm, the similarities between LNPs and synthesized PEG
lipids were established, while only first-generation and second-generation PEG lipids were able

to deliver siRNA effectively, in vitro and in vivo.[*’”]
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Bioreducible LNPs were formulated for the systematic simultaneous delivery of
CRISPR/Cas9 for an efficient and very rapid genome editing in vitro and in vivo. Disulfide
bond-containing hydrophobic tails of these bioreducible LNPs were synthesized by heating
amine and acrylates or acrylamides.[*® For the delivery of siRNAs into leukocytes, different
linker moieties such as hydrazine, hydroxylamine, and ethanolamine were selected to
synthesize novel ionizable amino lipids. The transfection of leukocytes is reported to be a
difficult endeavor. Therefore a lipid, beta7 integrin, was formulated into LNPs as a leukocyte-
selective targeting agent.[”

The next-generation branched-tail, ionizable, lipid-like (lipidoid) material was also used in a
recent study. Lipidoids were synthesized from amine 3,3’-Diamino-N-methyldipropylamine
and reacted with the tail isodecyl acrylate and further combined with
dioleoylphosphatidylethanolamine (DOPE), cholesterol, and C14-PEG2000 to form LNPs of a
size of 124 nm prior to complexation with mRNA. The loaded carriers were compared with the
LNPs organized by ionizable lipid DLin-MC3-DMA, the first FDA-approved lipid in LNP
formulation, and achieved a threefold higher total organ expression while their efficacy was
sustained with repeated dosing. The key finding was that antibodies were not formed in
response to the proposed LNPs, as this issue prevented the repeated dosing of other potent
materials.[*® The delivery of a small RNA, in the range of 30 or fewer nucleotides, has been
extensively studied by conventional LNPs. Unfortunately, for larger RNA containing more than
100 nucleotides, the LNP formulation should be revised.[*®!1 This can be done through the
substitution of cholesterol in LNP with other types of cholesterol derivatives. The
deconvolution of the size, shape, and internal structure of LNPs can be achieved by the
replacement of phospholipids, PEG-lipids, and ionizable lipids. A major component of LNPs,
cholesterol, contributes to nanoparticle morphology and affects gene delivery. Eygeris et al.
formulated LNPs with natural phytosterols and observed different degrees of rigidity and

crystallinity (Figure 6b). These C24 alkyl derivatives of cholesterol gave rise to a polymorphic
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shape with various degrees of multi-lamellarity, lipid partitioning, thermal response, and more
than 90% encapsulation efficiency. Selected phytosterol analogs were fucosterol (Fuco), beta-
sitosterol (Sito), campesterol (Camp), and stigmastanol (Stig), all of which have at least one
additional carbon atom in the C24 aliphatic chain compared to cholesterol. The intriguing multi-
lamellar morphology can be tuned by the addition of methyl and ethyl groups to the C24 alkyl
tail of the cholesterol backbone where lipid partitioning is induced by the addition of a double
bond. This study demonstrated that even minute changes in the chemical structures of
cholesterol counterparts could significantly affect the lipid packing capability.[82]

Considering that small-sized LNPs have theoretically a better tissue penetration, microfluidic
mixing made possible the generation of small-sized LNPs. The idea is to create the smallest
thermodynamically stable aggregates of LNP achievable. Unfortunately, these small-sized
LNPs are highly sensitive to serum or biological fluids. To overcome the poor stability and
weak intracellular trafficking of small-sized LNPs, Sato et al. studied the hydrophobic scaffolds
of pH-sensitive cationic lipids with various lengths and shapes. The decreased potency of small-
sized LNPs is due to both the diffusion of lipid components from LNPs and the adsorption of
proteins on their surface. Interestingly, in this study, the helper lipid was replaced with egg
sphingomyelin and formed 22 nm smaller LNPs. A series of examinations concerning the
properties of scaffolds with higher molecular weights possessing 18 carbons and more, were
conducted. It was demonstrated that long-chain, linear scaffolds with hexanol linkers
conjugated to fatty acids, improved the strength of small-sized LNPs. A greater potency can be
also achieved by combining a pH-sensitive cationic lipid and a phosphocholine-containing
phospholipid. Moreover, different scaffold lengths, can reinforce a weak endosomal
escape.[183184 To further assess the complexing role of amino lipids in LNP formulation for the
delivery of SiRNA, Anderluzzi et al. designed four lipid-based nanocarriers including
liposomes, solid LNPs, polymeric nanoparticles, and emulsions.[®® All nanoparticles had

either DOTAP or dimethyl dioctadecyl ammonium bromide (DDA\) in their formulation, while
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microfluidic mixers or microfluidization were used to prepare them. These scalable
manufacturing methods have the benefit of producing synthetic particles with consistent size
and biophysical properties. It is worth mentioning that the in vitro antigen expression result was
not in correlation with the in vivo immune response, thus indicating the insufficiency of
performing in vitro assays exclusively. This highlighted how reaching the clinic stage requires
taking careful and admonitory steps. Researchers should acquire a greater understanding of the
factors controlling the correlation between in vivo and in vitro assays, because the efficacy of
LNP carriers may vary in either condition.[®¢1 As was the case with the recent focus on natural
substances in polymeric nanoparticles, LNP formulation can also benefit from natural cues,
especially for targeted delivery. These natural signals diversify chemical and biological aspects
such as membrane fluidity, permeability, and cell signalling. Therefore, mMRNA was delivered
to the lungs by using natural lipids originating from the cell membrane of plants and
microorganisms. A conventional structural lipid, Distearoyl-sn-glycero-3-phosphocholine
(DSPC) was replaced with glycolipids, which have sugar moieties in their head groups and
originate from the chloroplast of plant cells. In vivo and in vitro LNP transfection results were
poorly correlated. It was demonstrated that natural cholesterol analogs enhance the endosomal
escape of LNPs, while the presence of natural structural lipids on nanoparticle surfaces forms
a corona when dispersed in biological fluids.[8"]

MRNA delivery to T cells was studied by creating a vast library of LNPs. Structural analogs
of immune-cell targeted ionizable lipid materials were synthesized via Michael addition
chemistry. Alkyl chains terminated with epoxide groups were reacted with, polyamine cores of
varying lengths. Using a microfluidic chips, a combination of twenty-four ionizable lipids,
cholesterol, helper lipids, and PEG-lipids were used to encapsulate mMRNA and form LNP
complexes ranging from 51 to 97 nm. Screening of the process detected improved mRNA
delivery for seven LNP formulations, compared to commercially available lipofectamine. No

significant correlation was observed among LNP size, concentration of the genetic molecules,
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or the pKa of ionizable lipid with the enhanced delivery of the cargo. Furthermore, LNPs
containing purified saturated ionizable lipids improved mRNA delivery over that of crude lipid
formulations. 8]

LNPs were also used to deliver mRNA for hemophilia treatment. In this investigation, lipid
components consisting of ionizable lipid distearoylphospha-tidylcholine, cholesterol, and PEG-
lipid were mixed with synthesized mRNAs to synthesize mRNA LNPs. LNP complexes of sizes
smaller than 100 nm, more than 80% RNA encapsulation efficiency, and less than 10 endotoxin
units were obtained. Thanks to a bioluminescence signal in the liver and a weak or absence of
signal in the spleen or other organs, it was suggested that LNPs efficiently delivered mRNA to
the liver. Repeated injections of LNPs, however, induced the inhibitor formation of short-lived
factors.*® In the case of long-term storage of LNPs carriers, specifically COVID-19 mRNA
vaccines, little is known about the physical stability of lipid nanoparticles. Zhao et al. set out to
perform a systematic study of various conditions, such as temperature and physical state
(aqueous, freezing, or lyophilized), for the long-term storage of lipidoid nanoparticles
complexed with RNA.% |t was demonstrated that the addition of 5% sucrose or trehalose to
LNP formulation could extend mRNA delivery efficiency for at least three months in the liquid
nitrogen storage condition.

Research on LNP carriers achieved a significant milestone after Patisiran gained FDA
approval. A new wave of inspiring studies dedicated to embracing the natural substances in
nanocarrier formulation was started, kindling new hope for the future. The lesson learned from
COVID-19 vaccine development evokes the reorganization and improvement of nanocarriers.
The current progress rate of the academic and industrial world in the design of suitable delivery
systems ensures the development of an impactful RNA therapy in the near future.

The development of advanced LNPs with state-of-the-art ionizable lipids components helped
to break down the trade-off between toxicity and transfection efficacy, further resulting in a

series of compatible LNPs with a variety of RNA cargoes. Simultaneously, automated high-
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throughput screening combined with modern synthesis reduced the assessment and evaluation

period of LNP libraries and allowed rapid and active responses to the crisis such as the COVID-

19 pandemic. In our opinion, all these promising features endorse LNPs as the primary choice

for RNA delivery.
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Figure 6. RNA delivery based on virus-like and lipid nanocarriers. a) Active delivery of VLPs
by QB-motors for enhanced therapy of ovarian cancer: fabrication, in vivo administration, and
in vivo actuation of QB-motors. Reproduced with permission.[*8% Copyright 2020, WILEY-
VHC. b) Deconvoluting the structure of lipid nanoparticles for mRNA delivery. Different
morphologies of the unilamellar perimeter, “onion” or multilamellar perimeter, bilamellar
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perimeter, polymorphic or faceted, and polymorphic and multilamellar were achieved.
Reproduced with permission.[*®2l Copyright 2020, American Chemical Society.

4. RNA delivery applications

4.1. Wound healing

Cutaneous wound healing is of paramount importance in restoring the integrity and proper
function of injured skin.*®! Impaired wound healing can be harmful to human health or even
life-threatening. It represents a critical global healthcare issue due to an aging population and
sharp rise in the incidence of diabetes and obesity worldwide.[*%

Wounds heal following a specific, sequenced process: i) the inflammatory phase, which is
characterized by hemostasis and inflammatory response; ii) the proliferation phase, including
the formation of new blood vessels, granulation tissue, epithelialization, and collagen
deposition; iii) the remodelling phase, in which the organized wound matrix breakdown and
synthesis of the new extracellular matrix take place.[**3I%1 These stages can overlap over time,
while the remodelling phase takes longer, additional months even after the wound has closed.
As said, the above-mentioned phases may overlap; however, not all phases will be reached if
any of these stages are disrupted.

Despite the development of various wound dressings which, e.g., provide moisture balance
in the wound and protect it from infection, research in this field is still ongoing and very
intense.[*%1 One of the emerging technologies that may have a significant impact on the healing
process is gene therapy.[**®! At its origin, gene therapy aimed to modify the human genome to
obtain gene improvement. The first clinical trials in the 1990s brought about an eruption of
subsequent research, accompanied by the discovery of miRNAs in 1993, first identified in the
nematode Caenorhabditis elegans.[*"1%! These short endogenous non-coding molecules
mediate the post-transcriptional regulation of gene expression. Unlike growth factors with a

short half-life, RNA delivery offers an alternative that promote cellular activity for an extended
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period.[*%! Other genetic therapies explored for wound healing include siRNA and plasmid
DNA delivery.[200-202]
4.1.1. Role of RNA in wound healing

As many groups showed, the loss of the Dicer enzyme, which plays a vital role in short
regulatory RNA biogenesis, leads to delayed wound healing.[?®®l Moreover, the wound healing
process involves changes in the expression of individual miRNAs in a specific phase of wound
healing.[?°*l The abnormal regulation of miRNAs plays a crucial role in transforming a wound
into a chronic condition. Despite significant progress in this field, our knowledge of non-coding
genes and their effect on wound healing is still limited.

Several miRNAs were identified as playing an important role in each phase of wound healing
and scar formation. During the inflammatory response, miR-146a, miR-155, miR-132, miR-21,
miR-125b and miR-223, among others, were identified as playing significant roles.[2%520¢1 For
example, miR-21, miR-155, miR-99, and miR-210 expressions in the proliferation phase, and
miR-29a, miR-29b, miR-29c, and miR-192/215 expressions in remodelling, were found to be
upregulated or downregulated.?®” Since miRNAs were identified as promising mediators in
wound healing, they are attractive candidates for a broad range of innovative.?l The most
significant advantage of RNA therapy is that, even though RNA is absent in the plasma, it can
exert its functions in cells due to the high biological half-lives.[208]

miR-146a and miR-146b are negative regulators of immune and inflammatory processes in
both tissue-resident and specialized immune cells, through the regulation of Toll-like receptor
(TLR) signalling and cytokine responses.?%°1 One of the strategies includes targeting miR-146a
downregulation, which possibly contributes to chronic inflammation and, lastly, to delayed
healing in diabetic wounds.’?® This miR's impact is multidirectional and includes the
stimulation of macrophages to reduce the production of ROS and promote the M2

phenotype.[?11]

49



Other important RNAs impacting the inflammatory phase are miR19 and miR-20, which
regulate keratinocyte inflammatory response.l?!?l These two miRs decreased the TLR3-
mediated NF-kB activation by targeting SHCBP1 and SEMAT7A, respectively, reducing the
production of inflammatory chemokines and cytokines by keratinocytes. In vivo mouse models
of type 2 diabetes showed significantly accelerated wound closure (Figure 7a) and low
detection of both miRs in other organs (Figure 7b). miR19b is also involved in the regulation
of the Tissue Factor, which is a primary initiator of blood coagulation.[?*l

A high level of hypoxia in chronic ischemic wounds induces the expression of miR-210.124
This was found to inhibit keratinocyte proliferation and impair ischemic wound closure in a
murine model by targeting cell-cycle regulatory protein E2F transcription factor 3 (E2F3).[2%%]
In ECs, miR-210 promotes angiogenesis by targeting Ephrin-A3 (EFNA3).[216 After delivering
lipid nanoparticles encapsulating the miR-210 inhibitor into murine ischemic skin wounds, the
time for wound closure was significantly reduced, thus demonstrating that miR-210 is a
promising therapeutic target for improving wound healing.[2"]

The microRNA-200b/c-3p expression is abundant in the intact epidermis; in skin wounds,
however, it decreases to a considerable extent.?'8l As identified in silico and confirmed by
luciferase reporter assay, RAC1 is a miR-200b/c-3p target. Forced miR-200b/c-3p expression
repressed RAC1 and inhibited keratinocyte migration and re-epithelialization in a mouse back
skin full-thickness wound healing model.

The few examples described above suggest that microRNAs are fine-tuning regulators that
contribute to the highly coordinated wound healing process. In most studies devoted to finding
the role and mechanism of single miRNA, direct injections of naked miRNA are used in
selected wound areas, e.g. the wound edge. As was previously described, however, such
administration routes entail many limitations, such as low transfection efficacy and degradation.
Therefore, most gene therapy systems use vectors to facilitate the access of nucleic acid into

target cells.
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4.1.2. Gene delivery systems for wound healing

Two significant challenges in applying RNA are i) the prevention of degradation by
nucleases, and ii) delivery to specific target sites. Gene delivery systems may be classified as
either viral or non-viral. Both approaches have been extensively investigated in various models
of wound repair.[?®! However, non-viral vector delivery systems for wound treatment have
many advantages over viral-based systems.[?'%1 These advantages include no inflammation or
infection risk, simplicity, and low cost. Although non-viral vectors are considered promising
vehicles for gene therapy, they are not without faults. For example, the low transfection
efficiency is a significant disadvantage for clinical use. This results from the limited ability of
nucleic acids to penetrate cell membranes, due to their negative charge and high molecular
weight. However, numerous attempts are being made to develop nucleic acid delivery systems
that are efficient, safe, and specific for targeting cells to induce the desired long-lasting
therapeutic effect.

