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Glossary

ARPE-19: a human retinal pigment epithelial cell

ASO: antisense oligonucleotide

BBB: blood brain barrier

BRB: blood retinal barrier

BOB: blood-ocular-barrier

BSA: bovine serum albumin

BSCFB: blood-cerebrospinal fluid barrier

CCF: cross-correlation function

CME: clathrin-mediated endocytosis

CNS: central nervous system

CRISPR: clustered regularly interspaced short palindromic repeats
CVME: caveolae-mediated endocytosis

DAPI: 4',6-diamidino-2-phenylindole

DCM: dichloromethane

DLS: dynamic light scattering

DNA: deoxyribonucleic acid

DOTMA: 1,2-di-O-octadecenyl-3-trimethylammonium propane
DSB: double-strand break

EGFP: enhanced green fluorescent protein

EDTA: ethylenediaminetetraacetic acid



FITC: fluorescence isothiocyanate

FITC-pEGFP: fluorescence isothiocyanate labeled pCMS-EGFP
HEK-293: human embryonic kidney

HR: homologous recombination

LDV: Lasser Doppler Velocimetry

MFI: mean fluorescence intensity

MRNA: messenger RNA

NHEJ: non-homologous end joining

NLS: nuclear localization signal

NPC: nuclear pore complexes

o/w: oil in water

PBS: phosphate buffered saline

pDNA: plasmid DNA

PEGFP: plasmid encoding enhanced green fluorescent protein
PS: phosphatidylserine

RISC: RNA-induced silencing complex

RME: receptor-mediated endocytosis

RNA: ribonucleic acid

RNP: Ribonucleoprotein Particle

SC DNA: supercoiled DNA

SD: standard deviation



SDS: sodium dodecyl sulfate

SV40: simian virus 40

TALEN: transcription activator-like effector nuclease
TEM: transmission electron microscopy

XLMTM: X-linked myotubular myopathy

ZFN: zinc finger nuclease
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1. State-of-the-art

Since the discovery of the gene as the fundamental unit of heredity, the ability to make site-
specific alterations to the human genome has been a medical goal. Thus, gene therapy was defined
as the ability to correct genetic mutations or produce site-specific changes for therapeutic purposes.
This therapy was became possible by advances in genetics and bioengineering, which enabled the
construction of vectors for the delivery of extrachromosomal material to target cells [1]. Gene
therapy has the potential to treat a wide range of hereditary disorders. The development of
nanoparticles with a unique features using advanced technologies is the initial step in delivering
medications and genes to specific targets. Yet, this nanoparticle-mediated gene delivery faces

significant obstacles because of its reproducibility and host cell toxicity [2].

Gene therapy involves the administration of specific genetic material (i.e., DNA or RNA) via
a "vector" that permits the foreign genetic material to enter the target cells. Some gene therapies
use modified forms of natural viruses as vectors, as they are an efficient way of transferring DNA
or RNA into a cell. The gene therapy agent can be delivered into the body (in vivo gene therapy)
or used to repair cells extracted from the body (ex vivo gene therapy), which are then reinfused.
Replacement gene therapy gives a working copy of the damaged genes, to enhance the availability
of a disease-modifying gene, or inhibit the production of a damaged gene. Gene therapy aims to
eliminate or stop the proliferation of malignant cells to treat cancer. New “gene editing”

technologies are designed to alter chromosomal DNA and correct genetic defects [3].

Concepts about gene therapy first appeared in the 1960s and 1970s, as genetically marked cell
lines were being developed and methods of cell transformation by papovaviruses polyoma and
SV40 were being clarified. Employing cloned genes, scientists demonstrate that foreign genes may
cure genetic defects and disease phenotypes in mammalian cells. Effective retroviral vectors and
other gene transfer techniques have enabled convincing demonstrations of efficient phenotypic
correction in vitro and in vivo [4]. Viral vectors were used to have further development, since the
early 1990s. Employing genetic engineering methods, DNA is inserted at random into the host
genome throughout these processes. As for viral vectors, they have their own set of limitations due

to their complexity, being potentially immunogenic, and difficulty in production.
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Genome editing tools, such as zinc-finger nucleases (ZFNs), transcription activator-like
effector nucleases (TALENS), and the more recently developed clustered regularly interspaced
palindromic repeats/CRISPR-associated-9 (CRISPR/Cas9) technologies, were developed in the
2000s and induce genome modifications at specific target sites [5]. A wide range of disorders,
including hereditary diseases and malignancies, have been treated using novel therapeutic options
thanks to genome editing tools. Thus, gene therapy has become a focus of medical research.
However, gene therapy creates significant ethical issues because it modifies the genetic
background [6].

Vectors for gene transfer

Vectors are vehicles that transport genetic material to different cells, tissues, and organs. The
ideal vector and delivery mechanism are determined by the target cells and the properties of the
vector, as well as the duration of expression and the amount of genetic material included into the
vector [7]. Successful delivery of therapeutic genes and adequate gene expression are required for
clinically effective gene therapy. Viruses are vehicles that efficiently deliver their genes into the
host cells. This characteristic made them desirable for therapeutic gene delivery. The viral vectors
are evolved from RNA and DNA viruses that process genomes and host ranges. Certain viruses
have been employed as vectors for gene delivery due to their capacity to transport foreign genes
and their ability to successfully deliver these genes with efficient gene expression. This is why
viral vectors derived from retroviruses, adenovirus, adeno-associated virus, herpesvirus, and

poxvirus are used in many clinical gene therapy trials [8].

Retrovirus vectors are among the most commonly used types, as these vectors have excellent
gene transfer efficiency and promote high expression of therapeutic genes. For in situ treatment,
retroviruses are ideal candidates due to their ability to penetrate the nuclear pores of mitotic cells
and transfect dividing cells [9]. The increasing number of clinical trials that use DNA virus vectors
such as adenovirus, adeno-associated virus, or herpesvirus demonstrates the importance of these
vectors for efficient gene delivery. For both in vivo and ex vivo applications, a wide range of viral
vector systems have been developed [8]. There is a subclass of retroviruses known as lentiviruses.
Unlike other retroviruses, lentiviruses can infect nondividing cells. Their great affinity for neural
stem cells indicates that lentiviruses can be utilized extensively for ex vivo gene transfer in the

central nervous system, with no significant immune responses and no undesired side effects [9].

24



Until recently, AAV gene treatment had a great record of success. However, the terrible deaths of
three children during a trial to treat X-linked myotubular myopathy (XLMTM) using an AAV8
vector that promotes the expression of functional MTM1 have recently destroyed this unmatched
safety record. The deaths of the three children are being widely researched, and the trial is now on
hold [10].

Recent clinical trials have focused on the possible risks of using viruses to transport and
integrate DNA into host cells in gene therapy. However, findings suggest that efficient, long-term
gene expression can be done without the need of viruses. Additionally, recent developments
provide non-viral methods for long-term gene expression. DNA can be targeted to specific
genomic sites without deleterious effects, and transgenes can be maintained as small episomal
plasmids or artificial chromosomes. A great number of non-viral vector products have entered
clinical trials due to improvements in efficiency, specificity, gene expression duration, and safety
[11]. Non-viral vectors are a simpler, less expensive, and, most importantly, safer alternative to
viral vectors for gene transfer. In addition, they can be manufactured on a large scale with great
reproducibility and acceptable costs, they are generally stable during storage, they can be

administered repeatedly without or with minimal immunological response [12].
In vivo gene therapy

Once a drug candidate demonstrates efficacy in in vitro experiments, drug development can be
advanced by using in vivo models. Preclinical studies use animals to evaluate a drug candidate's
safety, efficacy, and delivery. For example, anti-tumor drug candidates that showed promise in
prior in vitro experiments are frequently screened using mouse models implanted with tumor cells.
The goal of in vivo genetic engineering is to genetically modify somatic cells in order to treat
genetic diseases, correct or disrupt mutated disease-causing genes, promote endogenous
regeneration, and tackle cancer. The recent approval of several in vivo gene therapy products
reveals that in vivo genetic engineering has demonstrated great potential as a novel therapeutic
treatment for an ever-growing number of diseases [13]. To study and develop new drugs, many in
vivo experimental models have been developed, but only a few accurately reproduce the
physiologic responses that would occur in humans. Inbred mouse strains are most usually
employed. Although hamsters and rats (primary tests), dogs and nonhuman primates (secondary

and tertiary tests) have also been used [14].
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EX vivo gene therapy

New advances in ex vivo gene therapy have pushed the field closer to the promise
envisioned. These gains are largely due to vector technologies that can transduce cells without
genotoxicity and improved cell treatment processes [15]. In an ex vivo delivery method, cells are
extracted from the patient's own body (autologous) or other healthy people (allogeneic or donor).
The transformed cells are then modified using genetic engineering tools outside the body, purified,
enriched, and/or activated before being transplanted back into the patient. These altered cells then
replicate and spread in the body. The ex vivo technique permits the delivery of a gene or genes to
a specific cell subpopulation without damaging other cells or organs; nevertheless, the vectors used
must be capable of integrating genetic material into the genome for long-term clinical efficacy.
Most ex vivo therapies use autologous cells, with few exceptions. Autologous cells are less likely

to cause immunological reactions than allogeneic cells [16].
Gene editing

Genome editing tools based on engineered or bacterial nucleases have enabled the direct
targeting and modification of genomic sequences in almost all eukaryotic cells. Genome editing
has demonstrated tremendous potential in a variety of domains, including basic research, applied
biotechnology, and biomedical research. Which has enabled us to develop more specific cellular
and animal models of pathogenic processes, and improved our understanding of how genetics
affects disease. Recent advances in the development of programmable nucleases, such as zinc-
finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENS), and clustered
regularly interspaced short palindromic repeat (CRISPR)—Cas-associated nucleases, have greatly
accelerated the transition from concept to clinical practice of gene editing [17]. The edition
mechanism consists of a double-strand break (DSB), achieved by different techniques that are
classed in two groups depending on the usage or not of a homologous DNA sequence as a template,
repair through non-homologous end joining (NHEJ) and homologous recombination (HR) that

requires a homologous DNA sequence [18].
Biological barriers

Gene delivery systems need to be capable of overcoming biological barriers in order to be

active at the site of action. For ex vivo gene delivery systems, only intracellular obstacles can limit
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their final performance. While in the case of in vivo experimentation, the delivery process to the
site of action may also be effected by additional extracellular barriers. The route of administration

and the organ to be treated can have a large impact on the efficacy of the treatment [19].
Extracellular barriers

Regardless of how vectors are administered in vivo, it will invariably come into touch with the
extracellular environment. Multiple variables in the extracellular environment can cause vector
clearance and/or destruction before it ever reaches the target organ. It has been demonstrated that
intravenously administered naked DNA has a short serum half-life, ranging from 1.2 to 21 minutes
depending on the DNA's topology. Endo and exonuclease activity in the plasma is believed to be
responsible for this. Intramuscular injections of plasmid DNA have resulted in similar degradation.
However, DNA that is able to evade nucleases is also exposed to proteins and cells in the external
environment. In addition, DNA delivery vehicles also come into contact with blood cells, which
is an essential consideration. Erythrocytes, leukocytes, macrophages, and platelets have negative

surface charges, permitting electrostatic interactions with cationic vectors.