Chitosan is a natural cationic polysaccharide that is used extensively in the formulation of
wound dressings due to its antimicrobial properties.’??% Its functional properties, such as
bioactivity, solubility, swelling ratio, and biodegradation, are influenced by the degree of
acetylation. In particular, chitosan has been studied as a carrier for gene delivery due to its
positive charge that permits easy complexing with negatively charged miRNA or siRNA.
Castleberry et al. developed a self-assembled wound dressing made of a nylon bandage with
alternating metalloproteinase-9 siRNA (siMMP-9) matrix and chitosan coatings.[??Y The
sustained delivery of siRNA lasted up to 2 weeks in vitro and in vivo. Released siRNA
downregulated MMP-9 levels to 20% and reduced MMP-9 activity by 60% compared to
untreated tissue in a diabetic mice model.

Hydrogels have shown great potential in biomedical applications, thanks to their high-water
content. They are non-toxic and non-inflammatory; moreover, they are biodegradable, and have

viscosity and elasticity properties comparable to those of the surrounding soft tissues. Finally,
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in the frame of RNA or DNA delivery, they can be injected to provide a local and sustained
release.??? For these reasons, hydrogels have been extensively studied in vitro and in vivo.

Cell-penetrating peptides (CPPs) are a broad group of short peptides that translocate across
cell membranes and can make non-covalent complexes with double-stranded nucleic acids
driven by ionic interactions. CPPs can be used to deliver potentially therapeutic molecules,
including DNA231 siRNAP?? and also miRNA.[225]

Yan et al. developed collagen/GAG scaffolds containing MMP-9-targeting siRNA (siMMP-
9) to advance diabetic foot ulcer (DFU) healing.[??8! A novel cell-penetrating peptide (CPP) —
RALA was used to protect the siMMP-9 from degradation and prolong the effects of this
therapy by forming RALA-siMMP-9 complexes. The cellular uptake of the cell-penetrating
cationic peptide complex with siMMP-9 exceeded 60%. After that, it contributed equally to the
reduction in MMP-9 gene expression in a low glucose culture. In an in vitro model of DFU,
MMP-9 was downregulated by around 90% (Figure 7c). Taken together, combining the
performance of RALA-siMMP-9 complexes with the proven tissue regeneration capacity of
collagen/GAG scaffolds, presented scaffold could be a powerful candidate for DFU healing.

NickFect (NF) and PepFect (PF) types of cell-penetrating peptides were used to deliver miR-
146a, which is a negative regulator of inflammatory response in both tissue-resident and
specialized immune cells.??”l Both peptides supported the delivery of fluorescently labelled
miR-146a into keratinocytes (KCs) and dendritic cells (DCs). While in case of KCs they were
equally effective, the NFs were more efficient in DCs as assessed by measuring downregulation
of miR-146a-influenced genes. In an in vivo mouse model of irritant contact dermatitis, injected
NF71:miR-146a nano complexes confirmed the suppression of inflammatory responses. This
was evidenced by the reduced ear swelling and the downregulation of IL-1p, IL-6, I1L-33, and
TNF-o.

Another natural drug carrier system with a promising outlook in wound healing is provided

by extracellular vesicles (EVs). These cell-derived natural products mediate cell-to-cell
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communication by transporting various bioactive molecules, including nucleic acids.[?? Their
intravenous administration leads to their rapid elimination from blood circulation; however, it
IS possible to encapsulate them in other biomaterials such as hydrogels, thus achieving a
prolonged retention time, up to even 5 days in the wound.??® A human adipose stem cell-
derived extracellular vesicle (hnASC-exos)-based miRNA delivery strategy was described by Lv
et al.[?*% miR-21-5p mimics were loaded into hASC-exos by electroporation to treat diabetic
wounds. The in vitro studies showed increased proliferation and migration of keratinocytes due
to application of engineered extracellular vesicles (E-exos). Regenerative potential was also
assessed in diabetic wound resulting in increased re-epithelialization, collagen remodelling,
new blood-vessel formation, and vessel maturation in vivo. For the treatment of diabetic
wounds, Li et al. developed human epidermal keratinocyte extracellular vesicles incorporating
miR-21 mimics.[3! These EVs significantly promoted skin wound healing in diabetic rats by
promoting fibroblast migration, differentiation, and contraction. miR-21 mimics containing
EVs also induced a pro-angiogenic process in endothelial cells and mediated a pro-

inflammatory response.
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Figure 7. RNA-based wound healing systems. a) Days 0 to 6 wounds in control and miRs-
treated group (n = 6). Wound closure was quantified and presented as a healing rate with visible
faster wound closure in the miRs-treated group. b) miR-19b and miR-20a exhibit therapeutic
potential for chronic wounds. The mixture of miR-19b and miR-20a mimics or control oligos
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was injected into the wound-edges of db/db mice after injury. QRT-PCR detected MiR-19b
(left) and miR-20a (right) in wounds and inner organs. a,b) Reproduced under the terms of the
Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).1*21 Copyright 2021, The Authors, published by
Elsevier. c) In vitro 3D transfection of human fibroblasts with RALA-siMMP-9 complexes
visualized with a confocal fluorescence microscope. These images clearly confirm that the
RALA-siMMP-9 complexes are able to associate with and enter the cells. Green: actin; blue:
cell nucleus; red: RALA-siMMP-9 complexes. Reproduced with permission.??¢l Copyright
2020, Elsevier.

4.2. Cancer treatment

After cardiovascular diseases, cancer is the second leading cause of death in the United
States.[?*?1 Conventional cancer treatments, such as RT, surgery, chemotherapy, and proton
therapy have aided in reducing the death rate. For instance, approximately 50% of all cancer
patients receive radiation therapy, which accounts for approximately 40% of the total curative
cancer treatments.[?®®l So far, these traditional therapies continue to entail unsolved healthcare
challenges. For example, conventional therapies suffer from a high level of toxicity and a
variety of long-term complications.[?*!! In addition, complex factors such as unpredictable
metastasis and mutations in the cancer gene pose new challenges for cancer treatment.
Consequently, there is an urgent need to develop a new strategy for cancer treatment by taking
more factors into account.

Disordered gene expression is a major hallmark of cancer; therefore, much effort has been
devoted to altering the activity of the genes related to cancers. RNA plays a key role in
participating in and regulating transcription, thus providing a new opportunity to treat cancer
by altering the activity of RNA.B22%°] Nevertheless, naked siRNA is susceptible to degradation
by nucleases in blood serum and unable to cross through the cell membrane due to its anionic
charge. Therefore the need to develop feasible RNA vectors for cancer therapy has become
urgent. Remarkable progress in nanocarriers has led to advances in drug delivery systems for

RNA delivery to target locations in vivo.[*312361 Accordingly, we are providing an overview of
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the applications of RNA-based drug delivery in several typical cancer treatments targeting
glioblastoma, pancreatic, liver, prostate, lung, and breast cancers.
4.2.1. Glioblastoma

Glioblastoma is one of the most common, aggressive, and poorly treated brain tumors. The
average survival rate of glioblastoma patients is still low (< 2 years).[?*”] Exposure to ionizing
radiation and rare genetic syndromes, including Li-Fraumeni syndrome and Lynch syndrome,
are among the main factors associated with the onset of glioblastoma, which represents a huge
hurdle due to the blood-brain barrier (BBB).[2%8

RNAI has been considered as a promising strategy for the treatment of various cancers,
however, the applications were limited by its easy degradation. In order to enhance the safety
and efficiency of siRNA delivery, Kong et al. used PEI-entrapped gold nanoparticles, which
were modified with arginine-glycine-aspartic peptides as a carrier to deliver Bcl-2 siRNA to
glioblastoma cells, showing a positive effect on gene silencing in specific cells.[?% In another
study, Zheng et al. constructed a polymeric siRNA nanomedicine stabilized by triple
interactions, including electrostatic interaction, hydrogen bond, and hydrophobic
interaction.!?*% However, it is exceptionally difficult for conventional drugs or biological agents
to target brain tumor-initiating cells, due to the heterogeneous inheritance and epigenetic
aberrations. Multiple RNAI delivery via nanoparticles could effectively hinder tumor growth in
the body and improve survival rates.?*! The subcutaneous injection of an RNA nanomedicine
is a common route. Sukumar et al. explored the potential of the nose-to-brain direct transport
pathway for hybrid polymer particle-loaded miRNA, which would permit the pre-sensitization
of glioblastoma cells.[?*?1 However, in view of their practical application, the new therapies and
challenges of glioblastoma need to be studied further.
4.2.2. Pancreatic cancer

Pancreatic cancer is one of the most highly malignant tumors. Its rapid progression, high

metastasis rate, and profound chemoresistance results in a low survival rate of pancreatic cancer
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patients.[?432441 Previous reports have demonstrated that the activation of the mutant KRAS (in
codons 12, 13, and 16) is involved in most pancreatic cancers. As a result, the mutant KRAS is
a major target for the treatment of pancreatic cancers.[24524]

Based on the extraordinary sequence specificity of RNAI, Zeng et al. developed a
nanomedicine system made of PEG-block-PLL and siRNA for directing KRAS oncogene
silencing and arsenic-induced apoptosis in vitro and in vivo.[?®! Similarly, Uchida et al.
investigated PEG-polycation block copolymers-cholesterol (PEG-PAsp (TEP)-Chol) nano-
micelle as a carrier of mMRNA for the treatment of pancreatic cancer, finding that the mRNA
nanomicelle generated an efficient protein expression in tumor tissues.’*”l Han et al.
constructed a tumor microenvironment-responsive nanosystem with activated pancreatic
stellate cells as a potential target (Figure 8a).[2%¥1 In this nanosystem, all-trans retinoic acid (an
inducer of PSC quiescence) and siRNA targeting heat shock protein 47 (HSP47, a collagen-
specific molecular chaperone) could re-educate PSCs and promote drug delivery to pancreatic
tumors, leading to a significant enhancement of the anti-tumor efficacy of chemotherapeutics.

Although liposome-based carriers offer advantages for RNA delivery over viral-based
delivery systems, they are characterized by low efficiency and a rapid clearance from the blood
circulation. Kamerkar et al. investigated engineered exosomes as carriers of SIRNA or ShRNA,
which are specific to oncogenic KRAS. It was found that the exosomes suppressed pancreatic
cancers in multiple mouse models and significantly increased overall survival.[?*

4.2.3. Liver cancer

Liver cancer, with a 5-year survival rate of 18%, was the second leading cause of cancer
death (8.3% of total cancer deaths) worldwide in 2020.[%%1 Hepatocellular carcinoma (HCC),
representing 75%-85% of all cases, and intrahepatic cholangiocarcinoma (10%-15%) are the
two main forms of primary liver cancer, which are commonly caused by chronic liver damage
due to cirrhosis from hepatitis virus infection, alcohol abuse, or non-alcoholic fatty liver

disease.[?>1 Many small-molecule drugs for HCC treatment failed in phase 111 human clinical
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trials, partly because late-stage liver dysfunction amplifies drug toxicity. Still, the tremendous
progress in RNA-based drugs has shown a huge potential for liver cancer therapy.

Here we report on several studies of RNA-based treatments for liver diseases.[?52254 The
initial stage of liver fibrosis begins with HSCs fibrosis, which is generally reversible, avoiding
the onset of liver cirrhosis. Sato et al. cured liver fibrosis in rats by delivering sSiRNA against
gp46, the homolog of human HSP47, via vitamin A-coupled liposomes to HSCs.[?%
Unfortunately, hepatitis virus infection may cause cirrhosis without any initial clinical signs,
thus making the diagnosis difficult. Wooddell et al. used a polymer-based peptide with a liver-
tropic cholesterol-conjugated siRNA to knock down the expression of viral RNAs in HBV-
infected mouse models, resulting in the multilog repression of viral RNA, proteins, and viral
DNA with long-lasting effects.[2%%]

From theory to clinical application, the efficiency and nontoxicity of delivery vehicles to
organs are inevitable hurdles to be overcome. Khan et al. used an alkyl to produce amine-rich
ionizable dendrimer cores, which enhanced the efficient complexation with negatively charged
siRNA under an acidic micro-environment, thus demonstrating that the target gene in sSiRNA
could target specific cells, such as ECs and hepatocytes.[?>* Dendrimers are other powerful
delivery vectors. The main challenge is how to design dendrimers with low toxicity and high
potency to reduce tissue damage. Zhou et al. reported that modular degradable dendrimers with
small RNAs showed a pronounced survival benefit in an aggressive genetic cancer model,
owing to a high anti-tumor potency and the low hepatotoxicity of dendrimers.[?>61 Some RNA-
based drugs or delivery vehicles were studied in clinical trials. As an example, Voutila et al.
developed small activating RNAs to upregulate the transcription factor CCATT/enhance
binding protein alpha. This drug has been undergoing a phase | clinical trial for patients with
liver cancer.[?>1 RNA-based chemotherapy has shown an extremely high value in the treatment
of liver cancer. One of the future goals is to reduce the side effects produced by the degradation

of drug-carriers.
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4.2.4. Prostate cancer

In men all over the world, prostate cancer is the second most common cause of cancer-related
mortality after lung cancer.!?? Common risk factors for developing prostate cancer include
age, race, and family history, mostly related to genetic factors. Because of the relatively limited
understanding of these genes, their clinical management is difficult. Although conventional
therapies — including the surgical removal of the prostate, radiation therapy, and hormone
therapy — have shown to be useful for prostate cancer, the life quality of patients can be seriously
impacted by surgical or chemical castration.[?8 Thanks to its ability to specifically silence the
target gene expression, RNAI technology is emerging as a promising therapeutic procedure for
prostate cancer.

With the development of nanotechnology, various efforts have been devoted to developing
RNA nanocarriers for prostate cancer therapy. Hasan et al. reported on PLGA/siRNA
nanoparticles prepared via a unique soft lithography, leading to a high siRNA encapsulation
efficiency of 32-46%.1%1 As another example, Chen et al. synthesized tertiary amine-
functionalized cationic polylactides nanoplexes with a remarkable hydrolytic degradability,
while interleukin-8 siRNA can be released by thiol-ene click functionalization.?®! In addition,
researches have moved a step forward to design RNA carriers with a stimulus-responsive
function for cancer therapy. For instance, Xu et al. proposed a multifunctional envelope-type
RNA-nanoparticle, obtained by the modification of ACUPA, a small molecular ligand
specifically recognizing the prostate-specific membrane antigen receptor, resulting in an
efficient silencing of the prohibitin1 expression.[?® Further research should focus on the study
of specific genes for prostate cancer, to improve the effectiveness of targeted therapy.

4.2.5. Lung cancer

Lung cancer is the leading cause of cancer death and ranks second in incidence (11.4% of

new cases): its limited successful treatment can be attributed to its heterogeneity and

adaptability.[?°026% |_ung cancers can be broken down into two classes: i) non-small-cell lung
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carcinoma, accounting for ~85% of all lung cancer cases, and ii) small-cell lung carcinoma.
RNA-based therapeutics have recently come into focus as an emerging therapeutic class with
great potential for fighting cancer.