The activation of the immune system is yet another extracellular barrier that should be
considered. Although immune activation has been most commonly linked with viral gene delivery,
it has been demonstrated that some non-viral approaches can also produce an immunological
response [20]. Physicochemical characteristics such as zeta potential, particle size destruction,
polydispersity index, or hydrophobicity/hydrophilicity balance can also contribute to immune
system compatibility in the case of genetic material delivered by non-viral vectors [21]. In
addition, biomacromolecules can be phagocytosed by macrophages, the bacterial origin of their
components can provoke cellular and humoral immune responses, which can affect their final
performance and safety profile after administration [22]. Moreover, the time needed to reach
therapeutic concentrations by the transfection process, can be even more difficult if immune-
privileged organs like the brain and eye are the target. Nanoparticles should efficiently cross the
blood-brain barrier and blood-retinal barrier to reach the target cells in the brain and eye,

respectively [23, 24]. Figure 1 shows a basic schematic representation of extracellular barriers.
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Intracellular barriers

As extracellular barriers have been crossed, biomacromolecules still need to reach significant
concentrations at cytoplasmic or even nuclear levels, ideally only on the target cells, in order to be
biologically active. Nanomaterials should have appropriate biological and physical features to
improve uptake by cytoplasmic membranes. The internalization pathway has two subtypes,
phagocytosis and pinocytosis. Non-viral vectors can use multiple uptake pathways together to
enter cells, although some lead to degradation if uptake is higher than treatment efficiency [23].
There are different mechanisms of endocytosis that are generally classified as follows: Main
energy-dependent uptake pathways of the cell. Macropinocytosis forms macropinosomes that
could finally join the early endosomes. Clathrin-mediated endocytosis (CME) and caveolin
mediated endocytosis (CVME) are the main receptor-mediated endocytosis (RME) processes [25].
The interaction of an agonist with its receptor triggers the formation of clathrin-coated endocytic
vesicles. The vesicle internalizes, loses its clathrin coat, and unites with other vesicles to create an
early endosome, which later fuses with a lysosome [26]. Caveolin vesicles are generated and
connect with other caveolin vesicles, resulting in multicaveolar structures called caveosomes that
fuse with early endosomes in a bidirectional way. From this point, the vesicular structures can
move to the smooth endoplasmic reticulum or to the Golgi-trans network depending on the cell
type [27]. It has considered that CME, CvME, and macropinocytosis are associated with
lysosomes, where the acidic pH destroys DNA. Thus, the transfection process is strongly affected.
As the ‘end-point' of the endocytic pathway, lysosomes have a highly acid lumen with
hydrolases/lipases for protein/lipid degradation and recycling of external and intracellular

components [28].

In order to prevent the breakdown of vectors and genetic material, endosomal escape is
required prior to endosomal-lysosomal fusion. For siRNA to reach the RNA-induced silencing
complex (RISC), as well as for ASOs to reach the target mMRNA, nanoparticles need to move fast
and properly through the cytosol. The nuclear membrane's impermeability is a challenge for
plasmids, RNPs, and some ASOs that target pre-RNA [29, 30]. Due to restricted diffusion through
nuclear pore complexes (NPC) at the nuclear membrane, nuclear localization is more difficult than
intracellular localization [31]. Passive diffusion allows only very small NPs of less than 50 kDa

and less than 10 nm in size to enter the nucleus, while macromolecules larger than 50 kDa can
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only enter via the nuclear localization signal (NLS) sequence-mediated active transport [32,33].

Once within the nucleus, or even earlier during cytoplasmic trafficking, biomacromolecules must

be split from gene delivery systems, to gain entry into the target cell's transcriptional machinery

and cause the desired biological function [34]. Figure 1 shows a basic schematic representation of

intracellular barriers.
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Figure 1: A basic schematic showing extracellular and intracellular hurdles that genetic material

faces during transfection. ASQO, antisense oligonucleotide; sSiRNA, small interfering RNA; RNP,

ribonucleoprotein; CME, clathrin-mediated endocytosis; CvME, caveolae-mediated endocytosis;

RISC, RNA-induced silencing complex; mRNA, messenger RNA; NPC, nuclear pore complex.
Copyright 2019, Elsevier B.V and Al Qtaish N et al [35].
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Non-viral gene delivery systems

The most essential considerations in gene therapy are the introduction of the gene into the
cell and the improvement of transfection efficiency. Due to their hydrophilic properties and large
size, naked DNA molecules can't enter the cell. Moreover, nuclease enzymes can also break them
up easily. So, the main challenge in gene therapy is developing physical mechanisms to assure
gene transfer of vectors and transmitted gene to the target cells [36]. In an effort to provide an
alternative to systems based on viruses, non-viral gene delivery methods have been developed.
Physical or chemical preparations classify non-viral systems. In a broad sense, the concept
"physical techniques” refers to the process of delivering the gene by increasing the permeability
of the cell membrane by use of external physical force. The terms "microinjection”,

"electroporation”, "gene gun”, "ultrasound™ and "hydrodynamic applications" refer to some of the
most frequent types of physical methods. Chemical methods, on the other hand, involve the
utilization of natural or manufactured carriers in order to transport genes into cells. As gene
delivery systems, this method takes use of polymers, liposomes, dendrimers, and cationic lipid

systems [37].
Niosome nanoparticles for gene delivery

Understanding the basic structural units of niosome may help determine which substances
can form niosome as well as how drugs can be loaded into niosome. Niosomes are bilayer
structured non-ionic surfactant vesicles, hydrophilic heads are orientated toward an aqueous
solution, while hydrophobic heads are orientated toward an organic solution, and therefore
niosomes can deliver both hydrophobic and hydrophilic drugs [38]. Niosomes are a suitable
alternative to liposomes. The drug-loaded niosome can give a higher degree of tissue-specific
targeting and sustained drug release to the target. Niosomes are biodegradable, biocompatible, and
non-immunogenic. They have an extended shelf life, display great stability, and provide the
regulated and/or sustained administration of encapsulated molecules to a target site [39]. As Gene
delivery system, niosomes consist of three components: non-ionic surfactants, cationic lipids, and,
if necessary, "helper" components [40]. As carriers for genes or hydrophilic/hydrophobic
medicines, non-ionic surfactants are safe, with affordable cost and they are necessary to stabilize
emulsions, preventing the formation of particle aggregates [41]. In addition to non-ionic

surfactants, niosomes contain one or more cationic lipids, permitting nucleic acids to be complexed
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to cationic niosomes by simple electrostatic interactions [42]. Cationic lipids have become known
as one of the most versatile tools for the delivery of DNA, RNA and many other therapeutic
molecules, and are especially attractive because they can be easily designed, synthesized and
characterized. Most of cationic lipids share the common structure of cationic head groups and
hydrophobic portions with linker bonds between both domains. The linker bond is an important
determinant of the chemical stability and biodegradability of cationic lipid, and further governs its
transfection efficiency and cytotoxicity [43]. Regarding the helper components, it has been
suggested that they are responsible for improving the physicochemical properties of the emulsion
and gene delivery [44]. However, the mechanisms that are involved in these advancements in
cationic niosome formulations for gene delivery applications have not been fully understood, and

additional research that is more in-depth is required [45].

Different methods, including ether injection, sonication, and microfluidics, are used to
form niosomes [46]. The solvent-evaporation method is an easy way to prepare niosomes. In this
procedure, the non-ionic surfactant is introduced to the aqueous phase, while cationic lipids and
"helper” components have been dissolved in a small volume of organic phase. An emulsion is
formed after a brief duration of sonication. The organic solvent in such an emulsion can be
evaporated by leaving it under magnetic agitation for some time, which will result in the
resuspension of the niosome vesicles into the aqueous phase [47]. Schematic of niosome

components and solvent evaporation process is shown in the figure 2.
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corresponding nioplexes. Copyright 2019, Elsevier B.V and Al Qtaish N et al [35].

The related nioplexes can be obtained once the niosomes have been prepared, and then a solution
containing the appropriate genetic material is added to a colloidal suspension of the niosomes. As
a result of electrostatic interactions between the positively charged amine groups of the cationic

lipids and negatively charged phosphate groups of the nucleic acid, nioplexes are obtained [48].

Gene delivery to the eye

In the past two decades, gene therapy has made big progress in treating inherited and
previously incurable diseases. The goal among all gene therapy approaches is to modify the
expression of proteins by the target cells through an inserted foreign DNA fragment into host cells.
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The eye is a good target for genetic therapy since it is immune-privileged, easily accessible, and
affected by inherited illnesses. The retina is suggested for gene therapy because it can be easily
visualized; it lacks lymphatic veins and an outer blood network, and its cells do not proliferate
after birth, therefore, transgenic expression is not affected [49]. Gene delivery strategies for eye
diseases extend from eye drops and ointments to mucoadhesive systems, polymers, liposomes, and
ocular implants. Most of these technologies were designed for front-of-the-eye ophthalmic therapy
[50]. When the systemic delivery method is employed to target the eye, non-viral vector/DNA
complexes need to be able to pass across the blood-ocular-barrier (BOB) in order to reach the
ocular tissue. The BOB has tight epithelial connections, making this difficult. Using vectors
smaller than 100 nm and ligand-equipped vectors that recognize BOB receptors are two ways to
overcome this limitation. Therefore, even though the intravenous route provides the delivery of
larger volumes of the formulations and also repeated administrations, the therapeutic efficacy
reached by this strategy is usually limited by the obstacles that limit access to the eye. This is the
case even if the intravenous route permits the delivery of larger quantities of the formulations.
intravitreal, subconjunctival and subretinal injections can bypass some of these barriers and are
now considered to be the most common and effective ways of gene delivery to retinal ganglion
cells and inner retinal layers [50]. To begin with, ocular tissue barriers such as the cornea,
conjunctiva, sclera, and choroid all include epithelial tight junctions, proteoglycan matrices, and
fibril collagen networks that prevent vector/DNA complexes from reaching the retina. Finally, the
vitreous, an aqueous biogel consisting of collagen, hyaluronan, and proteoglycans, prevents retinal
cell transfection. Methods such as using vectors of proper size, particular ligands, and muco-
adhesive polymers are all examples of strategies that can be utilized in order to overcome the

challenges posed by these obstacles [50].
Gene delivery to the brain

CNS anatomy and physiology make gene delivery difficult. The blood-brain barrier (BBB)
protects the CNS against macromolecular drugs and over 98% of small molecule drugs [49]. The
blood-cerebrospinal fluid barrier (BCSFB), constituted of choroid plexus epithelial cells, protects
the spinal cord as part of the CNS [51]. Essential nutrients, such as glucose and amino acids, are
transported into the CNS via BBB and BSCFB receptors. Neurons are distinct cell type within the

CNS, they are difficult to transfect due to their post-mitotic nature, complicated structure, and
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neural networking. Most attempts to cross the BBB following systemic administration of non-viral
vector/DNA complexes employ receptor mediated absorption of transferrin (Tf), lactoferrin, and
insulin, since their receptors are expressed on numerous cell types, including neurons and BBB
capillary endothelial cells [51]. By adding a ligand to the non-viral delivery method, the
vector/DNA combination can be transported to the CNS. Another method, known as the
"Molecular Trojan Horse," employs peptidomimetic monoclonal antibodies that are designed to
target specific receptors on the BBB and induce receptor-mediated transcytosis of the non-viral
delivery system into the CNS. [52] This method uses peptidomimetic monoclonal antibodies.
Other methods for systemic CNS distribution of traditional pharmaceutics include transitory
mechanical disruption of the BBB and RNAi-mediated silencing of tight junction proteins [51].
The most clinically acceptable method for CNS gene therapies is systemic administration. But
because there are so many extracellular hurdles that vectors have to get through, recent studies
have tried various administration strategies. Several pre-clinical investigations have tried brain
injections or infusions. Even though local administration to the brain avoids extracellular barriers

to the CNS, brain surgery to infuse a gene therapy vector limits its therapeutic application.

To summarize, gene therapy is becoming a viable option for treating genetic disorders. The
advent of nanomedicine offers new opportunities for the development and use of non-viral vectors,
like as niosomes, to treat both retinal and brain diseases. To this purpose, the incorporation of
novel compounds into formulations and the selection of the most appropriate method for niosome
elaboration, as well as an extensive biophysical characterization, in vitro and in vivo testing, may
enable new possibilities and chances to enhance the treatment of various diseases through the use
of a gene therapy strategy.

2. Methodology
2.1. Preparation of formulations and complexes

For the elaboration of niosomes, there are various well-described methods. The oil in water
(o/w) emulsion technique is one of the most commonly used methods, and we used it to prepare
the formulations in this doctoral thesis. In general, the cationic lipids and "helper" components are
dissolved in a small volume of organic phase, followed by the addition of the aqueous phase

containing the non-ionic surfactant. After a brief time of sonication, an emulsion is produced. This
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will result in the resuspension of niosome vesicles in the agueous phase. The following chemical
reagents were used in this doctoral thesis: The cationic lipid employed was DOTMA, which was
dissolved in the organic phase. Polysorbate 20 was chosen as a non-ionic surfactant for these
formulations. As "helper" components, we used nanodiamonds and sphingolipids in our
formulations. In the first experimental work, we introduced animal-derived sphingolipids as a
"helper” component into niosome formulations to evaluate their biophysical properties as a gene
delivery system. We compared two non-viral vector formulations based on cationic niosomes
composed of the same cationic lipid and non-ionic surfactant, but with or without sphingolipids as
a "helper" component, resulting in niosphingosomes or niosomes, respectively. We evaluate both
formulations to determine the effect of the addition of the "helper" component on the gene delivery
system. In the second experiment, nanodiamonds were incorporated as a "helper" component into
niosome formulations in order to assess their biophysical capabilities as a gene delivery system.
We examined two non-viral vector formulations based on cationic niosomes with or without
nanodiamonds as a "helper"” component, resulting in nanodiasomes or niosomes, respectively. To
determine the effect of the addition of the "helper” component on the gene delivery mechanism,
both formulations were evaluated. These resulting formulations were also used in the third
experimental work to study their stability. The effect of the incorporation of nanodiamonds into
niosome formulations was evaluated over time at different periods of time (0, 15 and 30 days) and

storage temperatures (4°C and 25°C). Composition of each formulation in this thesis is shown in

Table 1.
Components cationic lipid | Non-ionic surfactant "helper'* component
DOTMA Polysorbate 20 Sphingolipids  Nanodiamonds
Formulations
Niosomes 4 v
Niosphingosomes v v v
Nanodiasomes v v v

Table 1: Overview of the formulations components employed in these experimental studies.

The pCMS-EGFP plasmid (pCMS-EGFP, 5541 bp, average MW 3657060 g mol™ )
enhanced green fluorescent protein called pEGFP is used as a reporter in all experimental works

of this doctoral thesis. The pCMS-EGFP plasmid was propagated with Escherichia coli DH5-a

35



and purified with the Maxi-prep kit, and the resulting pDNA was measured at an absorbance of
260 nm. The plasmid was added to niosomes, niosphingosomes or nanodiasomes at various
cationic lipid/DNA mass ratios (w/w) to generate complexes. A 30 minute room temperature
incubation period before use enable the cationic lipid and genetic material amine groups to better
electrostatic interactions, which resulted in the formation of complexes. The mass ratio of cationic
lipid to DNA varies depending on the volume of the niosome formulations and DNA stock solution
used. The ratios used in the first experimental work for the complexes obtained upon the addition
of plasmid DNA were 3/1, 7.5/1 and 15/1 cationic lipid/DNA and they were 2/1, 5/1, 10/1, and
15/1cationic lipid/DNA mass ratios in the second experimental work. Plasmid pCMS-EGFP
labeled with fluorescence isothiocyanate (FITC) has been used for tracking studies (FITC-
pEGFP).

2.2. Physicochemical characterization of formulations and complexes
2.2.1. Size, dispersity, superficial charge and morphology

After formulations elaboration and prior to conducting any biological experiments, the
most relevant physicochemical properties involved in the nucleic acid delivery of formulations are
evaluated as a screening method to determine the optimal composition and concentration of the
chemical components. The Zetasizer Nano ZS was used to evaluate particle size, dispersions, and
surface charge, which employs Dynamic Light Scattering (DLS) to measure particle size and
dispersions and Laser Doppler Velocimetry (LDC) for zeta potential. In the third experimental
work, both formulations were subjected to physicochemical characterization for stability study. As
a result, at 0, 15, and 30 days after storage at 4°C and 25°C. For each formulation, zeta potential,
particle size, and dispersion were analyzed. While various microscopic techniques can be used to
examine the morphology and distribution of niosome colloidal dispersions. Transmission electron
microscopy (TEM) is used to study formulations morphology. In the second and third experimental
works, additional Cryo-tomography-based microscopy investigations were conducted to

investigate the distribution of nanodiamonds within nanodiasomes.
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2.2.2. Gel retardation assay

Agarose gel electrophoresis experiment was used to evaluate the ability of complexes to
condense, protect, and release the genetic material. Samples were put directly into a 0.8% agarose
gel to evaluate the formulations DNA binding ability. After 30 minutes of incubation at 37 °C, 4
uL of DNase I enzyme and 6 pL of 10% sodium dodecy! sulfate (SDS) were added and incubated
for another 10 minutes at room temperature to evaluate the DNA protection capacity of
formulations. The same amount of SDS was added to the samples and incubated for 10 minutes at
RT to evaluate the DNA release from the complexes. As a control, 200 ng of naked DNA was
utilized. The agarose gel was immersed in a Tris-acetate EDTA solution and subjected to
electrophoresis for 30 min at 120 V after the addition of 4 uL of loading buffer per sample. GelRed
reagent was used to colorize the DNA bands, which were then visualized with a ChemiDoc MP

Imaging System and analyzed with Image Lab Software.
2.2.3. Endosomal escape of the complexes from the late endosome

Endosomal release of the pDNA is one of the most crucial challenges to overcome in order
to avoid lysosomal destruction. Comparatively to the endosomal compartment. In the second
experimental work, Phosphatidylserine (PS) micelles were used to simulate the late endosomal
compartment. PS was dissolved in 1.6 mM chloroform and the solvent was evaporated using
magnetic agitation. PS micelles were isolated from the reconstituted dried material by ultrasonic
dispersion in PBS. The PS micelles were incubated with or without the nanodiaplexes and
nioplexes for one hour at a mass ratio of 1:50 pEGFP:PS. The amount of genetic material released
from the complexes was measured using electrophoresis on samples loaded in a 0.8% agarose gel
with 200 ng of DNA. As described in the Gel Retardation Assay section, the electrophoresis

procedure, band staining, and analysis were all completed.
2.3. In vitro assays
2.3.1. Cell culture and in vitro transfection assays

In the first experimental work, a human retinal pigment epithelial cell line (ARPE-19), was
selected for in vitro assays to evaluate gene transfection efficiency. ARPE-19 cells were seeded
into 24-well plates at an initial density of 18x10* cells per well in order to reach 70-80 %
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confluence at the time of the transfection assay in order to evaluate the transfection efficiency.
Niosphingoplexes and nioplexes were formed at cationic lipid/DNA mass ratios 3/1, 5/1 and 10/1
in Opti-MEM™ transfection medium. In the second and third experimental works, a Human
embryonic kidney 293 (HEK-293) cells were grown and maintained. To conduct transfection
experiments, HEK-293 cells were seeded at a density of 20x10* cells per well in 24-well plates
and incubated overnight to reach 70% confluence. In the second experimental work, nanodiaplexes
and nioplexes were formed at cationic lipid/DNA mass ratios 5/1, 10/1 and 15/1 in OptiMEM®
transfection medium. While, freshly prepared complexes and stored for 15 and 30 days at 4°C and
25°C, at the cationic lipid/DNA mass ratio 5/1 were formed in the third experimental work. In all
transfection experiments, after removing the growth media, the cells were exposed to the
transfection complexes for 4 hours in the incubator. Following the removal of complexes, fresh
medium was applied. Then cells were expanded for 48 hours in regular growth medium instead of
OptiMEM®. This was followed by fluorescence microscopy qualitative analysis. The EGFP signal
was captured in cells transfected with complexes at this time. Flow cytometry analysis was
performed using a FACSCalibur flow cytometer to quantify the percentage of EGFP plasmid
expression for the transfection assay. For this purpose, cells were washed with PBS and detached
from the 24 wells with trypsin/EDTA at the end of the 48- hour incubation period. Positive and
negative transfection controls were performed using OptiMEM® medium without complexes and
Lipofectamine™ 2000-transfection reagent, respectively. Each condition was evaluated in

triplicate.

Such cells were placed in tubes of a flow cytometer to measure the EGFP signal in living cells.
Before performing flow cytometry, cell viability was determined by staining cells with propidium
iodide. The fluorescent emission of both dead and transfected cells was evaluated at at 650 nm
(FL3) and 525 nm (FL1), respectively. In the FL1 channel, the mean fluorescence intensity (MFI)
signal was analyzed from live, positive cells. The collection gate was constructed with
nontransfected cells. Using cells transfected with Lipofectamine 2000, flow cytometer settings and
channel compensation were performed. The data on cell viability and transfection were normalized
using the respective values of negative and positive control cells. The experiments were conducted

in triplicate, and a minimum of 10,000 events were collected for each sample.
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2.3.2. Cellular uptake

Cellular uptake of complexes was determined by incubating cells with fluorescein
isothiocyanate (FITC-pEGFP) for both 2 h and 4 h in the first experimental work and for 2 h in
the second. In the third experimental work, the cellular uptake was analysed 4 h after exposure to
nanodiaplexes and nioplexes at 5/1 lipid/DNA ratio (w/w) at day 0 and after 30 days of storage at
4°C. Niosomes and nanodiasomes were condensed with FITC- labelled pEGFP plasmid. For
qualitative assays, cells were seeded on coverslips and subsequently fixed with 4% formaldehyde.
After fixation, cells were washed with PBS and stained for 40 minutes with (5 pL) of phalloidin
in PBS containing 1% BSA. After being washed with PBS, the cells were mounted with
Fluoroshield with DAPI. After mounting the cells, they were examined using confocal laser
scanning microscopy (Zeiss Axiobserver). Image analysis was performed using ImageJ software.
Flow cytometry, as previously described, was used for quantitative analysis. Normalized cellular
uptake data to positive control cells treated with Lipofectamine 2000 and expressed as the

percentage of FITC-pEGFP positive cells.
2.3.3. Intracellular trafficking

Cellular internalization of complexes was examined by treating cells with FITC-labeled
PEGFP (FITC-pEGFP) for 3 hours over coverslips. Then, specific markers of the endocytic
pathways were co-incubated for 1 hour. In the first experimental work, transferrin Alexa Fluor 568
(2.5 uL) (5 mg mL~ 1) was incubated to label clathrin mediated endocytosis (CME), cholera toxin
B Alexa Fluor 594 (2.5 pL) (10 mg mL™ 1) to label caveolae mediated endocytosis (CYME) and
dextran Alexa Fluor 568 (30 uL) (1 mg mL™~!) was used to label macropinocytosis. While in the
second experimental work we used transferrin-AlexaFluor594 (50 g/mL) to stain the clathrin-
mediated endocytosis (CME), cholera toxin B-AlexaFluor594 (10 g/mL) to stain caveolae
mediated endocytosis (CvME) and dextran-AlexaFluor594 (1 ug/ul) for macropinocytosis.
Lysotracker Red-DND-99 (20 uM) was used for the lysosomal late endosomal compartment in all
intracellular trafficking experiments in this thesis. Slides were examined under microscope after
cell fixation and mounting to capture representative pictures to be analyzed by the Imagel
software. Colocalization of FITC-pEGFP and the endocytic pathway was assessed by
crosscorrelation analysis of the green and red signals, respectively. In the second experimental

work, specific endocytosis inhibitors were used to inhibit cellular uptake. HEK-293 cells were
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exposed for 30 minutes to 200 uM genistein, and for 60 min with 5 pg/mL chlorpromazine
hydrochloride, and 50 nM wortmannin as inhibitors for the CvME, CME, and macropinocytosis
pathways, respectively, in a 24-well plate. The medium containing the inhibitors was then
removed, a rapid wash was performed, and transfection was performed with both nioplexes and
nanodiaplexes. As described previously, EGFP-positive cells were quantified using flow
cytometry on processed cells. The data were normalized relative to the number of EGFP-positive
cells following transfection with nanodiaplexes and nioplexes in the absence of endocytic pathway
inhibitors. Experiments were conducted in triplicate collecting and analyzing over 5000 events per

sample.
2.4. In vivo assays
2.4.1. Animal model

Rat embryonic E17-E18 (Sprague Dawley) brain cortex and retina were used to obtain
primary CNS cells. Adult female C57BL/6 mice were employed for subretinal, intravitreal, and
brain administration as experimental animals. All procedures involving the use of animals in
scientific research were conducted in conformance with the RD 53/2013 Spanish and 2010/63/EU
European Union regulations. The Miguel Hernandez University Standing Committee for Animal