It is worth noting that nanoparticles represent an advanced delivery platform for RNA
therapeutics due to their high surface areas and easy processability. As spherical vesicles,
liposomes have been widely used in RNA-based delivery systems.[186.2622631 Ag the earliest
liposomal delivery system, Zhao et al. developed a lipid-polycation-HA nanoparticle for VEGF
siRNA delivery for VEGF knockdown in a human lung cancer xenograft.[?6?l Nanoparticles
were found to induce antitumor efficacy through the activation of the AMPK and inhibition of
the rapamycin; their function was equivalent to that of metformin, an anticancer drug. Another
powerful delivery system is represented by MSNPs, thanks to good biocompatibility, tunable
pore size, and customizable properties. For instance, Dilnawaz et al. explored the efficacy of
the codelivery of a complex with an anticancer drug — such as etoposide or docetaxel-loaded
MSNPs and surviving siRNA for lung cancer. This delivery system demonstrated pronounced
apoptosis effects with a high-dose drug in vitro.[?®* In another study, siRNA/MSNP-PEI
immobilized on electrospun nanofibers — prepared by Nascimento et al. — provided a longer
release period, which exhibited a great potential to achieve a local and sustained release of
cancer therapeutics.'° Another strategy for the suppression of cancer is to disrupt the
proliferation process of cancer cells. Although the growth of cancer cells can be tuned by
different siRNA, adverse side effects usually increase, as happens with normal cells. Therefore,
developing siRNA delivery systems with low adverse side effects is one of the further lines of

research.

4.2.6. Breast cancer
Breast cancer is one of most frequently occurring cancers, with an estimated 2.3 million new

cases (11.7% of the new cases) in 2020, and the leading cause of cancer-related deaths among
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women worldwide.?5%1 Many factors are associated with an increased risk of breast cancer, such
as obesity, use of estrogen and progestin, advanced maternal age at first birth and alcohol
consumption. In addition, genetic mutations and epigenetic mechanisms are closely related to
the tumorigenesis of breast cancer.[?6526¢1 Therefore, there is still a long way to go for the
treatment of breast cancer.

Fortunately, the past few years have witnessed great strides in breast cancer treatment. One
example is triple-negative breast cancer: it was defined as a type of breast cancer with negative
expression of estrogen, progesterone, and human epidermal growth factor receptor-2, and its
mortality rate is 40% within the first 5 years after diagnosis.[?®® More efforts based on
conventional chemotherapy were proven to be effective in reducing side effects, including drug
resistance and organ dysfunction. Novel nanocomplex carriers and oncogenic miRNA have
been widely used for a specific and efficient delivery in cancer treatment to reduce collateral
damage to healthy cells or organs.[?67-2¢° The combination of multimodal therapeutics shows a
good performance in terms of inhibiting breast cancer growth. Juneja et al. developed a
porphyrin-based polysilsesquioxane platform to deliver RNA, and this platform was proven to
affect silencing when tested in MDAMB-231/GFP cells.l?® In another study, Paclitaxel, an
anti-cancer drug, can be solubilized and co-loaded with RNA into nanoparticles, which showed
an ultra-thermodynamic stability for targeted cancer therapy.?6l The treatment of cancers
involves the combination of multiple technologies, through which some potential complications
could be resolved.

Advanced antiangiogenic therapy has gradually become a new means of preventing and
treating cancer metastasis, and it has been successfully used clinically in the treatment of
various cancers. Both anti-VEGF siRNA and Nogo-B receptor siRNA are reported to be
effective for suppressing EC migration and tubule formation.t2’*272 |n the future, more research
should focus on how to balance the effectiveness and biosafety of RNA delivery systems. Also,

it has become increasingly clear that the treatment of cancer, a multifactorial disease, cannot be
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entrusted to a single molecule or gene editing. Therefore, future research may focus on
developing combined strategies including chemotherapy/cancer gene therapy, chemotherapy,
RT and immunotherapy.

4.2.7. Cancer immunotherapy

In addition to surgery, targeted pathway inhibition, chemotherapy, radiation therapy, and
immunotherapy have emerged as an alternative modality of cancer treatment since they can
fight aggressive diseases relying on the body's own immune system. Nowadays, cancer
immunotherapy comes in a variety of forms, including cancer vaccines, cell therapy, tumor-
infecting viruses, immune checkpoint, cytokines, targeted antibodies, immunogenic cell death,
and adjuvants.[?”®l Impressively, RNA-based therapy has made a huge stride forward for cancer
treatment since many kinds of RNAi drugs (Patisiran, phase III; ENVISION, phase III) entered
clinical trials.?#27° As a typical immunotherapy method, RNA-based immunotherapy has
been increasing interest in elucidating the function of RNA in the regulation of anticancer
immune responses and different cancer therapeutics. Therefore, we will discuss and summarize

the RNA-based immunotherapy currently applied in the cancer therapy field.

Vaccines as an attractive and effective option have been widely used in treating many
infectious diseases, such as polio, measles, and even COVID-19. Nowadays, there are four
kinds of vaccines, including Vial vector, tumor/immune cell, peptides, and nucleic acid, among
which RNA-based vaccines are usually designed to translate tumor-associated antigens in
antigen-presenting cells and trigger antigen-specific cells.l?’81 In 1999, Ying et al. utilized self-
replicating RNA vectors to enhance the immunogenicity of nucleic vaccines. The experimental
mice survived from tumor under the self-replicating RNA protection, successfully
demonstrating that RNA may be an excellent candidate for the development of new cancer
vaccines.?’1 The RNA-based vaccine field is developing extremely rapidly in recent years,

Sahin et al. adopted individualized mutanome vaccines and implemented an RNA-based poly-
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neoepitope approach to mobilize immunity against a spectrum of cancer mutations, and the
results indicated that the personal RNA vaccine has a positive effect on melanoma.*278 In
another study, it has been proven that HPV pseudovirus (HPVP) nanoparticles loaded with
siRNA, forming a human papillomavirus (HPV) vaccine, have effective immunotherapy
effects, a high response rate, and good biological safety (Figure 8b).2"® The mRNA vaccine is
the highest promising candidate in cancer immunotherapy as it can encode tumor-associated
antigens without potential dangers. In order to deliver mRNA to antigen-presenting cells
effectively, the lipopolyplex mMRNA vaccine incorporated with a lipid shell or polymer hydrogel
has been studied, which demonstrated that the antigen-specific cells increased and tumor
growth was inhibited relatively.[?8°281 The optimal mRNA stability, cytosolic delivery, and
MRNA expression are needed for the efficient mMRNA vaccine. At the end of this part, we
summarized the significance and challenges of cancer immunotherapy based on the following

three therapy methods.

Immune checkpoint blockade (ICB) therapies can induce durable tumor control and extend
the survival time of cancer patients by reactivating tumor-associated cells. Recently, long
noncoding RNAs show a vital function of immune response, which can predicate survival and
immune checkpoint blockade in hepatocellular carcinoma.l?822831 However, the promising
results were difficult to be demonstrated due to the complex immune system. In order to
enhance efficiency of immune checkpoint therapy, a more powerful combination with RNA has
been studied. Immune checkpoint inhibitors, such as T lymphocyte-associated protein 4,
programmed cell death protein, and programmed cell death ligand 1, have been applied in many
malignant cancers.4 In the typical study, Bialkowski et al. has demonstrated that ICB
combined with antibodies targeting (IL-6 and TGF-p) inhibitions could prolong the survival of
treated mice.’® Due to multiple immunosuppressive mechanisms in the tumor

microenvironment, the dysfunctional immune system was the barrier to cancer treatment. Sheng
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et al. studied ablation of the histone demethylase LSD1 in cancer cells, and the results
demonstrated that it led to double-stranded RNA stress and activation of type 1 interferon,

which stimulates anti-tumor cells immunity and restrains tumor growth.

The cell’s molecular composition, signalling activity, and metabolic determine the cell fate and
function, making RNA-sequencing an effective method for cancer diagnosis. Recently, more
advanced technologies were utilized to characterize complex cell responses. Katzenelenbogen
et al. studied INs-seq for recording scRNA-Seq and intracellular protein activity. Genetic
ablation in mice models showed a marked decrease in dysfunction CD8+ cells and reduced
tumor growth.[®! Nissim et al. designed an RNA-based AND gate with de novo synthetic
promoters to enhance specificity. It showed a huge potential for killing cancer cells and
significant tumor reduction, and prolonged mouse survival in vitro and in vivo.[?”l The delivery
of mitotic checkpoint sSiRNA-loaded nanoparticles reported in some recent studies showed that
the essential mitotic checkpoint gene's silencing could induce cell death.[28828%

To some degree, a collaboration between traditional and novel therapies is crucial to achieving
further advances in cancer treatment. Except for the three immune therapies mentioned above,
the other methods, like cytokines and virus, are key components of RNA-based therapies. 2552
How to develop immunotherapies with safe and effective antitumor immunity is unsettled.
Based on previous research, RNA has been applied as clinical biomarkers for cancer prognosis,
diagnosis, and treatment response. RNA-based therapeutics for cancer treatment have great

potential to enhance immunotherapy by combining the current treatment methods.
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Figure 8. RNA delivery for cancer treatment. a) Nanoparticles based-siRNA delivery system
for pancreatic tumors. Schematic of the preparation of gold nanoparticle-based ATRA and
HSP47 siRNA codelivery system. Tumor growth curves during treatment. Reproduced under
the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).?*8)  Copyright 2018, Springer Nature. b)
Vaccine-based siRNA delivery to initiate innate immunity for breast cancer treatment. Targeting
capability of HPVP on tumor-bearing mice. /n vivo tumor-targeting capacity of HPVP on 4T1
tumor-bearing mice after injection. Immunofluorescence images showing PDLI1 inhibition
effect. In vivo anticancer capacity of siRNA-based system on breast tumor model. Reproduced
under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).2”") Copyright 2020, Springer Nature.

4.3. Nervous system treatments
4.3.1. Nervous system regeneration

An acute trauma affecting the central nervous system often results in an irreversible loss of
neural functions. In this context, over the years, several approaches have been experimented to
replace damaged neurons and foster axonal regeneration. Thanks to their relative abundance
and easy accessibility, mesenchymal stem cells (MSCs) are a clinically viable cell source,
whose potential for cross-lineage neuronal differentiation in the presence of proteins and

biochemical cocktails is widely reported in the literature.[?%1:2%21 Within this framework, Low et
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al.?%3 proposed the absorption of siRNAs onto the surface of DOPA-melanin (DM) coated
electrospun nanofibrous scaffolds with the aim of obtaining materials characterized by (i) a
prolonged silencing of inhibitory factors against the desired lineage commitment, and (ii) a
fibrous morphology with a high surface-to-volume ratio in order to maximize the exposure of
siRNAs to MSCs, thus making it possible to efficiently induce the MSC differentiation to neural
cells.?®1 DM-coated random and aligned e-PCL electrospun nanofibers were subjected to the
adsorption of sSiIRNA complexed with the transfection reagent TransIT-TKO (siRNA/TKO), in
the same way as in the previously reported procedure published by the same authors.!?®4 The
studies performed on release kinetics highlighted that the presence of DM significantly reduces
the initial SIRNA burst (from 9.7+0.5% to 6.6+£0.2% for random nanofibers and from
16.6+1.5% to 12.3+0.8% for the aligned ones) and increases its maximum cumulative release
(from 59.4+3.6% to 30.1+3.1% for random nanofibers and from 57.3+3.7% to 43.3+£3.2% for
aligned nanofibers). The reduction of the burst release can be ascribed to electrostatic attractions
between the positively charged sSiIRNA/TKO complexes and the negatively charged DM layer.
The enhanced siRNA release in the presence of DM coating might be explained by taking into
account (i) the non-covalent and non-specific interactions between siRNAs and TransIT-TKO
molecules, and (ii) the fact that the highly negatively charged surface of DM coated fibers
promotes the release of free sSiRNA into the external aqueous environment. Under non-specific
differentiation conditions, at day 7 a significant REST knockdown was observed only in the
presence of DM-coated aligned PCL scaffolds.

In a different study, the same authors employed functionalized electrospun PCL nanofibers
properly optimized to induce the REST knockdown in human induced pluripotent stem cell-
derived neural progenitor cells (hiPSC-NPCs) in order to enhance their neuronal
differentiation.[?®! In this one, two distinct mussel-derived coatings, i.e. polydopamine and
polyDOPA-melanin, Lipofectamine RNAIMAX and TransIT-TKO, complexed with siRNA,

as transfection reagents, were tested (Figure 9a). With the aim of assessing the interactions
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between the scaffolds seeded with cells and the damaged tissues in terms of implant integration,
an organotypic spinal cord slice culture, considered a bridge between the in vitro and the in vivo
experiments, was used. Interestingly, unlike MSCs, with the same drug dosage TransIT-TKO
proved to be cytotoxic for hiPSC-NPCs. Despite a similar sSiRNA loading efficiency, a lower
SIRNA release was observed from polyDOPA-melanin-coated nanofibers than from
polydopamine-coated ones: in the former, this was probably due to the greater amount of
carboxyl groups interacting with positively-charged siRNA complexes. In light of these results,
cellular tests were performed only for polyDOPA-melanin-coated scaffolds functionalized with
RNAIMAX Lipofectamine-siREST. These results documented: (i) the successful integration of
the scaffold with the transected spinal cord tissues after 7 days of culturing (Figure 9b); (ii) the
ability of SIREST-absorbed scaffolds to provide differentiation signals to direct cell fate in post-
injured tissues; (iii) the ability of the scaffold to enable neurite extension across the 2 mm injury
gap, without relevant differences the response of the glial cells. The lack of glial response led
to the conclusion that the scaffolds did not aggravate spinal cord injuries after in vivo
transplantation.

One of the possible obstacles to the spontaneous recovery of traumatic nerve injuries is the
lack of surviving oligodendrocytes (OLs) after the injury, often resulting in an inefficient
myelin regeneration and, therefore, in the insurgency of defects in the neuronal signal
transduction. Among micro-RNA, miR-219 and miR-338 have been recognized as playing a
pivotal role in the regulation of OL development, being able to silence the expression of
negative regulators for OL differentiation. Within this framework, Diao et al.[?°®! designed a
fiber-mediated strategy for the delivery of miR-219 and miR-338 to control OPC development.
Similarly to the above-described strategies, DOPA-coated PCL nanofibers were used for
miRNA absorption. The authors carefully investigated the effect of both fiber topography and
their coupling with miR on the gene silencing outcome. Fiber topography was studied in terms

of orientation (random and aligned fibrous scaffolds were taken into account) and diameter
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(aligned fibers with a diameter varying from 200 nm to 2 pm were produced). Fiber topography
(with scrambled miR) resulted in a downregulation of the expression of inhibitory regulators
with respect to 2D culture. More specifically, the smaller aligned fibers (200 nm in diameter)
induced the poorer PDGFR-a knockdown, while 2 um diameter random fibers inhibited gene
expression more than 2 um diameter aligned fibers did. When coupled with miR-219 or miR-
219/miR-338, 2 um diameter random fibers continued to induce the lowest expression of
inhibitory regulators. Although the highest expression of RIP (the early-stage marker of OPC
differentiation) was registered for 2 um diameter random fibers, the coupling with miR-219
and the miR-219/miR-338 cocktail had more influence on aligned fibers, with a significant
increase in the RIP signal, while the fiber diameter decreased. With regard to the expression of
MBP (a late myelin marker of OL maturation), independently from the coupled miR, large-
diameter fibers induced more MBP expression than 200 nm diameter fibers. This study made
it possible to conclude that fiber topography significantly affects the gene expression and, when
coupled with miR, both random and aligned large-diameter fibers promoted OPC
differentiation, although the small-diameter aligned fibers seemed to be the most promising
substrate; on the other hand, the large-diameter aligned fibers seemed more conducive to OL
maturation.