Use in the Laboratory (code UMH.IB) approved and supervised the procedures.
2.4.2. Transfection assays of complexes in rat primary retinal and neuronal cell cultures

E17-E18 rat embryos (Sprague Dawley) were used for the extraction of primary central
nervous system (CNS) cells, from the cerebral cortex and retinal tissue. Cells were extracted and
cultivated onto pre-coated glass coverslips in 24 well plates. Cortical and retinal cells were
transfected with niosphingoplexes, freshly nanodiaplexes and nanodiaplexes stored for 30 days.
Lipofectamine™ 2000 (ThermoFisher Scientific) was utilized as a positive control. Transfections
tests were conducted three times for each condition. Transfection efficiency was assessed
qualitatively by immunocytochemistry. Cell fixation was carried out with 4% paraformaldehyde
for 25 minutes and permeabilized using 0.5% Triton X-100 during 5 min. After blocking with a
solution of 10 % BSA (v/v) in PBS for 1 hour at RT, cells were treated with primary antibody
chicken anti-EGFP overnight at 4°C. Secondary antibody 9 Alexa Fluor 555 goat anti-chicken IgG

and Hoechst 33342 were applied for 1hour at 4°C. Coverslips were analyzed with a Zeiss
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AxioObserver Z1 (Carl Zeiss) microscope equipped with an ApoTome system and Leica TCS SPE
spectral confocal microscope.

2.4.3. Subretinal, intravitreal and brain administration

In vivo transfections using niosphingoplexes, freshly prepared nanodiaplexes, and
nanodiaplexes stored for 30 days were performed in C57BL/6J mice. Intravitreal or subretinal
injections were administered under a microscope (Zeiss pico; Carl Zeiss Meditec GmbH, Jena,
Germany) using a Hamilton microsyringe with a blunt 34-gauge needle. The untreated right eyes
were used as negative controls. Additionally, niosphingoplexes were injected into the brain of ICR
(CD-1) mice utilizing a microsyringe 33-gauge needle. The same level of mouse brain was injected
with only the formulations, with no plasmid. It took five minutes for the needle to be slowly
removed after the injection. The contralateral brain hemisphere of mice with no injection was also
employed as a negative control. EGFP expression in mouse retina was evaluated qualitatively 1
week after the injection of complexes in wholemount and sagital sections of the retina. Frozen
sections and wholemount retinas were stained with Hoechst 33342 to reveal the nuclei. Brain
samples were processed a week after surgery and EGFP expression in mice brains was evaluated
qualitatively. Then, the 20 um brain slices were processed for immunohistochemistry. Nonspecific
staining was blocked by incubating sections in 10% BSA with 0.5% Triton X-100 for 1 h, followed
by overnight incubation with chicken anti-GFP (Invitrogen, 1:100). Then, sections were washed
and incubated with Alexa Fluor 488-conju gated goat anti-chicken 1gG (Invitrogen, 1:100) for one

hour. Nuclei were stained with Hoechst 33342.
2.5. Statistical analysis

The Shapiro-Wilks and Levene tests validated the normality and homogeneity of variances.
A Student's t test or a Mann-Whitney U test were used to compare two groups of unpaired data. In
normality conditions, a 1-way ANOVA followed by the Student-Newman-Keuls test or an
ANOVA followed by a post-hoc HSD Tukey test was used for multiple comparisons; in
nonparametric conditions, a Kruskal-Wallis test followed by a Mann-Whitney U test was used.
Data were expressed as mean * standard deviation (SD). A p value < 0.05 was considered
statistically significant. The statistical packages IBM SPSS Statistics 22.Ink and SPSS 15.0 were

used to conduct the analyses.
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3. Hypothesis and objectives

Non-viral vectors have recently have become increasingly essential in gene therapy
therapies. The high genetic carrier packing capacity, low immunogenicity, and affordable
manufacture of non-viral vectors make them an attractive substitute for viral vectors, which exhibit
superior transfection efficiency but serious biosafety concerns. In order to overcome their
underlying issues, the scientific community has made significant advancements in the field of non-
viral vectors. Numerous non-viral nanosized gene delivery vectors, such as cationic lipids,
polymers, and magnetic nanoparticles, have been developed to date. Since the retinal and central
nervous system are among the most difficult organs for both viral and non-viral gene delivery
systems, these molecules can be nanoengineered to cross a variety of extracellular and intracellular
barriers and transport therapeutic genes into specific organs or cell types. In particular, niosomes
have developed as effective gene delivery nanoparticles. Niosomes, are synthetic, non-ionic
surfactant vesicles with a closed bilayer structure that are biocompatible. Their physicochemical
and biophysical properties are dependent on the formulation components and the technique of
manufacture. Niosomes need to be properly characterized in order to determine how the
formulation composition affects transfection effectiveness and cytotoxicity. Niosomes represents
an encouraging nonviral nanoplatform strategy for the treatment of both retinal and brain diseases
by gene therapy. For this purpose the nucleus of target cells must be reached, transfection efficacy
and low immunogenicity must be demonstrated in order to overcome the barriers connected with
the administration route as well as the extracellular and intracellular environments. The three main
components of niosome formulations are cationic lipids, helper lipids, and non-ionic surfactants.
The physicochemical characteristics of niosomes, such as size, surface charge, and morphology,
are influenced by the general chemical properties of these components. These characteristics, in
turn, determine the ability of niosomes to enter cells, follow a specific endocytic pathway, deliver
the DNA cargo to the nucleus, and, consequently, the efficiency of their transfection. The
development of niosomes has been facilitated by the discovery and addition of novel "helper"”
components in formulations. Although the roles of cationic lipids and the non-ionic surfactant
component in the transfection process and efficiency mediated by niosomes have been extensively
researched, there is still a big margin for transfection efficiency improvement. In order to obtain
sustained and high levels of transgene expression, required for their biomedical application, and

to optimize the design of niosome formulations, the influence of the helper components must thus
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also be extensively understood. In view of these considerations, the main objective of the present
work is to evaluate the relevant biophysic processes connected to the physicochemical properties
and gene transfection mechanism, when helper components are added into a cationic niosome
formulation for non-viral gene delivery to the central nervous system and different cells in mouse
retina. Pharmaceutical science has devoted significant efforts to the discovery and development of
safe and effective vectors for gene therapy applications. Few studies conduct an exhaustive
assessment of the storage stability of gene carriers, which is a crucial quality for both large-scale
production and clinical application. A helper lipid-niosome formulation combination may be
required to improve the stability of gene delivery applications. As a result, the final formulation
must be properly examined to determine the storage stability throughout time at a variety of storage
temperature levels. With this knowledge, my PhD thesis aims to design and characterize non-viral
vectors based on cationic niosomes after the incorporation of helper components, for gene therapy
treatment of the retina and the central nervous system. Furthermore, to study long-term stability of
the combined nanocarriers for non-viral gene delivery to the retina and the brain. The following

are the four primary goals that must be met to achieve this purpose:

e To discuss the composition, preparation methods, physicochemical features, and the biological
evaluation of niosomes and the related nioplexes that result from the addition of the genetic
material onto the cationic surface of the niosomes. Moreover, to focus on the in situ application of
such niosomes, which will involve delivering the genetic material into immune-privileged regions

such as the brain cortex and the retina. (Appendix 1).

e To evaluate relevant biophysic processes connected to the physicochemical properties and gene
transfection mechanism, when sphingolipids are added into a cationic niosome formulation for
non-viral gene delivery to the central nervous system and different cells in mouse retina.
(Appendix 2).

e To evaluate the biophysical performance of nanodiamonds as niosome helper components,
named nanodiasomes, in order to develop a nonviral gene delivery system suitable for targeted

therapy in CNS illnesses. (Appendix 3).

¢ To evaluate the influence of combined nanodiamonds within niosome non-viral vectors on long-

term biological performance. Studies of the physicochemical characteristics, cellular
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internalization, cell viability, and transfection efficiency of the resultant formulations are necessary

overtime in vitro and in vivo in the rat retina. (Appendix 4).
4. Results and discussion

In the first experimental study, we introduced animal-derived sphingolipids as a "helper"
component into niosome formulations to evaluate their biophysical properties as a gene delivery
system. Amphiphilic biomolecules, sphingolipids have a polar terminal group (OH) and a
hydrocarbon chain. Amphiphilic molecules can spontaneously organize themselves into colloidal
vesicles when dispersed in water [53], which can enhance the ability of such system to deliver
drugs. Due to their surface-active wetting ability, which can coat the crystals on the surface of
hydrophobic substances to make them hydrophilic, sphingolipids offer desirable physicochemical
qualities that help stabilize the emulsions. Sphingolipid metabolites are also bioactive signaling
molecules involved in the control of cell metabolic processes, such as cell growth, differentiation,
senescence, and apoptosis [54]. As a result of the comparative study of both niosphingosome and
niosome formulations, as well as the corresponding complexes obtained upon the addition of
plasmid DNA at cationic lipid/DNA mass ratios 3/1, 7.5/1 and 15/1 (Figure 3). The mean diameter
size of niosphingosomes was 123.5 + 12.5. Interestingly, this value decreased up to 27 % after the
addition of plasmid DNA for all the cationic lipid/DNA mass ratios studied. In the case of
niosomes, the mean diameter size before the addition of plasmid DNA was higher, 158.9 + 4.4,
nm and this value increased to 40 % at cationic lipid/DNA mass ratio 7.5/1, with no relevant
changes at ratios 3/1 and 15/1. All formulations had positive charge values, which is necessary to
prevent the formation of aggregates due to electrostatic interactions. In addition, all formulations
and complexes exhibited particle sizes in the nanoscale range, making them appropriate for gene
delivery. The addition of sphingolipids as a "helper" component to the formulation of cationic
niosomes reduced particle size. Curiously, when the formulations were complexed with the EGFP
plasmid, the variations in particle size were not only maintained but also reduced. In addition,
niosphingoplexes had a smaller particle size than niosphingosomes at all examined cationic
lipid/DNA mass ratios, likely due to the additional electrostatic interactions between the cationic
niosphigosomes and the anionic plasmid DNA. In term of surface charge, all formulations showed
positive values above zero, zeta potential of niosphingosomes and niosomes was 37.0 + 7.8 mV

and 25.0 £ 9.0 mV, respectively. In both cases, after the insertion of plasmid DNA at cationic
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lipid/DNA mass ratio 3/1, these values decreased greatly and subsequently showed a moderate
rising trend when increasing the cationic lipid/ DNA mass ratios to 7.5/1 and 15/1. The presence
of sphingolipid amphiphilic biomolecules in the composition of niosomes raised the zeta potential
across all cationic lipid/DNA mass ratios studied. The dispersity values of all samples were below
0.5 and no important changes were identified between both formulations, apart from
niosphingoplexes at cationic lipid/DNA mass ratio 3/1, which displayed clearly lower PDI values
(0.19 £ 0.01) than the rest of formulations, indicating that under this ratio, complexes are more
homogeneous. Furthermore niosphingosomes exhibited a distinct spherical and homogenous
morphology during transmission electron microscopy analysis, devoid of aggregates, most likely

due to electrostatic repulsion between strongly positively charged particles.