In a more recent study, the authors translated the fibrous 2D substrate into a 3D system for
direct in vivo micro-RNA screening. Four micro-RNAs (miR-21, miR-222, miR-132, and miR-
431) and their cocktails, selected for their ability to regulate neurogenesis and axon growth,
were systematically screened.?®1 A properly designed fiber-hydrogel system (Figure 9¢) was
used to enable the implantation of the aligned nanofibers (Figure 9d) into the damaged spinal
cord tissue. In the system employed, fibers were immersed in a collagen matrix, enabling the
delivery of multiple biochemical factors, while supporting and retaining the aligned fibers in a
3D configuration, in order to guide the direction of axon growth as in the in vitro situation.

Furthermore, according to the in vitro results, miR-132/miR-222/miR-431 were shown to
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provide the best regeneration outcomes with respect to miR-21, miR-222/miR-431, and Neg-
mIR treatments.
Regeneration of injured spinal cord tissue

Zhao et al.l?8l exploited the local injection of lentiviral vectors encoding Nogo-66 receptor
1 (NgR1)-shRNA to induce nerve regeneration and functional recovery after spinal cord injury.
A lentiviral vector was used due to its documented high transfection rate and long-term and
stable gene modifications?®l; NgR1 shRNA was chosen because of its capability in knocking
down the expression of NgR1 gene, which is responsible for suppressing neurogenesis due to
its high affinity with myelin-associated inhibitors. The results, achieved from in vivo
experiments on rat models, demonstrated that the local injection of lentiviral vectors encoding
NgR1 shRNA (LV-NGR1 shRNA) was able to promote nerve regeneration and functional
recovery after spinal cord injury?®! Furthermore, studies performed with CNPase and MDB
markers to assess, respectively, the presence of oligodentrocytes and remyelination at the injury
site demonstrated both the survival of more oligodentrocytes and the presence of a higher
number of myelinated fibers in the rats subjected to LV-NgR1 shRNA injection, compared to
those in the LV-control shRNA group, as reported in Figure e.

Another strategy for inducing the regeneration of injured spinal cord tissue by exploiting
siRNA delivery is based on silencing nischarin, a protein that inhibits neurite outgrowth and
neural cell regeneration, in order to increase the protein expression of the growth-associated
protein-43 (GAP-43).3%! Nischarin-targeted siRNA (Nis-siRNA) was delivered by
polyethilenimine-alginate (PEI-ALG) nanoparticles to the spinal cord tissue with the aim of
promoting motor function recovery in rats. PEI-ALG nanoparticles were selected as carriers
since they had been demonstrated to effectively deliver siRNAs, while preventing enzymatic
hydrolysis and facilitating the entry of nucleic acids into cells.** As expected, 3 weeks after
the injection a dramatic decrease in nischarin expression was registered in the lesion site for the

rats treated with Nis-siRNA, whereas, in the region 1 cm distal from the lesion, no significant
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differences were observed compared to the Ctl-siRNA group. Furthermore, a motor function
recovery, in terms of right hindlimb movement, was observed in spinal cord-injured rats treated
with PEI-ALG/Nis-siRNA.BE!

In addition to the approaches based on nervous tissue regeneration after a traumatic injury,
strategies focused on blocking or decreasing inflammasome activation after an injury have also
been investigated. De Rivero Vaccari et al.*%?, in an attempt to achieve this aim, exploited
neuronal-derived exosomes, loaded with sSiRNA-GFP against apoptosis-associated speck-like
protein containing a caspase recruitment domain (ASC), as a therapeutic vector to block
inflammasome activation after a spinal cord injury. In vivo tests were mainly devoted to
assessing the ability of exosomes, injected into the femoral vein, to cross the blood-spinal cord
barrier, penetrate the spinal cord parenchyma, and deliver their cargo. The results showed that
cells in the epicenter of the lesion were positive to GFP, while they were negative to GFP in the
regions distant from the epicenter, thus indicating an effective delivery of the cargo.

4.3.2. Neurodegenerative diseases

The potential of RNA for the treatment of neurodegenerative diseases is under constant
investigation, as demonstrated by very recent studies in this field.%! Positive outcomes have
motivated researchers to identify strategies for aiding the delivery of RNA, injected locally into
the brain or at a systemic level, for the treatment of these diseases.3%-3%1 To be suitable for this
specific application, a proper design of delivery systems is required to provide them in vivo
stability and transcytotic potential.

In this context, Haroon et al. developed a strategy in which a peptide known to target specific
gangliosides was fused to a double-stranded RNA binding protein to deliver siRNA to the brain
parenchyma of rat models.*1 The resulting protein was labelled as TARBP-BTP and it was
able to enter Neuro 2a, IMR32, and HepG2 cells in the presence of monosialoganglioside GM1.

The delivery of TARBP-BTP bound to siRNA led to a significant knockdown in the brain of
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BACEL, whose activity is associated with neurodegeneration and accretion of amyloid
precursor protein products.%8!

Another approach exploiting peptides is based on the production of peptide nanofibers
(PNFs), intended as the assembly of amphiphilic peptides in a single-dimension cylindrical
geometry. These PNFs can be engineered with amino acids showing a positive charge in order
to electrostatically link and deliver the negatively charged siRNA. Mazza et al. realized a
surfactant-like peptide (palmitoyl-GGGAAAKRK) showing the capability to self-assemble
into PNFs. The Authors demonstrated that the complex, administrated intracranially, was
uptaken intracellularly and promoted the increase in siRNA’s residence time (from 48 hours
for SiRNA to 7 days for PNF-siRNA) in the brain.B%! More specifically, the complex was
explored as a nanovector to the target and silenced BCL2, responsible for inhibiting apoptosis
in the neuronal population, in the subthalamic nucleus. Results demonstrated that the complex
remained localized in close proximity to the injection site, without migrating into the brain’s
distal region even 1 week after the administration. Furthermore, the complex turned out to
successfully silence the expression of BCL2 in the subthalamic nucleus compared to the
noninjected hemisphere. According to this result, a significant loss of Nissl-stained cells was
registered only in the hemisphere subjected to the treatment, thus highlighting the localization
of neuronal tissue ablation.

Peptides were also used to produce of polymer-peptide nanoparticles capable of linking
SiRNA to be released into Neuro 2a neuronal cells. Nanoparticles were obtained by
chemoselectively conjugating PEG to the chitosan’s C2 hydroxyl group and to a cell-
penetrating TAT peptide.®% The domain of the selected TAT peptide was composed by
residues of arginine and lysine amino acids that played a relevant role in translocation across
the biological membrane. The potential of chitosan-PEG-TAT nanoparticles complexed with

SIRNA to silence ataxin-1 protein was assessed by using an in vitro model of spinocerebellar
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ataxia, a neurodegenerative disease. Results indicated a suppression of the ataxin-1 protein after
48 hours of transfection with negligible toxicity effects.

A different approach was adopted by Dai et al., who proposed a library of multiblock
copolymer structures for nucleic acid delivery.®* The obtained copolymers, produced from
PEG, poly(propylene glycol) (PPG), and PLL, were the following: PEG-PLL (P1), PLL-PEG-
PLL (P2), and PLL-PPG-PEG-PPG-PLL (P3). The resulting particles, obtained from these
block copolymers, showed an amphiphilic nature which enabled the ready formation of micelle-
complex with siRNA. The block copolymer P2 was the largest in size and showed the highest
cation charge, proving to induce a great gene knockdown but also the highest cytotoxicity.
Compared to P1 and P2, P3 can induce an effective gene knockdown due to the presence of
PPG units in its structure. Furthermore, while P1 and P2 copolymers could complex SiRNA,
forming micelle-like aggregates of large size and poor density, P3-siRNA complex, with a
smaller volume and compact micelle-architecture, could enter the cells more easily. In light of
these considerations, P3 complex turned out to be the most efficient among the tested
complexes for sSiRNA delivery and gene silencing, permitting achieving an in vitro decrease in
GFP expression in GFP-expressing Neuro 2a cells of around 28%.

Polymeric nanoparticles, made of gelatin and crosslinked with glutaraldehyde, were tested
for the intranasal delivery of encapsulated siRNA silencing iNOS in post-ischemic rat brain.?
INOS-RNA was selected for its ability in silencing iNOs-derived NO, which contributes to
neurotoxicity after an ischemic strokel®*3314 since iNOS inhibition could reduce the infarct
volume. Gelatin was selected for its biocompatibility and the non-toxicity of its degradation
products. Moreover, the drug release can be controlled by manipulating the kinetics of gelatin
degradation; i.e. by controlling the crosslinking degree. As for the intranasal administration,
this was preferred over systemic injection in order to bypass the BBB. The delivery of gelatin
nanoparticles incorporating iNOS-siRNA 6 hours after middle cerebral artery occlusion

resulted in suppressing the infarct volumes, with a maximum reduction of around 42%.[%?]
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Very recently, Krienke et al. proposed an approach based on the delivery of mRNA for the
treatment of neurodegenerative diseases.*®! The study suggested a non-inflammatory mRNA
vaccine for the treatment of autoimmune encephalomyelitis. In particular, the authors showed
that the delivery at systemic level of nanoparticle-formulated 1-methylpseudouridine-modified
messenger RNA coding for disease-related autoantigens resulted in the presentation of the
antigen on splenic CD11c+ antigen-presenting cells in absence of costimulatory signals. In vivo
tests performed on multiple sclerosis mouse models highlighted suppression of the disease by
treatment with this mRNA,; this result was ascribed to both the decrease of effector T cells and
the development of the regulatory T cell populations.

Parkinson’s disease

Alpha-synuclein (a-syn) deposition in Lewy bodies (LB) is one of the most characteristic
neuropathological hallmarks of Parkinson’s disease (PD). Schlich et al. investigated anionic
liposomes, functionalized with rabies virus glycoprotein (RVG) as a target agent, loaded with
an siRNA-protamine complex for the silencing of a-syn gene.!*'8! The potential of the proposed
approach was tested in terms of in vitro effects on primary cortical and hippocampal cells. The
results achieved on primary cortical neurons showed a significant decrease in the a-syn
immunopositive signal in cells subjected to decorated liposomes containing siRNA, compared
to those of controls and RVG liposomes not containing siRNA. Data were in line with those
obtained on cultures of primary hippocampal neuronal cells, selected as usually affected by a-
syn deposition in dementia LB. Also in this case, a reduced a-syn-immunopositive signal in
neurons subjected to decorated liposomes containing sSiRNA was registered, with respect to the
other two groups of cells.

As documented in the above-mentioned study, siRNA can be successfully applied for the
treatment of PD; however, the inefficient delivery of siRNA into neurons hampers its in vivo
use. As in other neurodegenerative diseases, strategies enabling the in vivo delivery of sSIRNA

are required. In this context, siRNA, against a-sin, complexed with low molecular weight PEI,
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was delivered across the central nervous system down to the lumbar spinal cord after a single
intracerebroventricular (ICV) infusion in mice overexpressing human wild-type a-sin.B1 PEI
complexes were selected for their non-pathogenic characteristics and in order to overcome the
issues related to viral vectors.®!33191 Fyrthermore, PEI complexation facilitated the entry of
siRNA into brain tissues.2032! The results achieved demonstrated that siRNA delivered in PEI
nanoparticles resulted in an efficient target knockdown already after a single ICV injection.
More specifically, a single ICV infusion of 0.75 mg PEI/siRNA resulted in a 67% reduction of
a-syn mMRNA in the striatum, while a 50% reduction in a-syn protein was registered in all
investigated regions (striatum, medial septum, and cortex).®¥"l Such an extensive knockdown
caused by the proposed approach is expected to reduce the buildup of toxic species, thus
facilitating a slowdown in the progression.

An alternative strategy implemented to inhibit a-Syn accumulation in LB is based on
magnetic Fe3O4 nanoparticles coated with oleic acid as nanocarriers. These nanoparticles were
functionalized with N-isopropylacrylamide derivative (NIPAm-AA) hydrogel and subjected to
the absorption of ShRNA and nerve growth factor (NGF).3221 NIPAm-AA, being characterized
by a low critical solution temperature, thermo-responsiveness and pH sensitivity, made it
possible to control and target the release; NGF was used with the aim of promoting PC12
cellular uptake through NGF receptor-mediated endocytosis. Since PD patients are affected by
a degenerative apoptosis in the substantia nigra pars compacta with a pH of the cytoplasmatic
matrix in apoptotic cells lower than that of normal tissue cells, the pH sensitivity of NIPAm-
AA hydrogel made it possible to accumulate nanoparticles on the apoptotic cell surface, thus
enabling them to reach their therapeutic target and release ShRNA via a change in hydrogel
volume. In vivo, the results obtained by observing the morphological changes in the fur of mice
and performing the walking gait test indicated that nanoparticles (NPs) could improve PD motor

dysfunction. Prussian blue staining confirmed the ability of NPs to cross the BBB and reach the
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substantia nigra. Lastly, the upregulation of TH and the downregulation of a-syn confirmed
the potential of the strategy used to prevent dopamine neuron degeneration.

A completely different approach from the strategies described so far is based on the
regulation of miRNA expression. miRNAs regulate gene expression at the post-transcriptional
level by triggering an RNA interference; therefore, aberrant expressions of miRNAs are one of
the causes of numerous neurodegenerative disorders, including PD. Within this framework,
neurologists are focusing on the identification of possible strategies for controlling miRNA
expression.2 A possible strategy is based on the delivery of oligonucleotides into brain cells.
Titze de Almeida et al. proposed the injection of miRNA inhibitor complexed with Neuromag
— magnetic polymeric nanoparticles capable of delivering nucleic acids in vivo into rat brains —
by stereotaxic surgery into the lateral ventricles next to the striatum of rats.*?l To assess
whether the intracerebroventricular-injected Neuromag-complexed oligonucleotides reached
the striatum, the oligonucleotides were labelled with fluorescein isothiocyanate (FITC). The
collected microscope images demonstrated that green fluorescent FITC-labelled
oligonucleotides were next to the cell nucleus of striatal neurons stained by NeuN and also
present in GFAP-positive glial cells (Figure 9f). Conversely, the non-injected hemisphere
showed no FITC-ologonucleotide green fluorescence (Figure 9f). The injected oligonucleotides
proved to be effective in terms of miRNA inhibition; indeed, the injection of 0.36 nmol of
Nauromag-structured miR-134 antimiR was able to induce a 0.35-fold decrease in striatal miR-
134.

Saraiva et al. investigated an approach to enhance brain repair in several neurodegenerative
disorders, including PD.E?°! This strategy consists of using biocompatible and traceable PLGA
NPs containing perfluoro-1,5-crown ether — a fluorine compound trackable non-invasively by
Fluorine (*°F)-magnetic resonance imaging — coated with protamine sulfate to complex miR-
12, whose overexpression in the subventricular zone niche increased the number of newborn

neurons without affecting their migratory capability. miR-124 NPs, obtained according to the
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procedure shown in Figure 9g, were demonstrated to efficiently deliver miR-124, while the
internalization of miR-Dy547 occurred in neural stem/progenitor cells and neuroblasts (Figure
9h). Invivo, the intracerebral administration of miR-124 NPs was shown to induce the migration
of neurons into the lesioned striatum of 6-OHDA-treated mice.