A B

Dispersity SD
- - ' 1
500 o mmm Niosphingosomes o r==Niosomes 70 :?ospr?mgolsome:” gjg 80:
—— mmm Niosphingoplexes -<= _1Nioplexes losphingoplexes ’ .
50 Niosphingoplexes 7.5/1 0.42 0.04
400 I a Niosphingoplexes 15/1 0.48 0.08
[ L 30 g Dispersity  SD
n T T = Niosomes 0.40 0.06
8 300 4 Fm———————- I 10 E Nioplexes 3/1 0.38 0.20
T | =TT = Nioplexes 7.5/1 0.45 0.02
£ -10 *E Nioplexes 15/1 0.37 0.10
N 3 C Niosphingosome Niosomes
@ 30 o Lo Wews o v
f.-; “.l '8, s &
50 N e Yo 4 A

5
o

Formulations 3N

7.511 1511
Cationic lipid/DNA ratios (w/w)

Figure 3: Physicochemical characterization of formulations and complexes prepared with helper

component  (niosphingosomes/niosphingoplexes) and  without  helper  component
(niosomes/nioplexes). (a) Size (bars) and zeta potential (dots). (b) Dispersity index and standard
deviation values of formulations and complexes. Each value represents the mean + standard
deviation of three measurements. (¢) TEM images of niosphingosomes and niosomes. Scale bars:

100 nm.

Once the formulations were described in physicochemical terms, we conducted in vitro
gene delivery investigations with niosphingoplexes and nioplexes at cationic lipid/DNA mass
ratios of 3/1, 7.5/1, and 15/1 in ARPE-19 cell line, as these cells play a crucial role in retinal

disorders [44]. Additionally, ARPE-19 cell is a well-known retinal cell type to assess gene
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transfection efficacy. According to figure 4, the maximum transfection value (P < 0.001) was
achieved for niosphingoplexes at a 3/1 cationic lipid/DNA mass ratio, with a normalized
percentage of live cells expressing EGFP of 36.7 £ 1.6%. When ransfection percentages for
nioplexes were around 3% at cationic lipid/DNA mass ratio 3/1, and increased to 22% and 15% at
cationic lipid/DNA mass ratios 7.5/1 and 15/1, respectively. Curiously, although niosphingoplexes
with different cationic lipid/DNA ratios exhibited comparable size and zeta potential values in
previous physicochemical studies, they reported statistically significant differences in transfection
efficiency and cell viability, indicating the difficulty of the transfection process. In parallel, MFI
analysis was performed to evaluate not only the percentage of transfected living cells, but also the
fluorescence signal intensity, which is closely connected to the amount of protein expressed after
transfection. Such MFI measurements also demonstrated that ARPE-19 cells treated with

niosphingoplexes at a 3/1 cationic lipid/DNA mass ratio achieved the maximum intensity value.

Overall, data obtained from transfection efficiency experiments indicate that the presence
of sphingolipid biomolecules in the niosome composition at a 3/1 cationic lipid/DNA mass ratio
not only increases the percentage of transfected cells, but also the amount of protein expressed in
such transfected cells [16], which may have significant clinical impacts. Interestingly, the
transfection experiments revealed that niosphingoplexes at all cationic lipid/DNA mass ratios had
higher cell viability values (above 80% in ARPE-19 cells) than their niosome counterparts,
indicating that the incorporation of sphingolipids into the niosome formulation has a
biocompatibility effect. This biocompatibility of niosphingoplexes was clearly confirmed 48 hours
after transfection by the healthy appearance of ARPE-19 cells under fluorescence microscopy. In
contrast, the transfected positive control LipofectamineTM 2000 demonstrated low cell viability
values, less than 65% (data not given), demonstrating the toxicity associated with this commercial
formulation, which limits its clinical applicability [55]. In terms of therapeutic applications, it is
also essential to note that ARPE-19 cells subjected to niosphingoplexes at the lowest cationic
lipid/DNA ratio of 3/1 showed the highest transfection efficiency and cell viability. Such a success
would enable a larger gene loading capacity in the minimal injection quantities that are generally

used to treat brain and retinal disorders via gene therapy.
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mean * standard deviation of three measurements. (c) Overlay phase contrast images showing
EGFP signals in ARPE-19 cells transfected with niosphingoplexes and nioplexes at 3/1 cationic
lipid/DNA ratio (w/w). Scale bar: 200 pm. ***P< 0.001; * P< 0.05.

To further study the influence that the addition of sphingolipid biomolecules has on the
transfection process, we also conducted a study on cellular uptake, as this parameter might have a
significant impact on transfection efficiency. Furthermore, our experiments on cellular uptake
found that there was no difference between the two formulations in terms of the proportion of cells
that internalized the complexes and the amount that were internalized by cells. More than 98% of
cells took up nioplexes and niosphingoplexes at the 3/1 cationic lipid/DNA mass ratio at 2 h and
4 h of treatment. We also evaluated the mean fluorescence intensity (MFI) of the cells that
internalized the complexes for further uptake data. In any event, the internalization process was
more effective when formulations were exposed to cells for 4h rather than 2h. Although no changes
were seen between niosphingoplexes and niosome formulations (Figure 5), both complexes had
significantly higher MFI values at 4 h than at 2 h following exposure to niosphingoplexes or
nioplexes (P< 0.001) or (P< 0.01), respectively. These results show that the kinetics of the

internalization process is important to the transfection efficiency.
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Figure 5: Cellular uptake in ARPE-19 cell line of both niosphingoplexes and nioplexes complexes

at 3/1 cationic lipid/DNA ratio (w/w). (a) Percentages of FITC-pEGFP positive cells (bars) and
mean fluorescence intensity (dots) at 2 h and 4 h of exposition. Each value represents the mean +
standard deviation of three measurements. (b) Confocal microscopy images showing the cellular
uptake of complexes in ARPE-19 cells at 4 h. Cell nuclei were colored in blue (DAPI); F-actin in

red (Phalloidin). Scale bar: 50 um. *** P< 0.001 for niosphingoplexes; ## P< 0.01 for nioplexes.

We also examined additional biological factors, such as the intracellular trafficking process
of both formulations. Intracellular trafficking experiments were conducted to determine the co-
localization of formulations with the most frequently used endocytosis routes in ARPE-19 cells
(Figure 6), including CvME, CME, and macropinocitosis [40, 41]. The CvME route demonstrated
the greatest variation between the two formulations, according to our results. Niosphingoplexes
had a lower CCF peak values of the CvME and CME pathways (0.25 and 0.31 CCF, respectively)
than macropinocytosis (p< 0.05; 0.42 CCF peak value). Whereas niosomes were equally
internalized by the three examined endocytosis pathways, CCF peak value was 0.35 for CME, 0.38
for macropynocytosis, and 0.41 for CvME. Consequently, our finding suggest that the presence of
sphingolipids may switch the internalization process of niosphingoplexes from CvME to the
macropinocytosis endocytic pathway. In this way, macropinocytosis has been associated with the
internalization of cell-penetrating peptides and proteins into cells [56, 57]. In addition, co-

localization investigations were performed in the late endosomal compartment. Niosphingoplexes
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co-localized with lysosomes more frequently than nioplexes in this instance, there was a
statistically significant difference in the peak CCF values between the niosphingoplexes and
niosomes in this study (P< 0.05). It has been hypothesized that lysosomal activity is inhibited
when complexes enter ARPE-19 cells via CvME and these complexes are localized surrounding
the nucleus, preventing the release of DNA from the complexes [58]. Compared to
niosphingoplexes, nioplexes entered the cell primarily via CvME, resulting in a lack of lysosomal
activity. This hypothesis is consistent with our findings. Endosomal escape is a crucial factor that
has a demonstrable effect on the transfection process of complexes designed for gene delivery.
Due to their poor endosomal escape performance, various nucleic acid delivery methods failed to

reach high levels of transfection efficiency while being successfully internalized into cells [59].

In order to analyze the release of the complexed plasmid DNA from the late endosomes
and avoid lysosomal degradation, we next developed anionic micelles based on PS. In the agarose
gel electrophoresis assay, as shown in figure 5d, a small amount of plasmid was released from
niosphingoplexes (lane 2), whereas no plasmid was released from nioplexes (lane 3). These results
imply that the incorporation of sphingolipids into the formulation of cationic niosomes could offer
endosomal escape capabilities to the complexes, which could contribute to an improvement in
transfection efficiency. The nuclear membrane is another biological barrier that inhibits the
transfection process. In this way, and considering the essential signaling and regulatory roles that
sphingolipids play in the nucleus [60], it is likely that such sphingolipids are encouraging gene

delivery by a regulatory mechanism in the nucleus.

Recent research on nuclear sphingolipids has revealed that different types of sphingolipids
support distinct nuclear roles through temporally and spatially distinct methods. For example,
sphingomyelin is involved in the structure and regulation of chromatin architecture, DNA
synthesis, and RNA stability, sphingosine is a ligand for the nuclear receptor steroidogenic factor
1 that regulates gene transcription, and sphingosine-1-phosphate regulates gene expression

epigenetically via histone acetylation [61].
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Figure 6: Intracellular trafficking pathway assay of complexes in ARPE-19 cells. (a) Confocal
microscopy merged images showing ARPE-19 cells co-incubated with complexes containing the
FITC-labeled pEGFP plasmid (green) and with one of the following endocytic vesicle markers
(red): Transferrin Alexa Fluor 568 for CME, Dextran Alexa Fluor 568 for marcopinocytosis, and
Cholera toxin B Alexa Fluor 594 for CvME. Scale bar: 50 um. (b) Confocal microscopy merged
images showing ARPE-19 cells co-incubated with complexes containing the FITC-labeled pEGFP
plasmid (green) and with Lysotracker Red-DND-99 (red) to satin the late endosome. (c¢) Co-
localization values of red and green signals assessed by cross-correlation function (CCF) analysis
in complexes. Data represent the mean + standard deviation of three measurements; *P< 0.05 for
niosphingoplexes vs nioplexes. (d) DNA release profiles in agarose gel electrophoresis assay. Lane
1 naked DNA, lane 2 niosphingoplexes co-incubated with PS, lane 3 nioplexes co-incubated with

PS, lane 4 niosphingoplexes, lane 5 nioplexes. PS refers to phosphatidyl serine micelles.