Alzheimer’s disease

Alzheimer’s disease (AD) triggers a neurodegenerative process involving the pathological
formation of plaques in the brain made of a mis-folded B-amyloid peptide (AB). The AD
therapeutic treatments are mainly concentrated on the reduction of amyloid plaques by
preventing Ap formation and blocking its aggregation. f-secretase (BACEL) is the rate-limiting
enzyme responsible for producing of Ag peptides from the amyloid precursor protein (APP).
Therefore, BACEL is considered one of the top drug targets for cerebral Ap plaque reduction
in AD.[308326-328] iRNAs offer promising therapeutics for Alzheimer’s disease treatment via
the specific silencing of BACE1. However, the effective and safe systemic delivery of sSiRNA
to the brain is challenging due to the BBB, short circulation lifetime, enzymatic degradation,
and limited tissue penetration, among other factors. As a result, gene therapy applied to AD
requires the development of delivery technologies capable of targeting specific tissues or cell
types through a systemic administration, while avoiding nonspecific delivery, while at the same
time being safe, biocompatible, physiologically stable, and easy to administer.

In 2011, Alvarez-Erviti et al. proposed controlling BACE1 expression levels with exosome-
mediated siRNA delivery.?° They demonstrated that sSiRNA can be successfully encapsulated
in naturally produced exosomes and that the modification of the exosomal membrane with RVG
peptide — the central nervous system-specific rabies viral glycoprotein — makes it possible to
deliver the siRNA cargo to the brain region by avoiding in vivo tissue non-specificity. These
experiments showed that, in vitro, the exosome-mediated delivery of siRNA to neuronal cells
(Neuro2A) can be as efficient as state-of-the-art transfection reagents, and that gene knockdown

was cell-type specific, by demonstrating that exosomes were successfully endowed with cell
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targeting abilities. Similar results were achieved in vivo by a systemic administration: when
naked GAPDH siRNA was injected, GAPDH silencing was detected in the spleen, liver, and
kidneys; conversely, exosome-encapsulated siRNAs were resistant to nonspecific uptake, but
resulted in a significant knockdown of GAPDH mRNA in several brain regions. The authors
then focused on BACEL. Two validated BACEL siRNAs were applied in vitro to Neuro2A cells
in increasing doses, resulting in a dose-dependent knockdown, whereas when the acetylcholine
receptor (the cellular target of RVG-peptide) was blocked by a-bungarotoxin, a reduced
BACE1 knockdown occurred. In vivo, the administration to normal C57BL/6 mice of BACE1
siRNA encapsulated in RVG exosomes resulted in a significant protein knockdown. Lastly, the
authors demonstrated a significant decrease in the total B-amyloid 1-42 levels — a main
component of the amyloid plaques in Alzheimer’s disease — which was greater than that
reported after the intraventricular injection of BACEL inhibitors in normal mice.

Guo et al. used nanocomplexes made of cationic polymers, PEGylated poly(2-(N,N-
dimethylamino) ethylmethacrylate) (PEG-PDMAEMA), loaded with siRNAs against BACE1
and modified on the surface by CGN and QSH peptides for targeting BBB and amyloid plaques,
respectively.**! They demonstrated that nanocomplexes (diameter of 70 nm) efficiently cross
the BBB monolayer without being damaged and that they can be internalized by neuronal cells
(Neuro2A) in vitro, while in vivo, they are mainly concentrated on the neurons surrounding
amyloid plaques, and are useful for increasing gene accumulation in the AD lesion,
consequently achieving a better therapeutic effect.**] Moreover, the presence of siRNA in
nanocomplexes efficiently inhibited the expression of BACEL in vivo, with a consequent
reduction in the amyloid plaque formation, an increased synaptophysin level, and an
improvement in the cognitive performance of AD transgenic mice.

Zhou et al. developed a glycosylated polymeric nanomedicine containing sSiRNA stabilized
by a triple-interaction (Gal-NP@siRNA) to target BACEL in transgenic AD mouse models

(Figure 9i).13%21 The triple interaction strategy consisted of using a salt of guanidinium-
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phosphate (Gu + /PO 3 4—) to stabilize the electrostatic and hydrogen bond interactions, and a
hydrophobic interaction due to the complexation between siRNA and the galactose-modified
fluorinated polymer.?l This strategy determines an effective encapsulation of siRNA and a
higher stability performance in blood circulation than with nanomedicines based on cationic
polymers, where only electrostatic interactions stabilize SiRNA. Moreover, the Gal-
NP@siRNA (diameter of 118 nm, Figure 9j) can effectively penetrate the BBB via glycemia-
controlled glucose transporter-1 (Glutl)-mediated transport. After verifying that in Neuro2A
cells the Gal-NP@siRNA determines BACEL gene silencing in vitro (Figure 9K), the authors
investigated in vivo pharmacokinetics. They found that Gal-NP@siRNA has a longer blood
circulation time than in controls, with an elimination half-lifetime (t1/2) of 39.2 min; the brain
targeting by the glycemia-controlled Glutl-mediated transport was verified (Figure 9l). The
therapeutic effect of Gal-NP@siBACE1 was investigated in the APP/PS1 double transgenic
mouse model with several behavioral tests, such as the novel object recognition (NOR) and the
Morris water maze (MWM) tests (Figure 9m), thus confirming that (i) the Gal-NP@siRNA
significantly improves cognitive performances in APP/PS1 mice, and (ii) both hippocampal and
cortical BACEL protein levels were relevantly reduced with respect to other APP/PS1 control
groups.

A different strategy for the treatment of Alzheimer disease consists of regulating miR132,
which plays a key role in the neural development and regulation of neuronal activity.[! In
recent years, a strategy based on the nose-to brain delivery of NPs complexed with miR132 to
prevent the decrease of miR132 levels was experimented. This intranasal injection was
preferred over systemic injection with the aim of inducing a faster transport of the drug to the
brain, while minimizing systemic exposure and bypassing the BBB. Samaridou et al. proposed
the formation of electrostatically driven nanocomplexes between a lauric acid chemically
conjugated octa-arginine and the miRNA.B3! The resulting nanocomplexes (ENCPs) were

enveloped with different protective polymers, i.e. PEG-polyglutamic acid (PEG-PGA) or HA,
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in order to enhance their stability across the olfactory nasal mucosa. The results, obtained in
vivo on an App™SF knock-in mouse model of Alzheimer's disease, demonstrated the
suitability of the designed NPs in reaching the hippocampus area — which is involved in memory
formation and one of the first areas affected in Alzheimer's diseasel®*! — while leading to
increased miR-132 endogenous levels after 24 h from the administration. Furthermore,
additional studies in vivo demonstrated that thanks to the presence of ENCPs, miR-132 in its
active form was successfully delivered to the hippocampus, as demonstrated by the reduced
levels of two miRNA targets, GATA2 and Rb1.(34

In order to prevent the decrease of miR132 levels in the blood, Su et al. delivered wheat germ
agglutinin (WGA)-NPs-miR132 intranasally in mouse and rat models of Alzheimer’s disease
with ischemic brain injury, to treat neurological damages after cerebral ischemia.3%! WGA-
NPs were selected as effective carriers for the intranasal delivery to the central nervous system
of the brain, as demonstrated in a previous study.*] The potential of intranasally delivered
WGA-NPs-miR132 was evaluated through in vivo analyses on wild-type C57BL/6 mice, by
investigating the AP plaques and synaptic-related protein (SYN and PSD95) levels. The results
demonstrated that AP protein expression, upregulated in AD mice, significantly decreases after
WGA-NPs-miR132 treatment. Conversely, a significantly increased expression of SYN and
PSD-95 was detected after the inhalation.**®! In MCAO model rats, the authors evaluated the
effect of NP inhalation in terms of apoptosis around brain lesions after cerebral ischemia. The
results demonstrated that WGA-NPs (not containing miRNA) had no protective effect against
ischemic brain damages; miRNA delivered alone was easily degraded and/or cleared by nasal
cilia; WGA-NPs-miR132 proved to be effective in reducing the area of cerebral infarction, the

number of microglia, and the number of apoptotic cells after cerebral hemorrhage.
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Figure 9. RNA-based treatment for neural tissue applications. a) Flowchart for preparation of
electrospun PCL nanofibers functionalized with polydopamine and polyDOPA-melanin
mussel-derived coatings and Lipofectamine RNAIMAX and TransIT complexed with siRNA,
as transfection reagents and b) Integration with transected spinal cord tissue of polyDOPA-
melanin coated scaffold functionalized with RNAIMAX Lipofectamine-siREST. a,b)
Reproduced with permission.’?®! Copyright 2018, Royal Society of Chemistry. ¢ and d) SEM
images of PCL fiber — collagen hydrogel system. c,d) Reproduced under the terms of the
Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).12°"1 Copyright 2019, Nanyang Technological
University, Published by WILEY-VCH. e) Effect of injection of lentiviral vectors encoding
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No0go-66 receptor 1 (NgR1)-short hairpin RNA (shRNA) in three groups of rats: LN (LV-NgR1
shRNA injection), LC (LV-control shRNA injection) and Sham (laminectomy only); marker
CNPase was used to detect oligodendrocytes, MBP immunostaining and LFB staining were
used to detect myelinated fibers. Reproduced under the terms of the Creative Commons
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).12%
Copyright 2018, The Authors, published by Springer Nature. f) Magnetofection of striatal cells
by fluorescein isothiocyanate (FITC) oligonucleotides complexed with Neuromag®, magnetic
polymeric nanoparticles. Reproduced under the terms of the Creative Commaons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/).3241 Copyright 2020, The
Authors, published by Multidisciplinary Digital Publishing Institute. g) Composition and
physical properties of PLGA nanoparticles (NPs) containing perfluoro-1,5-crown ether, a
fluorine compound trackable non-invasively by Fluorine (*°F)-magnetic resonance imaging,
and coated with protamine sulfate in order to complex miR-12. h) Photomicrographs of SVZ
stem/progenitor cells (scale bar: 10 um). g,h) Reproduced with permission.?! Copyright 2016,
Elsevier. i) Scheme for the fabrication of Gal-NP@siRNA. j) Transmission electron
micrographs of Gal-NP@siRNA. k) In vitro gene silencing effects of Gal-NP@siBACE1 and
controls at day 3 post transfection (n = 3, ***P < 0.001). I) Representative image for Cy5 signal
in the brain of NP@siRNA and Gal-NP@siRNA groups 1 hour after injection. m) Behavioral
evaluation of Gal-NP@siBACE1 nanomedicine therapy in APP/PS1 mice: representative
swimming track for probe test in the MWM. i-m) Reproduced under the terms of the Creative
Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).13321 Copyright 2020, The Authors, some rights
reserved, published by American Association for the Advancement of Science.

4.4. COVID-19 vaccines
4.4.1 Epidemiology: origin, features, and transmission

The emergence of global disease outbreaks has been one of the most significant challenges
to be faced for the human society. At irregular intervals, novel flu viruses against which most
people were not immune have naturally appeared, thus resulting in global pandemics.
Moreover, increased international traveling, trading, and ethnic integration, together with a
greater urbanization and massive exploitation of environmental resources, have sustained the
spread of infections worldwide.%!

Since early in the 21% century, three viruses — specifically coronaviruses — have crossed the
species barrier, causing severe pneumonia disease in humans: i) the Severe Acute Respiratory
Syndrome CoronaVirus (SARS-CoV) broke out in 2002 in Guangdong Province (China); ii)
the Middle-East Respiratory Syndrome CoronaVirus (MERS-CoV) was discovered in 2012 on

the Arabian Peninsula; iii) the SARS-CoV-2, a novel coronavirus, broke out in December 2019
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in Wuhan (Hubei Province, China). SARS-CoV-2 was associated with an outbreak of atypical
pneumonia, named COronaVIrus Disease 2019 (COVID-19), that rapidly spread from China to
all continents, unleashing a global infection.!33%34% Coronaviruses consist of a positive-sense,
non-segmented, single-stranded mMRNA [(+)ssSRNA] of ~ 30 Kb, enveloped in a helical
nucleocapsid. The viral RNA encodes a set of 28 specific proteins grouped into three main
categories: i) non-structural proteins (Nspl to Nsp16); ii) structural spike (S), nucleocapsid (N),
membrane (M), and envelope (E) proteins; and iii) the accessory proteins (orf3a, orf6, orf7a,
orf7b, orf8, orf9b, orfoc, and orf10). Nsp proteins lead to the formation of the replication-
transcription complex (RTC). This complex promotes the synthesis of a set of nested
subgenomic minus-strands of RNA [(-)sgRNA] in specific double-membrane vesicles. These
[(-)sgRNA] serve as templates and encode subgenomic mRNAs from which all the structural
and accessory proteins are synthesized.**! Bioinformatic analyses showed that SARS-Cov-2
belongs to the Coronaviridae family (order Nidovirales, subfamily Orthocoronaviridae).
Furthermore, SARS-CoV-2 is a beta-coronavirus (2B lineage) showing a relationship with the
SARS-like coronavirus strain in bats, BatCov RaTG13 (96% homologies), which can
effectively infect a wide range of vertebrates, including bats, pangolins, and humans. Therefore,
at the present time, SARS-CoV-2 seems to have a zoonotic origin and to have acquired human-
to-human spreading capacity.*? Several studies suggest that horseshoe bats (Rhinolophus
affinis) seem to be a natural reservoir of both SARS-CoV and SARS-CoV-2, while pangolins
(Manis javanica) and American minks (Neovison vison) appear to be the intermediate hosts of
SARS-CoV-2 for animal-to-human infection. In a recent study, it has been posited that the beta-
coronavirus isolated from pangolins (Pangolin-CoV) has a 100%, 98.6%, 97.8%, and 90.7%
amino acid similarity with human SARS-CoV-2 E, M, N, and S proteins, respectively.
Furthermore, the receptor-binding domain (RBD) of the S protein of Pangolin-CoV practically
matches the RBD of SARS-CoV-2, with only one difference in a non-critical amino acid.

Unfortunately, humans remain the principal source of transmission for other humans and

v



domestic, farm, and zoo animals. Interestingly, dogs, pigs, and poultry have showed resistance
to SARS-CoV-2.343344]
4.4.2. Pathogenesis

The primary access mode of SARS-CoV-2 is through the upper respiratory tract (via droplets
or aerosol suspension), where the nasal and bronchial epithelial cells and pneumocytes are its
targets. Coronavirus recognizes the angiotensin-converting enzyme 2 (ACE2), a cell membrane
enzyme present in epithelial cells of the airway, lungs, heart, blood vessels, kidneys, liver, and
intestine (Figure 10a). In detail, the S1 transmembrane subunit of S protein promotes the virus
attachment to host ACE2 proteins, while the S2 subunit is responsible for the fusion with the
host cell membrane. ACE2 is a crucial factor in the renin-angiotensin-aldosterone system
(RAAS) pathway, since it regulates processes such as blood pressure, wound healing, and
inflammation. 13453461 Fyrthermore, ACE2, by counteracting the angiotensin 11 (ANG I1) activity
and reducing the pathological effects associated with its high levels, plays a crucial role in
preventing tissue damage. Therefore, the binding of SARS-CoV-2 with ACE2 hinders ANG I
downregulation and sustains tissue injuries.%!