Before conducting in vivo studies, we developed a proof of concept assay to determine if
niosphingoplexes with a cationic lipid/DNA mass ratio of 3:1 (w/w) could efficiently deliver the
EGFP plasmid to both rat embryonal retinal and cerebral cortex main cells. Results demonstrated

EGFP expression in both retinal and cortical primary cells 72 h after transfection (Figure 7).
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Figure 7: EGFP signal (green) in primary culture of rat retinal cells transfected with (a)
niosphingoplexes at 3/1 cationic lipid/DNA ratio (w/w) and (b) the positive control
Lipofectamine™ 2000. GFP signal (green) in embryonic rat cerebral cortex primary cells
transfected with (c) niosphingoplexes at 3/1 cationic lipid/DNA ratio (w/w) and (d) the positive
control Lipofectamine™ 2000. Scale bar: 50 pm. Hoechst 33342 stained blue.

In relation to the findings, niosphingoplexes were evaluated in in vivo tests to determine
their ability to transfer genetic material to the retina and brain of mice following intravitreal and
subretinal injection. Due to their important physiological functions, both the brain and the eye are
immune-privileged regions that are separated from the rest of the organism by additional
extracellular barriers such as the BBB and the BRB [62, 63]. An perfect outcome would involve
the delivery of genetic material by a safe and effective non-viral vector to immune-privileged sites
via non-invasive administration routes (Figure 8), such as the topical instillation in the cornea that
avoids the BRB to reach the retina and the nose-to-brain administration to gain direct access to the
brain by passing the BBB. Gene therapy may soon be used to treat serious disorders of the brain
and retina. Although, at the current time, this potential is far from being implemented in standard

medical practice. Consequently, we assessed the local administration of niosphingoplexes in the
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retina and brain. In the case of the eye, intravitreal and subretinal injections are the most commonly
used delivery routes to reach the retina. Several retinal layers and cells had EGFP expression
following intravitreal and subretinal injections, as demonstrated by our results. Specifically, EGFP
expression was mainly seen in the outer segments of photoreceptors, the outer plexiform layer,
and the inner plexiform layer, where some end-foot Miller glia cells displayed green fluorescence
signal. Gene delivery to the outer layers of the retina is of highest interest from a therapeutic aspect,
as more than 200 gene alterations at this level have been associated with significant retinal diseases
such as Stargardt disease, retinitis pigmentosa, and Lebers congenital amaurosis [64]. On the other
hand, transfection of the ganglion cell layer in the retina has relevance for controlling glaucoma
disease. We also observed EGFP expression in the cytoplasmic extensions of cortical cells near to
the injection site in the case of brain administration at the cortex level. This region of the brain is
typically affected by severe diseases of the central nervous system, such as epilepsy, Alzheimer's,
and Parkinsos, resulting in significant disturbance and neurological abnormalities. Therefore, our
preliminary proof-of-concept in vivo assay for delivering therapeutic genetic material into the
retina and brain of animal models that mimic human disorders of these critical and immune-

privileged tissues reveals promising results.

Figure 8: In vivo immunohistochemistry gene expression of EGFP (green) in frozen sections one

week after subretinal (a), intravitreal (b) and cerebral cortex (c) injections of niosphingoplexes at
3/1 cationic lipid/DNA ratio (w/w). Scale bar: 20 pm. OS, outer segments; ONL outer nuclear
layer; OPL outer plexiform layer; INL inner nuclear layer; IPL inner plexiform layer; GCL

ganglion cell layer.
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In the second experimental part of this doctoral thesis, the presence of carbon-based
nanomaterials with promising properties reveals an attractive option to improve nonviral
transfection efficiency, bringing us closer to overcome the existing hurdles to medicinal
applications. In the area of carbon nanostructures, NDs have received attention due to their unique
geometrical properties, specific surface chemistry with a high Young's modulus, large-scale

industrial capacity, and nontoxic and biocompatible capabilities [65-67].

NDs are spherical structures with an average diameter of 5 nm, low dispersity index, and
large surface area. Due to their nanoscale size and van der Waals forces, NDs have a tendency to
self-agglomerate, which reduces their stability in numerous media. In reality, NDs alone in water
suspension were found to have a mean size of 89 nm (Figure 9). Accordingly, NDs must be
successfully prepared or attached to other components, mostly polymers, for gene transport,
although some drug delivery studies have also bound NDs to liposome phospholipids [68, 69]. In
this sense, NDs have been utilized in gene therapy due to their specific affinity to particular
polymers, which grants them the capacity to bind and transport genetic material. Taking into
account the natural ability of niosomes to contain large amounts of genetic material and the high
biocompatibility of both NDs and niosomes, we propose a novel gene therapy strategy that
combines their desirable features to create a suitable system with high transfection efficiency and

biocompatibility.

Specifically, we integrated NDs into cationic niosomes, the developed nanoparticles named
nanodiasomes, which are composed of DOTMA as cationic lipids and polysorbate 20 as a non-
ionic surfactant. In the first step, a total of three nanodiasome formulations, NDT10, NDT11, and
NDT12, were developed and assessed in terms of physicochemical features, as well as transfection
ability and toxicity (Figure 9) (Figure 10). This screening of formulations led to the finding that
the nanodiasome with the best biophysical performance for gene delivery purposes was the
NDT12, which corresponds to the 1/2 ND/DOTMA mass ratio formulation. Further experiments
used the same formulation devoid of NDs to study the effect of NDs incorporated as a helper
component into niosomes. Curiously, as the concentration of DOTMA in the formulation
increased, the nanodiasome size decreased, resulting in a slight increase in zeta potential. This
decrease in nanoparticle size could be explained by electrostatic interactions between the

positively charged cationic lipid and the negatively charged NDs. Thus, the more cationic lipid,
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the greater the electrostatic interactions with NDs, thereby reducing the nanoparticle’s final size.
Although an increase in cationic lipids can can cause cell death due to the positive charge that
confers on the vector, the DOTMA concentrations ranging from 1.1 to 3.7 mM exhibited excellent
biocompatibility in all cases. At 2/1 and 5/1 lipid/DNA ratios, cell viability values were
approximately 95%, but at 10/1 and 15/1 ratios, getting higher cytotoxicity, reducing cell viability
to 85%.With NDT12 at 5/1 lipid/DNA ratio, we were able to achieve the best balance between

biocompatibility and transfection effectiveness. As a result, further studies were carried out using

this nanodiasome formulation.
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Figure 9: Physicochemical characterization of nanodiasome formulations, elaborated with ND as
helper component at different ND/DOTMA mass ratios (1/0.5, named NDT10; 1/1, named NDT11
and 1/2, named NDT12), and nanodiaplexes at different DOTMA/DNA mass ratios (2/1, 5/1, 10/1
and 15/1). A-C. Size (bars) and zeta potential (dots) for (A) NDT10 and corresponding
nanodiaplexes (B) NDT11 and corresponding nanodiaplexes, and (C) NDT12 and corresponding
nanodiaplexes. D. Dispersity and SD values of nanodiamonds, nanodiasomes and nanodiaplexes.
Each value represents the mean + standard deviation of three measurements. ND, means

nanodiamonds; », means dispersity.
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To investigate the impact of NDs incorporated as a helper component into niosomes,
additional physicochemical, transfection, biocompatibility, and intracellular trafficking tests were
conducted with NDT12 nanodiasomes compared to the same formulation devoid of NDs. In terms
of physicochemical properties (Figure 11), nanodiasomes and nanodiaplexes, had a particle size
that was about 30% larger than niosomes and nioplexes due to the NDs content. As the lipid/DNA
ratio was increased in both complexes, the mean particle size values increased slightly by nearly
40% when pEGFP was added to formulations, while keeping mean diameters below 200 nm in all
cases. Nanodiasomes had zeta potentials over +30 mV, with a value of 35.2 + 0.3, while niosomes
had a value of 20.2 £ 2.5. Zeta potential for nanodiaplexes and nioplexes at the 5/1 lipid/DNA ratio
decreased moderately after plasmid condensation and increased slightly when the lipid/DNA ratios
were raised, particularly for nanodiaplexes. As hypothesized, when the formulations were
complexed with plasmid genetic material, the sizes increased while the zeta potential reduced due

to the neutralizing of positive and negative charges. Some mean dispersity values were slightly
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elevated, such as those for niosomes, nioplexes at the 5/1 ratio and nanodiaplexes at the 5/1 ratio.
This could be caused on by a few aggregates in the sample. Nanodiasomes and nanodiaplexes had
dispersity values below 0.4, while niosomes and nioplexes had values over 0.4. Overall, mean
dispersity values were lower for nanodiasomes and nanodiaplexes, indicating greater homogeneity

of this formulation.
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Figure 11: Characterization of formulations and complexes prepared with NDs
(nanodiasomes/nanodiaplexes) and without NDs (niosome/ nioplexes). (A) Size (bars) and zeta
potential (dots). (B) Dispersity values of formulations and complexes. Each value represents the
mean = SD of three measurements. (C) Average size-distribution intensities of nanodiasomes (red
line) and nanodiaplexes at different cationic lipid/DNA mass ratios (green, blue and black line for
5/1, 10/1, and 15/1 ratios, respectively). (D) Average size-distribution intensities of niosomes (red
line) and nioplexes at different lipid/DNA ratios (green, blue, and black line for 5/1, 10/1, and 15/1

ratios, respectively).

In addition, TEM images of nanodiasomes without aggregates revealed a distinct spherical
morphology (Figure 12), where ND particles are incorporated into the lipid layer of this non-viral

vector.
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Figure 12: Microscopy images of nanodiasomes. (A) TEM image of nanodiasomes. Scale bar:
100 nm. (B) Cryo-TEM images of nanodiasomes; asterisks indicate the aqueous phase. Scale bar:

100 nm. (C) Lipid layer of nanodiasomes (black arrow) with NDs integrated into the lipid structure.

A gel retardation assay was used to compare the ability of nanodiasomes to condense,
protect, and release DNA material with niosomes devoid of NDs (Figure 13). Nioplexes showed a
higher capacity nanodiaplexes to bind the DNA, at 10/1 and 15/ratios. Both nioplexes and
nanodiaplexes were unable to condense all the DNA on their surfaces at the 5/1 ratio. DNA was
observed to be released after nanodiaplexes and nioplexes treatment with SDS at 5/1, 10/1, and
15/1 ratios (lanes 5, 8, and 11), and it was also protected against DNase | enzymatic digestion at

all ratios (lanes 6, 9, and 12) for both nanodiaplexes and nioplexes.
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Figure 13: Agarose gel electrophoresis assay. (A) Nanodiaplexes. (B) Nioplexes. Lanes 1-3
correspond to free DNA; lanes 4—6, 5/1 ratio; lanes 7— 9, 10/1 ratio; lanes 10—12, 15/1 ratio.
Nanodiaplexes and nioplexes were treated with SDS (lanes 2, 5, 8, and 11) and DNase | + SDS
(lanes 3, 6, 9, and 12). OC: open circular form; SC: supercoiled form. Following physicochemical
characterisation, in vitro transfection investigations were conducted on the HEK-293 cell line,
which is recognized as a good transfection model. The transfection efficacy of nanodiaplexes was
much higher than that of nioplexes at all lipid/DNA ratios, a 75 % increase at the 5/1 ratio with a
value of 89.1 £ 7.7% (p < 0.001), when compared to niosomes devoid of NDs (22.7 £+ 2.4%). Such
a pEGFP expression of nanodiaplexes over nioplexes has been observed at 10/1 (62.7 + 2.7 vs 23.9
+ 2.5%; p< 0.001) and 15/1 (43.2 + 1.1 vs 16.8 £ 4.7%; p< 0.001) ratios (Figure 14).