COVID-19 presents a wide range of symptoms, including fever (88.7%) — more commonly
in adults than in children — dry cough (67.8%), fatigue/tiredness (38.1%), sputum production
(33.4%), dyspnea (18.6%), sore throat (13.9%), and headache (13.6%). So far, more than 110
million confirmed COVID-19 cases and 2.4 million deaths have been reported.*1 It is
important to stress that most adult patients have had an asymptomatic infection or mild flu-like
symptoms, while 14% of COVID patients have suffered severe health issues that require
hospitalization and/or oxygen support, and 5% have been treated in intensive care units.[43:34
4.4.3. Management strategies

While several treatments have been adopted to deal with the impact of the disease,
vaccination represents the primary means to effectively control this pandemic. To stimulate the

human immune response against a virus, a vaccine usually contains an antigen made from its
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weakened or killed forms, toxins, or one of its surface proteins. Most COVID-19 vaccine
candidates are in the development stages, and the so-called S spike protein of SARS-CoV-2 is
their main target.

Multiple approaches are being deployed to identify a safe and effective vaccine. Among
them, those based on nucleic acids represent the most important contemporary drug discovery
platform, since they enable rapid vaccine development, authorization, and manufacturing. This
method permits the release of small RNA fragments that encode specific viral proteins into the
host cells; then they will be internally processed and loaded onto the host cell membrane.
Immune cells can recognize them and lead to the synthesis of antibodies. Remarkably, these
vaccines are self-adjuvant and promote a humoral and cellular immune response against the
engendered proteins; they can deliver multiple antigens with one immunization. Furthermore,
their safety, tolerance, and high potency have been demonstrated in numerous studies.*"
Karik at el. laid the foundation for RNA-based vaccines in 2008.%°1 In their research, the
authors demonstrated that the nucleoside-modified mMRNA (modRNA) containing
pseudouridines is translated more efficiently than unmodified mMRNA in vitro, particularly in
primary mammalian dendritic cells and in vivo in mice. Moreover, the modRNA effectively
improved RNA biological stability, while reducing its immunogenicity in vivo. Several other
advantages have been demonstrated, including: i) improved safety (modRNA cannot be
integrated into chromatin), ii) lack of host inflammatory response; iii) efficient transduction and
rapid protein expression using the host ribosomal machinery; iv) unlimited engineered
nucleotide-sequence size; v) closely controllable half-life; and vi) high manufacturability for
large-scale continuous production.

As discussed earlier, LNP represents a robust strategy for delivering the modRNA to host
cells (Figure 10b). The LNP system is usually made of cholesterol, which plays various
structural roles, including filling gaps in the particle, preventing LNP—protein interactions, and

promoting fusion with the cell membrane. In addition, the ionizable lipids and functional lipids
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—which play a crucial role in maintaining the physiological pH and promote endosomal release
— are essential components of the modRNA vaccine.*®21 Currently, there are two kinds of
MRNA-based vaccines: non-amplifying mRNA-based, and self-amplifying mRNA-based. To
date, there are 181 candidates in the pre-clinical evaluation stage and 69 candidates in the
clinical stage as COVID-19 vaccines. Among them, 30 are based on RNA technologies. So far,
the FDA and the European Medicines Agency (EMA) have granted the emergency use and
marketing of two mRNA-based vaccines: Comirnaty (Tozinameran or BNT162-02), produced
by Pfizer-BioNTech, and the mRNA-1273 developed by Moderna.l**l Remarkably, a research
group of the Departments of Pathology, Genetics, Pediatrics, and Medicine at Stanford
University has recently provided the putative sequence information for the two synthetic RNA
molecules of Pfizer/BioNTech and Moderna COVID-19 vaccines and has released them online
on GitHub. The RNAs samples were obtained from vaccine drops that remained in vials — and
destined to be otherwise discarded — after patients immunization and were analysed under FDA
authorization for research use.[%
Pfizer-BioNTech COVID-19 vaccine

Comirnaty vaccine, based on a cell-free in vitro transcription approach, was designed from
SARS-CoV-2 DNA templates. It contains a modRNA encoding the SARS-CoV-2 full-length
viral spike (S) protein, in which two proline mutations have been introduced to lock it in the
prefusion conformation (Figure 10c). The exact formulation of the Pfizer-BioNTech LNP was
recently disclosed. This contains DSPC, cholesterol, and two novel functional lipid excipients,
ALC-0315 and ALC-0159. ALC-0315 is a physiological pH cationic synthetic lipid ((4-
hydroxybutyl)azanediyl)bis(hexane-6,1-diyl)bis(2-hexyldecanoate) essential for the efficient
self-assembly and encapsulation of the modRNA within the LNP and its delivery into host cells.
ALC-0159 is a PEGylated lipid designed to exchange out of the LNPs.*%°! Polack et al. reported
that two 30 pg doses of vaccine (given 3 weeks apart) into the muscle of the upper arm promote

the development of high SARS-CoV-2 antibody titers and robust antigen-specific CD8" and
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TH1- CD4" T cell responses with an overall efficacy of 95%.18! The first benefit has been
observed from day 12 after the first injection, indicating an early onset of immunization,
reaching a 52% efficacy in the interval between the two injections. Furthermore, complete
protection against COVID-19 was observed seven days after the second dose. Adverse reactions
were classified as mild or moderate in particular in the oldest adults, and, interestingly, the
reactogenicity after both injections was similar. Unfortunately, despite this promising data, the
study is affected by several limitations, including i) the low cold temperatures (-80° C) required
for shipping and storage, ii) the low number of participants for each of the selected groups, iii)
the limited follow-up time (approx. two months) after the second dose, and iv) the long-term
monitoring that remains to be determined. Regarding the last item, ethical barriers can give rise
to a heated debate. Over the next two years, the planned follow-up should also monitor the
placebo recipients to collect long-term data, but, on the other hand, it is not ethical to deprive
these people from receiving the COVID-19 vaccine before the conclusion of the trial [356:357]
Moderna COVID-19 vaccine

Moderna COVID-19 Vaccine (MRNA-1273) encodes for the full-length SARS-CoV-2 spike
protein modified with two proline substitutions, K986P and VV987P, within the heptad repeat 1
domain (S-2P), to block the spike protein into a prefusion conformation. In detail, the mRNA
sequence includes a 5' cap, the 5' untranslated region (UTR), the Open Reading Frame (ORF),
the 3' UTR, and the 3' polyA tail. The modRNA is encapsulated into LNPs, and the exact
formulation of the Moderna mRNA-1273-LNP was publicly released recently. It is made of
DSPC, cholesterol, and two innovative excipients, PEG2000-DMG, and the ionisable lipid
heptadecan-9-yl-8-((2-hydroxyethyl)(6-oxo-6-(undecyloxy)-hexyl) amino)-octanoate (SM-
102). SM-102, a molecule highly soluble in several organic solvents and insoluble in water,
was selected for its vaccine potency, tolerability, and biodegradability. Interestingly, the storage

temperature of the finished product is -20°C, since only a slight degradation was observed.®!
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Baden et al. reported that two 100 pg doses of the mRNA-1273 vaccine, given 28 days apart
into the deltoid muscle, lead to a 94.1% efficacy in COVID-19 illness prevention, including its
severe forms.[®1 Moreover, the local adverse vaccination reactions were mild. However,
moderate-to-severe systemic side effects (fatigue, myalgia, arthralgia, and headache) were
observed in around 50% of the participants in the mRNA-1273 group after the second dose.
Additionally, Anderson et al. showed that the mMRNA-1273 vaccine elicited a remarkable CD4
cytokine response, including TH1 cells.%%3% Moreover, the tumor necrosis factor o (TNFa)
responses were more significant than the interleukin-2 (IL2) ones, which in turn were greater
than the interferon-y (INFy) ones. Unfortunately, only after the second dose were low levels of
cytotoxic CD8 T cell responses observed.

4.4.4. Artificial intelligence to face with COVID-19 and its variants

Automatic feature learning, supported by the increased computational capabilities, has
contributed immensely to the successful application of machine learning (ML) — a branch of
the broader artificial intelligence (Al) sector in almost every research field. Among the
outstanding examples demonstrated so far, one of the most impactful areas consists of vaccine
and drug discovery, in which ML has offered several advantages, including compound, activity
and reactivity prediction, and ligand-protein interaction. An example is "Reverse Vaccinology"
(RV), a genome-based vaccine design approach that has revolutionized vaccine research,
introducing a very efficient method for identifying the target. VaxiJen, the first integrated ML
and RV approach, has improved antigen prediction for vaccine development, while Vaxign-
ML, a web-based RV program, enables bacterial antigen prediction. Additionally, artificial
intelligence has led to the development of tools such as the Vaccine Adverse Event Reporting
System (VAERS) and Vaccine Safety Databank (VSD), for the prediction of safety and
reliability.

At present, the most powerful Al tools used to counteract COVID-19 provide for the virtual

screening of vaccine candidates, investigate the biological pathways involved, predict the off-
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targets, and discover new chemical compounds. Two of the most promising Al-based
approaches are MARIA and NetMHCPan4, which are supervised neural network-driven tools
capable of finding putative T-cell epitopes for the SARS-CoV-2 spike receptor-binding domain
(RBD).I381 Furthermore, in a recent study, Malone et al., using the Long Short-Term Memory
(LSTM), iNeo, NEC Immune Profiler, IEDB, and BepiPred tools, provided a comprehensive
vaccine design blueprint for SARS-CoV-2.¢? These tools can predict simulated sequences
which offer a useful guideline for further vaccine discoveries to fight COVID-19 and novel
zoonoses that may arise in the future. Malone et al. presented the first computational approach
that uses a large-scale epitope database of SARS-CoV-2 to improve T-cell mediated immune
responses, thus leading to more effective and comprehensive vaccine blueprints. This two-step
analysis first provides the identification of statistically significant epitope hotspot regions by
Monte Carlo simulations. Afterwards, "digital twin" person-specific simulation ranks these
epitope hotspots to identify the candidate that best promotes a robust T cell immune response
on a global scale.[¢?]

Lastly, several mutations that lead to a genetic drift and escape from immune control were
recently recognized in the coronavirus genome.l*% Al is a suitable tool for facing with the
spreading of SARS-CoV-2 variants, detecting its mutations, predicting the efficacy of the
vaccines approved, and developing new candidates. Notably, among the mutations discovered,
the most worrisome ones are the United Kingdom and South Africa variants, which share a
common mutation, the N50Y, in the spike domain. This mutation is found in the viral receptor
binding site for cell entry, resulting in an increased affinity for the ACE2. Leung et al.
discovered that the 501Y Variant 2 (also named B.1.1.7, 20B/501Y.V1 and VOC-202012/01
and assigned clade GR) is 75% more transmissible than the 501N strain.[*4! In conclusion, Al
can contribute to designing a "one size fits all" universal vaccine to protect against SARS-CoV-

2 mutations and future coronavirus variants.
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Figure 10. COVID-19 RNA vaccine. a) Side view of sarbecovirus S glycoproteins plotted on
the SARS-CoV-2 S structure. Reproduced with permission.[3! Copyright 2020, Elsevier. b)
modRNA-LNP structure in which mRNA is bound to the ionizable lipids (central core) while
PEG lipids and DSPC form the surface of the lipid nanoparticle. Reproduced under the terms
of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).1352 Copyright 2021, The Authors, published by
Multidisciplinary Digital Publishing Institute. ¢c) RNA vaccine vectors that include a cap, 5’
UTR, 3’ UTR, and poly(A) tail of variable length, and modRNA target sequence. Reproduced
under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).341 Copyright 2021, The Authors, published by
Multidisciplinary Digital Publishing Institute.

5. New trends

5.1. Plasmonic-based nanostructures for spatiotemporal controlled release of RNA
Current progresses in nanoparticle design and synthesis open up unprecedented opportunities

for the development of stimuli-responsive, on-demand delivery systems that provide great

spatiotemporal control over therapeutics release.[365-367]
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Stimuli-responsive nanosystems are nanostructured materials that produce a precise behavior
in response to a specific instruction incoming from a chemical or a physical stimulus such as
pH, redox potential, temperature variation, light, magnetic field, radiofrequency, or
ultrasounds.®8 In particular, once a stimulus (instruction) is received, smart nanosystems can
modify the surrounding environments, change wettability, convert chemical and biochemical
signals into optical, electrical, thermal, and mechanical signals, and control the transport of ions
and molecules of different species.[*¢°]

Light is one the most valuable of physical stimuli, since it is a safe and useful energy source
that can be controlled with great precision and a high degree of freedom; indeed, light can be
controlled in terms of wavelength, intensity, and light-spot dimensions.®®1 An excellent
overview of photoactive nanocarriers for controlled delivery is reported in reference.*¢8l In
particular, applications in the biomedical field require preferably near-infrared light (NIR) in
order to be beneficial and safe. Indeed, electromagnetic radiation ranges from 700 to 900 nm
and from 1000 to 1300 nm correspond, respectively, to the first and second biological windows,
where the living tissue absorption is low. Therefore the penetration depth of light is high: a light
source emitting at 800 nm can penetrate tissues up to 3 mm in depth.[*¥! Furthermore, NIR
causes less damage to cells than UV and visible light because hemoglobin, water, and lipids
barely absorb light in this region.[*® For this reason, NIR is often used to trigger the selective
release of oligonucleotides and molecules from suitably functionalized photoactive
nanoparticles, keeping the cargo inactive until its release is triggered on-demand, and providing
a high local concentration of therapeutic molecules in a specific site, while maintaining the
overall systemic dosage relatively low.[367:36

The two main mechanisms involved in controlled NIR-triggered payload release entail the
activation of photochemical reactions and the conversion of light into heat, respectively. The
former mechanism relies on using upconversion nanoparticles (UCNPs), and on promoting

non-linear photoconversion by switching NIR light into visible light or UV light. At the same
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time, the latter makes use of nanoparticles capable of absorbing NIR-light and efficiently
converting it into localized heat, thus inducing the localized and controlled release of the cargo
molecules. Among the huge number of nanoparticle-based photothermally-induced delivery
systems, this section is mainly focused on RNA delivery systems triggered by
thermoplasmonic-assisted gold-based nanostructures, selected because of their unique
properties in terms of low toxicity, in vivo stability, and enhanced tumor uptake, and for their
ability to convert NIR light into heat,'®*"l making them extremely promising in forefront
nanomedicine fields.