Importantly, this improvement of transfection efficiency was followed by an increase in
cell viability values to almost 90%, however this parameter dropped to under 80% after
transfection with nioplexes. EGFP signal MFI assay showed significant differences at all
lipid/DNA ratios (p< 0.001), confirming the superior ability of nanodiaplexes over nioplexes for
gene delivery purposes. In this regard, the 1.25 mg/mL concentration of NDs used in the current
study is higher than the concentrations described in other investigations, which range from 0.01 to
1 mg/mL, in order to maintain adequate biocompatibility. As a result, these findings demonstrate
the advantages of combining NDs with cationic niosomes to generate a biocompatible, stable and

high loading capacity vector.
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Figure 14: Transfection assay in the HEK-293 cell line 48 h post-transfection with nanodiaplexes
and nioplexes. (A) Normalized percentages of EGFP-positive live cells (bars) and cell viability
(dots). (B) MFI values. (C) Images showing the EGFP signal and cell integrity in HEK-293 cells
transfected with nanodiaplexes and nioplexes at the 5/1 lipid/DNA ratio. Scale bar: 200 um. Each
value represents the mean + SD of three measurements. ***p< 0.001 and *p< 0.05 for

nanodiaplexes vs nioplexes at the same lipid/DNA ratio; #p< 0.001 compared with all conditions.

Cellular uptake is one of the most important factors to consider when evaluating the
transfer of material into cells. FITC-pEGFP positive signal in HEK-293 cells exposed to
nanodiaplexes at a 5/1 lipid/DNA ratio was significantly higher than that of nioplexes (95.1 + 3.9
VS 72.2 £ 2.4%; p< 0.05) 4 hours after exposure to these complexes. The 25% increase in cellular
uptake of nanodiaplexes relative to nioplexes could be considered as one of the possible reasons
that increased their transfection efficiency (Figure 15), in agreement with previous findings in
which NDs increased the cellular uptake of zwitterionic liposomes for drug delivery [69].
Important physicochemical properties of non-viral vectors, such as size, zeta potential, shape, and
rigidity, appear to influence the internalization process and intracellular pathway followed by the
nanoparticle and genetic material. In fact, rigid structures, small size, and positive zeta potential
values are may be the most desirable characteristics for enhancing cellular uptake. In this respect,
and knowing that nanodiaplexes are larger and slightly more positively charged than nioplexes,
the physical and chemical features of NDs could contribute to the rigidity of the vector, thereby

facilitating the internalization of nanodiaplexes by cells.
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Figure 15: Cellular uptake of complexes at the 5/1 lipid/DNA ratio, analyzed 4 h after transfection
in the HEK-293 cell line. (A) Normalized percentage of FITC-pEGFP positive cells. Each value
represents the mean + SD of three measurements; * p> 0.05 for nanodiaplexes vs nioplexes. (B)
Confocal microscopy images showing the cellular uptake of nanodiaplexes and nioplexes. Cell
nuclei were colored in blue (DAPI), F-actin in red (Phalloidin), and nanodiaplexes and nioplexes
in green (FITC). Scale bar: 50 pm.

In addition, the internalization pathway followed by the vector and its DNA can play a
significant role in determining its intracellular end. The majority of nanoparticles, including lipid-
based vectors, are internalized mostly by pinocytosis, principally through receptor mediated
endocytosis. We did not notice a prominent endocytic pathway when employing nanodiaplexes or
nioplexes in this study, although our data revealed that nanodiaplexes were more likely to be
trafficked via CME than nioplexes (Figure 16). In the case of particular endocytic pathway
suppression experiments, our data revealed that when nanodiaplexes were administered to HEK-
293 cells, endocytosis mediated by caveolae was the most potent endocytic pathway to transfect
cells, because when this pathway was suppressed by genistein, the percentage of cells expressing
EGFP plasmid reduced to approximately 30%. Accordingly, the addition of chemical components
that trigger the CvME pathway could improve the transfection effectiveness of niosome
formulations [70]. However, the suppression of CME and macropinocytosis reduced transfection
efficiency levels to approximately 90%. In the instance of transfection efficiency mediated by
nioplexes, the percentage of transfected cells reduced to approximately 70-80% with the

suppression of CvME, CME and macropinocytosis, indicating that alternative endocytic route may
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play a more significant role in the nioplex transfection process. Additional studies on trafficking
going to the late endosomal compartment were conducted. It was observed that nanodiaplexes
were shown to co-localize with lysosomes more than nioplexes (Figure 16). Indicating that NDs
may promote the CME pathway, the internalized vesicle would lose its clathrin coat, resulting in

the formation of an early endosome, a late endosome, and a lysosome.
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Figure 16: Intracellular disposition assay of nanodiaplexes and nioplexes in HEK-293 cells. (A)
Qualitative analysis of colocalization by confocal microscopy. Scale bar: 50 um. (B) Quantitative
determination of colocalization by cross-correlation analysis. Data are represented as mean + SD
of three measurements; * p> 0.05 for nanodiaplexes vs nioplexes. (C) Transfection performance
after the addition of specific endocytic inhibitors. The values were normalized to the transfection
without an inhibitor. ***p< 0.001.
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These results are in agreement with a prior but more fundamental intracellular trafficking
analysis employing fluorescent NDs, which demonstrated their uptake in early endosomes and
their localization in lysosomes. Curiously, the authors described the lysosomal compartment as a
requirement for the exocytosis of these fluorescent NDs via lysosomal degradation pathway [71].
Notably, the artificial anionic PS micelles prepared in this study to simulate this late endosomal
compartment (Figure 17) demonstrated that nanodiasomes had superior endosomal escape
properties than niosomes, the resulting values were 32.26 % for nanodiaplexes and 22.63% for

nioplexes.

These finding indicate that the addition of NDs in the formulation enhances the endosomal
escape ability in HEK-293 cells by 1.43-fold (about 30 %) compared to the absence of NDs. The
most likely escape mechanism for nanodiaplexes from endosomes involves the direct fusion of
nanoparticles with the endosome membrane, as evidenced by their co-localization with lysosomes,
and the formation of pores in the endosome surface due to the induction of stress and internal
tension in the membrane, as indicated by the large amount of DNA released from this type of
compartment [72]. Our observations imply that the increased transfection effectiveness of
nanodiaplexes over nioplexes may be primarily attributable to the increased cellular uptake, the

rigidity that NDs give to nanodiaplexes and the lysosomal escape capabilities encouraged by NDs.
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Figure 17: Biological performance of nanodiaplexes and nioplexes in lysosomes of HEK-293
cells. (A) Qualitative analysis of colocalization by confocal microscopy. (B) Quantitative
determination of colocalization by cross-correlation analysis. Data are represented as mean = SD
of three measurements; * p> 0.05 for nanodiaplexes vs nioplexes. (C) DNA release profiles
evaluated by gel electrophoresis. Lane 1, naked DNA,; lane 2, nanodiaplexes incubated with PS;
lane 3, nioplexes incubated with PS; lane 4, nanodiaplexes; lane 5, nioplexes. PS refers to

phosphatidylserine micelles; OC: open circular form; SC: supercoiled form.

Additional gene delivery studies were conducted in primary CNS cells derived from
cerebral and retinal sources employing nanodiaplexes with a 5/1 lipid/DNA ratio in order to
advance to a more realistic in vivo model microenvironment. Immunocytochemistry revealed the
GFP signal in both primary cell cultures (Figure 18), demonstrating the ability of nanodiaplexes

to transfer genetic materials to CNS cells.
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Figure 18: GFP expression in embrionary rat CNS primary cells. Neuronal and retinal primary
cells transfected with nanodiaplexes (A, C) at the 5/1 lipid/DNA ratio and the positive control
Lipofectamine 2000 in primary neuronal (B) and retinal cells (D). Cell nuclei were stained with
Hoechst 33342 (blue). Scale bar: 50 um.

NDs incorporated into niosomes emerge as a promising and safe non-viral method with
potential biological advantages for gene therapy, particularly for CNS diseases. These findings are
still a proof of concept, and more research in animal models is needed to confirm the reported
capability of nanodiasomes for gene transfer. NDs may be successfully fabricated with a wide
variety of chemical compounds, have a high surface area-to-volume ratio, and their production
process is easy to scale [73, 74]. Due to the limited stability of NDs in suspension, their
combination with niosome formulations may be required to offer the improved stability required
for gene delivery applications. Consequently, in the third experimental part of this doctoral thesis,
we evaluated the stability of nanodiasomes and niosomes over time and at different storage
temperatures. Physicochemical studies and transfection efficiency experiments in vitro and in vivo
were conducted in the present study, the mean particle size of freshly prepared nanodiasome
formulations at day 0 (Figure 19) was 128.7 + 4.2 nm, which remained stable over time and only
increased significantly (P< 0.05) after 30 days of storage at 25°C. Concerning the niosome
formulation, the mean particle size at day 0 was 90.5 + 10.3 nm and showed significant variations
(P< 0.05) on days 15 and 30 of storage at 25°C and 4°C. The zeta potentials of nanodiasome
showed greater variations than niosomes. We found that fresh-prepared nanodiasomes had an
average zeta potential of 35.2 + 0.3 mV at day 0, which increased significantly after 30 days of
storage at both 4°C and 25°C. While the mean zeta potential of niosome formulations was 20.2 +
2.5mV on day 0, which increased significantly after 15 days of storage at 25°C (P< 0.05) and
decreased after 30 days of storage at 4°C (P< 0.05) and 25°C (P< 0.01), respectively.

Nanodiasome dispersity values were low and remained stable with few variations under all

64



investigated conditions, whereas niosome formulations exhibited higher dispersity values and
more variations, especially after 15 days of storage at 25°C. The reduced dispersity values reported
with nanodiasomes indicated a formulation with a more uniform particle size distribution than the
niosomes. Both formulations exhibited statistically relevant variations in their physicochemical
properties, particularly after 30 days of storage at 25°C, showing that formulations are better
conserved if stored at 4°C compared to higher temperatures. Physicochemically, nanodiasomes
are somewhat more stable than niosomes throughout time. NDs integration in the lipid structure
of niosomes is able to provide more stability and rigidity to the formulation. NDs were shown to

be incorporated in the lipid layer of Nanodiasomes seen under cryo-TEM.
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storage temperature. A. Mean particle size. B. Zeta potential. C. Dispersity. Each value shows the

mean + SD of 3 readings. Blue and orange stripes represent +10% deviation respect to
nanodiasomes and niosomes parameters at day O, respectively. D. Cryo-TEM image of a
nanodiasome; asterisk indicates the aqueous phase; white arrow indicates the lipid layer of the
nanodiasome with nanodiamonds integrated in the lipid structure; black arrow indicates higher
densities of the tomogram (more electron-dense material), which correspond to gold nanoparticles

added to the sample for tilt series alignment. Scale bar: 100 nm.
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Following their determination of physicochemical parameters, HEK-293 transfection
assays were conducted in vitro. We found that cells transfected with nanodiaplexes had greater
cell viability than those transfected with nioplexes, indicating that formulations based on
nanodiasomes are better tolerated by these cells. The mean percentage of live cells exposed to
freshly prepared nanodiaplexes was 90.79 + 2.5%, while this value was significantly lower (P<
0.001) for nioplexes which presented a mean percentage of live cells of 78.8 £ 5.8% (Figure 3A,
lines). These values remained relatively stable over time and at different storage temperatures,
with little oscillations but no statistically relevant differences compared to the values of day 0 in
both formulations. These results are in agreement with the great biocompatibility and low toxicity

previously reported for NDs.