Nanoconstructs based on RNA functionalized gold nanoparticles can be effectively used for
promoting on-demand gene regulation in several applications, including basic cell research,
regenerative medicine, and cancer therapy.!*'?l The NIR-triggered release of RNA mediated by
gold nanoparticles relies on the efficiency of gold nanoparticles of a suitable morphology to
absorb NIR light and convert it into thermal energy, highly localized in the proximity of the
nanoparticles.¢° When such a phenomenon, known as thermoplasmonic heating, is promoted
by RNA functionalized gold nanoparticles internalized in cells and located in the endocytic
vesicles, the heating of water surrounding the nanoparticles generates localized nanobubbles
that disrupt the endosomal barrier, promoting the release of RNA without damaging the cell.[3%]

Importantly, as the optical properties of gold nanoparticles are strongly related to their
morphology, the NIR-light-triggered release of RNA can obviously occur only by irradiating
gold nanoparticles capable of effectively absorbing NIR light lying in the first and the second
biological water windows, such as gold nanorods, nanoshells, and hollow nanoshells.[36°

This issue has been tackled by Morgan et al., who prepared a set of NIR-absorbing gold
nanoparticles differing in shape, but with a similar average size of 45 nm, including hollow
gold nanoshells (HGNSs), hollow gold nanocages (HGNCs), and gold nanorods (GNRs).[*'?1 The
authors have evaluated siRNA release ability under an 800 nm laser irradiation, demonstrating

how RNA release ability is affected by nanoparticle morphology, irrespective of their specific
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spectroscopic features. The amount of released RNA is independent of the laser power for
GNRs and HGNCs, while the release ability of HGNSs is affected by the laser power.
Moreover, provided that the RNA release is normalized to the RNA loading for each
nanoparticle morphology, the RNA release rate from HGNs appear relatively low if compared
to the HGN loading capability. However, the three gold nanoparticle morphologies have shown
a comparable relative RNA release rate when a laser power of 900 mW has been used for an
irradiation time of 3 s. It is important to point out that the efficient protein knockdown effect
is linked not only to nanoparticle photoinduced release ability but also to nanoparticle
internalization effectiveness.

From a chemical-physical standpoint, thermal energy produced by RNA-functionalized gold
nanoparticles upon NIR irradiation can trigger RNA release by inducing the dehybridization of
double-stranded nucleic acids on nanocarriers, by dissociating the gold-thiol bond (responsible
for the RNA linkage to gold nanocarriers), or by altering the thermally sensitive moiety
involved in the assembly of the nanoconstruct.

Importantly, photo-thermal-assisted RNA delivery is not strictly related to a temperature
increase. Wang et al. have reported HGNs conjugated with a SiRNA against Hsp70 (siHsp70)
as a thermoplasmonic platform able to generate heat and at the same time inhibit Hsp70: a heat
shock protein (Hsp), expressed under hyperthermia, that produces a cytoprotective effect that
contrasts PTT-induced apoptosis.[?®® The nanoconstruct promotes a 90% siRNA release
(estimated based on the siHsp70 loading) when it is irradiated with a continuous wave (CW)
laser emitting at the resonant wavelength of 765 nm for 90 s, at a power density greater than 4
W/cm?, resulting in a temperature increase of up to 48°C. In particular, the nanoconstruct
proposed by Wang et al. can release 80% of siHsp70 when the NIR irradiation produces a
temperature of 35°C. In contrast, when the temperature increase is obtained without NIR
irradiation (using a water bath), no obvious siHsp70 release is observed. Therefore, NIR

irradiation's thermoplasmonic heating, interacting with siHsp70-functionalized HGNSs, is
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sufficient to promote the Au-S bond cleavage, being extremely localized in the proximity of the
nanocarrier. In particular, irradiation of 90 s is sufficient to trigger siHsp70 release in cells.
Still, an irradiation time of 6 min is required to induce a temperature increase suitable for PTT's
tumor ablation, with an inhibited Hsp70 expression in the treated cells. This result demonstrates
the possibility to achieve a precise gene strategy without affecting unirradiated cells.

Irradiation conditions are a crucial parameter governing the RNA release efficiency. Indeed,
irradiation with a continuous wave (CW) laser produces a different effect than irradiation with
a femtosecond (fs) pulsed laser. As shown in Figure 11a, a CW laser produces a temperature
increase and a temperature-dependent release of both single-strand RNA and dsRNA. In
contrast, the fs pulsed laser does not produce a temperature increase because of the extremely
short duration of the pulsed irradiation, but promotes an efficient release of duplex RNA. Such
a feature is relevant, as the duplex RNA can enable on-demand gene regulation, recognized by
the RNA Induced Silencing Complex. Furthermore, for gene regulation-related applications, a
temperature increase is not desirable, as it can induce nucleic acid denaturation, and therefore
the loss of the protein knockdown effect. A fs pulsed laser, irradiating siRNA functionalized
silica-gold (SiO.@Au) nanoparticles in a core@shell geometry, can induce a 72% release of
duplex siRNA, which can mediate on-demand gene silencing, demonstrated by the
measurement of a 33% decrease in green fluorescence protein expression, as shown in the
histogram of Figure 11a.574

However, suitable plasmonic nanocarriers can be created to promote both a gene silencing
effect (by sSiRNA) and PTT, as per the paper by Zhang et al. which proposes a nanocomposite
consisting of a biodegradable and thermosensitive polymer folate/PEI-conjugated
poly(organophosphazene) polymer nanocapsule, containing both siRNA and Au-FezOs
nanoparticles. As shown in Figure 11b, this nanocapsule provides triple tumor targeting (active,
passive, and magnetic), resulting in a 12% intravenous delivery in vivo, with a consequent

tumor elimination in vivo via the combination of gene therapy and PTT.E72
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NIR-light-controlled RNA release, mediated by plasmonic nanoparticles, has also been
successfully used to suppress triple-negative breast cancer (TNBC) cells. In this case, the
nanoformulation consists of SiO.@Au conjugated with miR-34a, i.e. a tumor-suppressive
microRNA which is extremely promising in the treatment of TNBC (Figure 11c). The authors
have proposed the irradiation of this nanoformulation with an 810 nm-emitting CW laser and a
nanosecond (ns)pulsed laser, using a power density of less than 0.4 W/cm? to prevent the cell
damage caused by consequent thermoplasmonic heating. The miRNA rate linked to the
SiO2@AU, as depicted in the histogram of Figure 11c, is higher when CW laser irradiation is
applied. Therefore, miR-34a-conjugated SiO>@AuU releases a greater rate of miRNA under ns
pulsed laser irradiation, irrespective of the power density, preserving the miRNA functionality
(see the gel electrophoresis of the released miRNA shown in Figure 11c). Such an efficient
release is associated with a greater amount of localized heating and higher energy available to
cleave the Au-Thiol bond, responsible for nanoparticle conjugation with the miRNA.B7I

NIR-induced controlled RNA release can also be achieved by plasmonic heterostructures
such as gold@silver@gold nanoparticles in a core@shell@shell array®4 and UPCNs
(NaGdF4:YDED). The latter was used by Wang et al. to build a multifunctional nanocomplex
that assembles a photosensitizer (Chlorin e6, Ce6) suitable for photodynamic therapy (PDT)
and a siRNA for silencing the Polo-like kinase 1 (PIk1) to trigger apoptosis in treated cells.l3”
As shown in Figure 11d, the nanocomplex has been prepared by a multistep approach that
involves the surface functionalization by a polymer layer-by-layer assembly to promote the
loading of both the Ce6 and the PIk1siRNA. When UCNPs are irradiated with a laser emitting
at 980 nm for 20 min (0.8 W/cm?), the occurrence of a resonance energy transfer triggers the
excitation of the Ce6, which generates singlet oxygen (cytotoxic to cancer cells) and the release
of the PIk1siRNA, whose silencing activity is not hindered by the PDT.

Overall, the spatiotemporal controlled release of RNA triggered by NIR light and mediated

by plasmonic nanoparticles can be regarded as a powerful tool for developing effective
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protocols for combinatorial biomedical treatments. This is due to the multifold properties of
plasmonic nanoparticles which, according to the nanoconstruct design, can merge stimuli-
responsive nanocarrier properties for combined gene therapy, photothermal, and/or

photodynamic therapy.
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Figure 11. Nanostructures for the spatiotemporal controlled NIR-triggered release of RNA. a)
gold nanoshells functionalized with siRNA can induce an efficient release of siRNA duplex
and an effective gene silencing activity without a temperature increase under irradiation with
femtosecond pulsed laser. Reproduced with permission.B’ Copyright 2018, American
Chemical Society. b) Intravenous injections can administer hydrogel nanocapsule containing
plasmonic and magnetic nanoparticles for the siRNA release under NIR light irradiation.
Reproduced with permission.®l Copyright 2019, American Chemical Society. c) Gold
nanoshells loaded with miR-34a for triple-negative breast cancer (TNBC) treatment can
effectively suppress TNBC cells under irradiation with nanosecond pulsed laser miR-34.
Reproduced with permission.B®  Copyright 2021, American Chemical Society. d)
Upconversion nanoparticles functionalized with a siRNA for silencing the Polo-like kinase 1
(PIk1) and the photosensitizer Chlorin €6 for the combinatorial cancer treatment through gene
and photodynamic therapy. Reproduced with permission.*”s! Copyright 2014, Royal Society of
Chemistry.

5.2. Pluripotent stem cell differentiation and reprogramming
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Among other types of cells, pluripotent stem cells (PSCs) have an interesting unlimited self-
renewal capacity and can differentiate into multiple cell lineages. The fate of PSCs, including
PSC renewal and PSC differentiation, is strongly regulated and modulated by RNAs exploiting
the expression or inhibition of several transcription factors.3" Indeed, RNAs influence
several biological processes and functions, including cell embryogenesis, metabolism, division,
proliferation, self-renewal, differentiation, organ development, and apoptosis.[¢837"]

Due to the high efficiency of transfection, RNA therapeutics are considered one of the most
promising approaches for directing the fate of PSCs in many tissue engineering and
regenerative medicine applications. Within this framework, the ability of RNAs to induce PSC
differentiation into lineage-specific cells, cell reprogramming into PSCs, and
transdifferentiation has gained the attention of scientific researchers.*78l

Several studies have demonstrated that RNA-based therapies can effectively direct the PSC
differentiation into fully differentiated myocytes, cardiomyocytes, neurons as well as epithelial
and renal cells.’>371 More specifically, PSCs have been successfully induced to differentiate
into lineage-specific neurons by introducing RNA therapeutics that act by upregulating a
specific cell transcription factor (Figure 12a-b).[%8% In another study, differentiated neurons are
obtained from PSCs by the RNA coding of a specific factor that knocks down the expression
of a targeted gene (Figure 12¢).1*"®1 In the same manner, a study conducted by Hiratsuka et al.
on the RNA coding of transcriptional factors reports the successful induction of PSC
differentiation into nephron-like organoids belonging to kidney tissue (Figure 12d).[38U
Differentiation protocols have distinguished a high efficiency (>90%) of differentiation in a
relatively short time, revealing the higher potential of RNA therapeutics compared to growth
factor-based treatments.[380382]

On the other hand, as a differentiation reverse process, cell reprogramming is considered the
most promising approach in the PSC field for the regeneration of tissues and the treatment of

diseases.[*¥ Indeed, this process aims to reprogram differentiated cells into PSCs, regaining a
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self-renewal ability and the capacity to differentiate into multiple cell lines. Within this
framework, the research on RNA coding reprogramming factors has highlighted several
valuable results, including the reprogramming of differentiated cells into PSCs. Zhao et al.
performed the reprogramming of epiblast stem cells by using RNA transcripts to silence a
specific key gene. The same method has also evidenced the self-renewal of mouse embryonic
stem cells.®7® In addition, the successful reprogramming of human fibroblasts into PSCs has
been reported in a study by Kogut et al. The authors established a very efficient (approximately
90.7%) protocol by the introduction of combined RNA encoding reprogramming factors and
silencing RNAs.[38]

However, it is worth mentioning that each cell type requires the establishment of a specific
protocol for the successful reprogramming process. For these reasons, scientists are
continuously involved in the challenging development of efficient methods for reprogramming

differentiated cells into PSCs.
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Figure 12. Differentiation and reprogramming of PSCs by RNAs-based therapies. a) Induction
of PSC differentiation into neurons: immunostaining microscope images and b) quantitative
real-time PCR analysis of neuronal specific markers, showing the efficient neural
differentiation of PSCs. (Scale bar: 50 um). a,b) Reproduced under the terms of the Creative
Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).138% Copyright 2020, The Authors, published by
Wiley Periodicals LLC. c) Brightfield microscopic images of PSCs during the culture time,
illustrating the change in cell morphology due to the induction of PSC differentiation into
neuron-specific lineages. (Scale bar: 100 um). Reproduced with permission.*’®l Copyright
2018, Wiley Periodicals, Inc. d) Induction of PSC differentiation into nephron progenitor cells:
analysis of expression of nephron specific markers, showing the efficient differentiation of
PSCs into renal cells. (Scale bar: 100 um) Reproduced under the terms of the Creative
Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).18% Copyright 2019, The Authors, published by
Springer Nature.

6. Conclusion and perspective

Recent years have seen a vast and rapid development of novel RNA-based technologies in
biomedical treatments. The applicability of different nanostructured materials used as
nanoplatforms for biological drug delivery has been greatly improved, paving the way for the
clinical translation of RNA therapeutics. The achievement of effective RNA targeting has been
possible thanks to some crucial advantages given by novel nanocarriers, including their ability
to overcome biological barriers, prevent bioactive molecule degradation, and avoid unwanted
inflammatory response of the body tissues. This enormous progress has confirmed the bright
future for these nanotechnology-assisted therapies, thus inducing the pharmaceutical industry
to move toward scaling up and marketing the next generation of drugs based on RNA
molecules. Therefore, significant effort has been devoted recently by researchers working in
different fields — including chemists, physicists, biologists, material engineers, and medical
doctors — to rationally designing, developing and testing nanoplatforms with exceptional
features for targeting RNA to specific cells and tissues.

Even though tremendous progress and outstanding achievements have been recently
reported, major challenges in developing ideal therapeutic agents still remain. In this frame, we
believe that the unique characteristics of mMRNA therapeutics will be continuously explored in

the near future for vaccine production, while miRNA-based therapies will be researched and
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developed for wound healing applications. On the other hand, much work is still necessary to
reduce nanocarrier bioaccumulation, aggregation in the body fluids, and non-specific
adsorption, to optimize these nanovehicles and achieve the desired goal. For instance, though
considerable developments have been made on carbonaceous nanomaterials and inorganic
nanoparticles, several issues such as potential toxicity, carcinogenicity, and DNA damage still
hinder the broad applications of these vectors as carriers of genetic molecules. Undoubtedly,
novel nanovehicles with enhanced biocompatibility, especially LNPs, represent the most
advanced and promising nanocarriers for the effective delivery of RNA molecules. Despite the
already described new trends, future directions of research on RNA-based healthcare materials
are continuously explored. Within this framework, the use of fascinating Al tools has been
recently considered for investigating the potential of RNA as a therapeutic agent capable of
revolutionizing the current pharmacological therapies and opening up many new biomedical
applications. Al approaches aim at significantly enhancing the timing and accuracy of medical
diagnostics and therapeutics, while predicting the results of potential treatments. It consists of
enormous, organized, structured data sets and algorithms. Its power lies in the capacity to
process, integrate, interpret, and find patterns in extremely large volumes of data with high
accuracy, sensitivity, and specificity, and within a relatively fast timeline. The possibility of
including additional complexities and several variabilities also helps guarantee reliable results
and problem solutions. For these reasons, artificial intelligence tools are particularly suitable
for analyzing and predicting RNA-related mechanisms and alterations, such as RNA structure
and folding.*® This permits a better and faster recognition of complex gene expression
patterns, thus permitting the detection of gene disorders or mutations, as well as infectious
disease characteristics. Hence, Al can be useful for designing RNAs therapeutics for silencing,
correcting, and inhibiting patient-specific gene mutations as well as genome editing.[*%
Additionally, artificial intelligence tools are also quite powerful within the framework of RNA-

based cancer treatments. [38¢]
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During the past few years, the RNA therapeutics field has, without a doubt, experienced an
enormous growth. Today, novel requests for the development of RNA-based vaccines emerged
during the COVID-19 pandemic have brought this technology into the spotlight. It follows that
today’s tremendous interest in RNA will ensure an explosive growth of RNA therapeutics over
the next few decades. Overall, there is still plenty of room in nanotechnology-assisted RNA
delivery. We believe that this review will play a crucial role in the ongoing revolution in
patients' pharmacological treatment and personalized medicine, inspiring and guiding a large

audience of scientists.
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Table 1. Selected nanocarrier platforms for RNA delivery

Nanocarrier Nanocarrier Assay Disease
Shape RNA type Cell line Type of Therapy Ref
platform type Condition model/study
Antimir-21
GO 2D, sheets MDA-MB-231 In vitro Gene therapy Cancerous cell 78]
(cDNA21)
HelLa and HeLa
puLc705 cells, and U-
GO 2D, sheets siRNA In vitro Gene therapy (82
87 MG-luc2 cancer
cells
2D, sheets,
Mouse embryonic Gene therapy (Bcl-2
GO lateral size <1 siRNA In vitro [
fibroblasts gene knockdown)
um
2D, sheets (100 Gene therapy
Anti-VEGFa In vitro, in vivo Hepatocellular
GO nm length after HepG2 cells (VEGFa gene [80]
SiRNA (mice) carcinoma
modification) silencing)
Carbonaceous
. 2D, sheets,
nanomaterials Anti-GFP Epidermal HaCaT Gene therapy (GFP
GO lateral size 1-2 In vitro o
SiRNA cells knockdown)
um
MC3T3E1, 7F2 , and In vitro, in vivo
2E8 osteoblast cells, (mice- assay of Gene therapy (Bcl-2
GO 2D, sheets siRNA Osteosarcoma 1]
and MG-63 and SaoS- inflammatory gene knockdown)
2 bone tumor cells response)
1D-cylindrical
tubes-single
wall (length of
In vitro, In vivo Gene therapy and
CNT 700 nm before Survivin siRNA A549 tumor cells Lung cancer 751
(mice) chemotherapy
and 250 nm
after
modification)
Spherical or Tumor RT and
In vitro, In vivo
Gold semi-spherical SiRNA A549 tumor cells gene therapy (HIF-1a Lung cancer 081
(mice)
(1.6 nm) gene knock down)
Spherical (15 H1299-eGFP lung Gene therapy (eGFP
Gold siRNA In vitro 7]
nm) epithelial cells knockdown)
Inorganic Spherical (20 Gene therapy (ROR1
Gold RORL1 siRNA MDA-MB-231 In vitro Breast cancer 03
nanoparticles nm) suppression)
Gene therapy (Polo- Cancer stem-
Spherical (<50 SIRNA MBA-MB-231 tumor In vitro, In vivo
Gold Like Kinase-1 like cells, [96]
nm) (siPLK1) tissue (mice)
regulation) Breast cancer
Nanorods,
Gold hollow SiRNA HeLa-GFP cells In vitro Laser cancer therapy, Cancer 951

nanoshells, and
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hollow (downregulation of
nanocages GFP)
(45-50 nm)
Uniform
Gene therapy
spherical In vitro, In vivo
Selenium MEF2D- siRNA SKOV3 cells (MEF2D gene knock Ovarian cancer [103]
particles (80 (mice)
down)
nm)
Uniform
spherical HepG2 liver cancer In vitro, In vivo Gene therapy (Sox2 Hepatocellular
Selenium siRNA (siSox2) [102]
particles (75 cells (mice) gene knock down) carcinoma
nm)
Genetic manipulation
Calcium Spherical (79 Bone marrow-derived (high expression of Osteogenic
miRNA-148b In vitro [105]
phosphate nm) hMSCs BMP-2 and down differentiation
regulation of Noggin)
Breast cancer
Spherical (<100 SiIRNA (Cy5- Gene therapy (HER2
Iron oxide HCC1954 cancer cells In vitro (HER2-positive [1o1]
nm) SIHER2) gene silencing)
tumors)
Spherical (Pore
SiRNA (siPIk1)
Mesoporous size: 4 nm, MDA-MB-231 breast In vitro, In vivo
and miRNA Cancer therapy Breast cancer [109]
silica particle size: tumors (mice)
(miR-200c)
100-200 nm)
Spherical (Pore
Mesoporous size: 3,5and 8
dsRNA [108]
silica nm, particle
size: 100 nm)
Spherical (Pore MTH1 siRNA Photodynamic cancer
Mesoporous size: 3 nm, and U20S and HCT116 In vitro, In vivo therapy and Gene Human colon
[106]
silica particle size: photosensitizer cells (mice) therapy (MTH1 carcinoma
100 nm) Chlorin e6 mRNA silence)
Table 1: Continued
Nanocarrier Assay Disease
Nanocarrier type Shape RNA type Cell line Type of Therapy Ref
platform Condition model/study
MDA-MB-
In vitro, In Compression
231 cells, Gene therapy
vivo (male injury- spinal
PLGA-graft-PEI Spherical RNA-AI546 HEK- (RhoA gene [114]
CD-1 cord lesion
Blue™hTLR knockdown)
Polymer mice) sites
3,and 7 cells
nanoplatforms
Photoactivated
Photoactivatable Pt(I1V) In vitro, In Platinum-
Spherical (220 SiRNA (sic-fos) and light controlled
prodrug-backbone A2780 cells vivo resistant [115]
nm) Pt(1V) prodrug cancer
polymer (mice) ovarian cancer
chemotherapy and
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Poly(B-amino ester)

Poly(B-amino ester)

pDMAEA and

pDMAEMA

pABOL

Trimethyl chitosan-

cysteine

PLL and polymeric

SiRNA microparticles

(-)-epi-gallocatechin
gallate (natural

polyphenols)

Amine capped poly-(P1-

bisacrylamide-diamine)

Chitosan

Carboxymethyl chitosan
and (labelled fluorescein
isothiocyanate) chitosan

hydrochloride

PEI-g-PEG (with amino

or amino acid terminal)

Spherical (50-

250 nm)

Spherical (50-

150 nm)

Spherical (120-

200 nm)

Spherical (120-

400 nm)

Spherical (120-

225 nm)

Sponge-like
spherical
microstructures

(1806 nm)

Spherical (127

nm)

Spherical (100

- 500 nm)

Spherical (100

-120 nm)

Non-spherical

(374 nm)

Spherical (46-

82nm)

dsRNA structural mimic: A549-Dual
Polyinosinic:polycytidylic Reporter
acid (Poly (I: C)) Cells
ECs
Anti-microRNA-712
(iMAECs)
saRNA (eGFP, VEEV, HEK293T.17
and flLuc) cells
Hemagglutinin encoding HEK293T.17
saRNA cell
Raw 264.7
(TNF)-a siRNA
cells
SiIRNA (siPLK1) SKOV3 cells
Hela, Hela-
SiRNA Luc, and
A549
Hela,

SiRNA and miRNA keratinocytes,

and ECs

SiRNA T24 cell

SiRNA HT-29 cells

DC2.4 mouse
dendritic
mRNA
cells, PC3

human

103

In vitro, In
vivo
(mice)
Invitro, In
vivo
(mice)
Ex vivo
(skin
explants),
in vivo
(murine
model)
Ex vivo
(skin
explants),
in vivo
(murine
skin and
muscle)
In vitro, In
vivo

(mice)

In vitro

In vitro

Invitro, In
vivo

(mice)

In vitro, In
vivo

(mice)

In vitro

Invitro, In
vivo

(mice)

gene therapy (c-fos

silencing)

Gene therapy

Gene therapy
(reduction in miR-

712 expression)

Gene therapy

Gene therapy

Gene therapy
(TNF-a

knockdown)

Gene therapy
(Polo-Like Kinase-

1 regulation)

Gene therapy
(knock down of
firefly luciferase
gene and Bcl-2
downregulation)

Gene therapy

(eGFP knockdown)
and Light-

activatable therapy

Gene therapy (Bcl2

regulation)

Gene therapy (B-
catenin
knockdown) and
ultrasound-

triggered therapy

Pulmonary
immunomodulation

and Gene therapy

Vaccine study

Atherosclerosis

Vaccine study

Vaccine study

(influenza)

Inflammation
therapy-acute

hepatic injury

Ovarian cancer

Acute skin

wounds

Bladder cancer

Colorectal

cancer

Lung disease

[118]

[119]

[120]

[122)

[124]

[129)

[131]

[117)

[127]

[128]

[112)



prostate ((Gal8)-GFP
cancer, and regulation)
B16F10 cells
Huh?7 cells,
Transfection
PEG-b- HepG2,
Spherical (64- Gene therapy study on liver,
p(DMAEMA/DEAEMA- mMRNA HeLa, and In vitro (21
>500 nm) (eGFP regulation) cervical and
co-AMA) NCI-H358
lung cells
cells
SiRNA, sgRNA, eGFP
Bioreducible poly L- HEK-293 and Gene therapy
Spherical (100- MRNA, Fluc mRNA, Transfection
histidine, L-lysine, and NIH 3T3 In vitro (luciferase [123]
250 nm) Cas9 mRNA, and study
L-tryptophan cells silencing)
Replicon RNA
In vitro, In Gene therapy
Nanofiber (780
Polydiacetylenic SiRNA (siLim) 786-0 cells vivo (oncogene Lim-1 Renal cance [350]
nm in lenght)
(mice) silencing)
Neural
Gene therapy
Cylindrical regeneration
PCL CRISPR/dCas9 U20S cells In vitro (activation of [134]
fiber (950 nm) (neurite
GDNF expression)
outgrowth)
Table 1: Continued
Nanocarrier Assay Disease
Nanocarrier type Shape RNA type Cell line Type of Therapy Ref
platform Condition model/study
Investigation on
MegaX DH10B E. mutable loop in the
Icosahedral
coli MS?2 coat protein to Capsid design
MS2 structure (27 In vitro 4]
electrocompetent display 9,261 non- study
nm)
cells native tripeptide
insertion
Dimeric
Icosahedral
Modular Hepatitis prodrug- Inflammatory Suicide enzyme
structure In vitro Breast cancer [139]
B activating breast cancer cells delivery and cell killing
(33.5nm)
enzyme
Gene therapy
Virus-like (knockdown of LSP1
LSP1, Raf-1,
particles Icosahedral moDCs, Raji, or Invitro, In and Raf-1 in moDCs
GPAD, and
Bacteriophage QB structure (36 Raji-DC-SIGN vivo and expression of the Cellular immunity [140]
nontargeting
nm) cells (mice) proinflammatory
SiRNA
cytokines characteristic
ofaTHL )
Bacteriophage QB BL21 (DE3) SARS-CoV-2
Icosahedral Invitro, In
and plant virus mimic SARS- competent E. coli Biomimetic SARS- Detection and
structure vivo (421
cowpea chlorotic CoV-2 RNA cells (for CoV-2 positive controls Assay
(30 nm) assembly
mottle virus synthesis) Development
Icosahedral 1D8-Defb29/Vegf- In vitro, In Ovarian cancer
Bacteriophage QB structure Aand RAW 264.7 vivo Immunostimulation (peritoneal [143]
(28 nm) cells (mice) ovarian tumors)
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Icosahedral Murine colon In vitro, In
Cowpea chlorotic ODN1826 and Tumor-associated
structure (27 cancer CT26 and vivo Immunostimulation [143]
mottle virus RNA macrophages
nm) B16F10 cells (mice)
DOTAP and Spherical In vitro, In
Gene therapy (eGFP Severe lung
hyprid (230-250 eGFP-siRNA A549-EGFP cells vivo [146]
silencing) disorders
DOTAP/PLGA nm) (mice)
Cytotoxicity assay
Serine-derived Spherical
HEK293eGFP Gene therapy (eGFP of amid-amine-
gemini surfactants (100-250 eGFP-siRNA In vitro [149]
cells silencing) ester derivatives
and Monoolein nm)
of LNP
Firefly
pSar lipids In vitro, In
Spherical luciferase- Gene therapy LNP formulation
(pSarcosinylated HepG2 cells vivo [148]
(75-150 nm) encoding (luciferase expression) study
lipids) (mice)
mMRNA
Phytosterols
(naturally Faceted or
LNP formulation
occurring spherical (80 FLuc mRNA HeLa cells In vitro [155]
study
cholesterol -100 nm)
analogs)
Invitro, In
Linear-Dendritic Spherical Gene therapy LNP formulation
SiRNA (siL.uc) HeLa-Luc cells vivo [150]
PEG lipids (50-100 nm) (luciferase expression) study
(mice)
Firefly
luciferase,
mCherry, and
erythropoietin Gene therapy
Lipid Invitro, In
. Branched-Tail Spherical mRNA F4/80, CD31, and (luciferase, EPO,
nanoparticles vivo Liver disease (53]
3060i10 lipidoid (124 nm) (codelivery) ASGR1 tdTomato, and mCherry
(mice)
and Cas9 expression)
mRNA and
SgRNA
(separately)
Jurkat cells and Gene manipulation Acute
Spherical Luciferase Nalm-6 acute (chimeric antigen lymphoblasticleuk
Cld—4 Ex vivo [161]
(51-97 nm) mRNA lymphoblastic receptor expression in T emia and large B
leukemia cell cells) cell lymphoma
Luciferase
Spherical In vivo Gene therapy (FVIII
Conventional mRNA and Hemophilia A [162]
(<100 nm) (mice) expression)
FVIII mRNA
CL15A6, CL15HS6,
CL4H6, and Gene therapy (firefly
Spherical HelLa and HeLa-
YSKO5 (pH- siRNA (siLuc) In vitro and renilla luciferase [156]
(24-50 nm) dluc cells
sensitive cationic expression)
lipids)
lonizable amino
lipids (based on the
Invitro, In
linker moieties Spherical SiRNA (siPLK Gene therapy (silencing
U266 cells vivo Leukocytosis 1521
such as hydrazine, (<100 nm) and siLUC) of PLK1)
(mice)

hydroxylamine,

and ethanolamine)
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Spherical
BAMEA-016B
(230 nm)
Spherical
(150-190 nm
LLNs (TT3, before and

DOPE, cholesterol, 368-563 nm
DMG-PEG2000) after
modification

)

Cas9 mRNA HEK and HelLa
and sgRNA cells
FLuc mRNA Hep3Bcells

In vitro, In
vivo

(mice)

Invitro, In
vivo

(mice)

Gene therapy (GFP and
proprotein convertase
subtilisin/kexin type 9

knock down)

Gene therapy

(luciferase expression)

Hepatocellular

injury

Carrier storage

study

[151]

[163]
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Nanotechnology-mediated RNA delivery enables regulating a broad range of cellular processes
providing effective strategies for personalized medicine. This review provides a comprehensive
overview of the recent evidence in the field, highlighting key RNA molecules and
nanostructured carriers. Their innovative applications for vaccine development, wound healing,
cancer, and neural system treatments are summarized. Finally, new trends and future
applications are discussed.

Keywords: RNA, drug delivery, nanostructured biomaterials, COVID-19, personalized
therapy.
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