Additionally, the gene delivery efficiency of nanodiaplexes was about 4-fold greater than
nioplexes the percentage of EGFP expressing live cells exposed to freshly prepared nanodiaplexes
and nioplexes were 89.8 + 3.4% and 23.3 = 1.1%, respectively (Figure 20). Higher transfection
percentages in cells treated with nanodiaplexes than with nioplexes (P< 0.001), with significantly
higher MFI values of nanodiaplexes over nioplexes (P< 0.001) was maintained over time and
storage conditions. In this regard, it is important to note that the number of DNA copies per cell
decreased gradually for nioplexes from day 15, but nanodiaplexes never had any alteration in this
parameter until day 30. Taken all together, this could suggest that the integration of NDs with
niosomes promotes the stability of the formulation, providing more regular and successful

transfection results over time.
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Figure 20: Gene delivery efficiency and toxicity of formulations in HEK-293 cells 48 hours after
transfection with nanodiaplexes and nioplexes at 5/1 cationic lipid/DNA ratio (w/w) over time at
4°C and 25°C. A. Normalized percentages of EGFP positive live cells (bars) and cell viability
(dots). B. Mean fluorescence intensity values. Each value represents the mean £+ SD of 3
measurements. C-D. Merged images showing EGFP signal in HEK-293 cells transfected with both
complexes at 5/1 lipid/DNA ratio (w/w) at day 0 (C) and after 30 days of storage at 4°C (D). Scale
bars: 200 um. *** P< 0.001; ** P< 0.01 for nanodiaplexes vs nioplexes, no negative significant
differences in term of live cells (%) for nioplexes between day 0 and the rest of days and
temperatures; # P< 0.05 for nioplexes between day 0 and the rest of days and temperatures; $ P<

0.05 for nanodiaplexes at day 30 compared with the rest of days and temperatures.

To fully explain the variations seen between both formulations, we evaluated their cellular
uptake after 0 and 30 days after being stored at 4°C (Figure 21). We found a significant variations
(P< 0.05) in the percentage of cellular uptake between the two formulations, achieving about 100
% uptake with nanodiaplexes and around 70% uptake with nioplexes under both storage
conditions, which could support the hypothesis that NDs increase the rigidity of the niosome
formulation, improving cellular entry [75]. This improved cell uptake may partially explain the
differences in transfection efficiency between the two formulations, but additional factors must
also be considered. Endocytosis of non-viral vectors is traditionally mediated by the endosomal
pathway, which usually ends in the formation of endosomal vesicles with an acidic environment
and digestive enzymes. In these vesicles, DNA is susceptible to degradation before reaching the

nucleus. Therefore, DNA endosomal escape becomes a crucial step for effective gene delivery. In
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this regard, it has been reported that NDs are able to escape endosome restriction by rupturing the
vesicle membrane shortly after cellular uptake, which would also explain the superior gene

delivery efficiency of nanodiaplexes compared to nioplexes.
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Figure 21: Cellular uptake in HEK-293 cells 4 h after exposure to nanodiaplexes and nioplexes at
5/1 lipid/DNA ratio (w/w) at day 0 and after 30 days of storage at 4°C. A. Normalized percentages
of FITC-pEGFP positive live cells after the exposure to these complexes. Each value represents
the mean + SD of 3 measurements. B. Confocal microscopy images. Cell nuclei were colored in
blue (DAPI); F-actin in red (Phalloidin); nanodiaplexes and nioplexes in green (FITC). Scale bars:

50 um. * P< 0.05 for nanodiaplexes vs nioplexes.

Furthermore, additional transfection experiments on CNS cells (Figure 22), both retinal and
neuronal primary cells, revealed successful transfection post transfection with freshly prepared and
nanodiaplexes that had been maintained for 30 days.

68



Figure 22: EGFP signal in primary culture of rat retinal cells transfected with freshly prepared (A)
and 30 days stored at 4 °C (B) nanodiasomes at 5/1 lipid/DNA ratio (w/w). Scale bar: 40 um. Blue:
Hoechst 33,342 (cell nuclei); Green: EGFP. Scale bars: 40 um.

Based on the results obtained, we conducted an in vivo assay in order to determine the gene
delivery efficiency of fresh and 30 days stored nanodiaplexes in rat retina (Figure 23). Injections
were administered via intravitreal and subretinal routes, which are commonly utilized in the clinic
for the treatment of hereditary retinal diseases [76]. In most cases, following intravitreal injection,
the retina's ganglion cell layer demonstrates high transgene expression levels, which could be
useful for the treatment of glaucoma [77, 78], a widely common genetic retinal disorder that causes
blindness. On the other hand, the more invasive subretinal route is useful for transfecting the outer
layer of the retina [77, 78], which would be interesting for addressing retinal diseases like Leber's
congenital amaurosis, Stagard's disease, and retinitis pigmentosa [79], that related to mutations at

the photoreceptor and retinal pigment epithelium level.
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Figure 23: In vivo assays showing EGFP signal in rat retina after intravitreal (IV) (A-C) and
subretinal (SR) (B-D) administration of freshly prepared (A-B) and 30 days stored (C-D)
nanodiaplexes vectoring EGFP plasmid at 5/1 lipid/DNA ratio (w/w). Blue: Hoechst 33,342 (cell

nuclei); Green: EGFP; Red: Iba-1. OS: outer segments; ONL: outer nuclear layer; INL; inner

nuclear layer; GCL: ganglion cell layer. Scale bar: 20 um.

In this work, EGFP signal was mostly detected in microglial cells. This expression was
also found in both the inner and outer retinal layers after intravitreal and subretinal injections of
nanodiaplexes, indicating that this formulation is capable of passing efficiently along the different
retinal layers to achieve high transgene expression at different levels, which would be
therapeutically useful. In addition, the results demonstrated a high level of EGFP expression in
vivo following administrations of a formulation that had been stored at 4°C for 30 days, indicating

that storage of the formulation at 4°C for 30 days has no effect on its transfection efficiency.
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The following are the key conclusions of this PhD thesis based on the findings of the research

studies:

1. Sphingolipids were integrated into a cationic niosome formulation for non-viral gene delivery
to the central nervous system. Niosphingosomes and related complexes were smaller in particle
size and higher surface charge than niosomes. ARPE-19 cells treated with niosphingoplexes
demonstrated increased cell viability and transfection efficiency. It demonstrated less
endocytosis through caveolae, enhanced co-localization with the lysosomal compartment, and
endosomal escape properties in the case of niosphingoplexes. Additionally, niosphingoplexes
transfected not only primary central nervous system cells but also various retinal and brain
cortex cells from mice, depending on the route of administration.

2. The impact of inclusion of NDs in the niosome formulations was evaluated in terms of
physicochemical characteristics, cellular uptake, intracellular disposition, biocompatibility,
and transfection efficiency. Complexes, nanodiasomes, and niosomes achieved the
physicochemical requirements for applications in gene therapy. In terms of biology, the
inclusion of NDs into niosomes increased cellular uptake, biocompatibility, and transfection
efficiency. When compared to nioplexes, nanodiaplexes had higher levels of endocytosis via
clathrins, higher lysosomal colocalization, and endosomal escape properties. However,
endocytosis mediated by caveolae was the most effective pathway in the case of nanodiaplexes.
Nanodiaplexes successfully transfected retinal and neuronal cells, according to studies in CNS
primary cells.

3. The influence of NDs on physicochemical characteristics, cellular internalization, cell
viability, and transfection efficiency was studied in a rat retina throughout time. All of these
parameters were evaluated over a 30 days period at various storage temperatures. The main
results suggest that adding nanodiamonds to niosome formulations enhanced transfection
efficiency, and this effect was maintained throughout time. Additionally, both formulations
were more stable at low storage temperatures and nanodiasomes maintained their
physicochemical properties more consistently than niosomes. Finally, nanodiasomes were
successful in achieving high transgene expression levels in the rat retina following subretinal
and intravitreal administration, both when injecting freshly prepared nanodiasome

formulations as well as those that had been stored for 30 days at 4°C.
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Immune-Privileged Tissues

Nuseibah AL Qtaish ?, Idoia Gallego '?, llia Villate-Beitia 2, Myriam Sainz-Ramos *?,
Tania Belén Lopez-Méndez 2, Santiago Grijalvo 34, Ramon Eritja 4, Cristina Soto-Sanchez >°,

Gema Martinez-Navarrete >, Eduardo Fernandez °®, Gustavo Puras>?* and José Luis Pedraz'?*

! NanoBioCel group, University of the Basque Country (UPV/EHU), City Postcode, Spain;
nusaiba.qtaish@gmail.com (N.A.Q.); idoiagallego@hotmail.com (1.G);
aneilia.villate@ehu.eus (1.V.-B.); myri.2694@gmail.com (M.S.-R.); tblopezO1@gmail.com
(T.B.L.-M.)

2 Networking Research Centre of Bioengineering, Biomaterials and Nanomedicine (CIBER-

BBN), Vitoria-Gasteiz Postcode, Spain

Networking Research Centre of Bioengineering, Biomaterials and Nanomedicine (CIBER-

BBN), Barcelona Postcode, Spain; sgrgma@cid.csic.es (S.G.); recgma@cid.csic.es (R.E.)

4 Institute for Advanced Chemistry of Catalonia, (IQAC-CSIC), City Postcode, Spain

Neuroprothesis and Neuroengineering Research Group, Miguel Herndndez University, Elche

Postcode, Spain; csoto@goumh.umh.es (C.S.-S.); gemamartineznavarrete@gmail.com (G.M.-

N.); e.fernandez@umh.es (E.F.)

® Networking Research Centre for Bioengineering, Biomaterials and Nanomedicine (CIBER-
BBN), Elche Postcode, Spain

* Correspondence: joseluis.pedraz@ehu.eus (J.L.P.) and gustavo.puras@ehu.eus_ (G.P.)
Tel: +34945013091 (J.L.P.); +34945014536 (G.P.)

Abstract:

Non-viral vectors have emerged as a promising alternative to viral gene delivery systems
due to their safer profile. Among non-viral vectors, recently, niosomes have shown favorable
properties for gene delivery, including low toxicity, high stability, and easy production. The three

main components of niosome formulations include a cationic lipid that is responsible for the
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electrostatic interactions with the negatively charged genetic material, a non-ionic surfactant that
enhances the long-term stability of the niosome, and a helper component that can be added to
improve its physicochemical properties and biological performance. This review is aimed at
providing recent information about niosome-based non-viral vectors for gene delivery purposes.
Specially, we will discuss the composition, preparation methods, physicochemical properties, and
biological evaluation of niosomes and corresponding nioplexes that result from the addition of the
genetic material onto their cationic surface. Next, we will focus on the in situ application of such
niosomes to deliver the genetic material into immune-privileged tissues such as the brain cortex
and the retina. Finally, as future perspectives, non-invasive administration routes and different

targeting strategies will be discussed.
Keywords: gene delivery; non-viral vectors; niosomes; brain; retina
1. Introduction

It has been a long journey, with promising expectations and serious setbacks since gene
therapy was referred as a potential strategy to face monogenetic disorders 45 years ago, until
nowadays, where this advanced therapy is considered a realistic, although still uncommon,
medical option for the treatment of both inherited and acquired human diseases [1]. The
knowledge gained on the molecular basis of genetic diseases along with recent advances in
different research areas, such as biotechnology or nanomedicine, have contributed to increasing
the number of clinical trials based on gene therapy up to around 2000
(http://www.abedia.com/wiley/). Such interest has accelerated the research investment of many

companies involved in the development of gene therapy-based drugs, and consequently, it is

expected that the therapeutic armamentarium will soon increase [2].

The main concept of gene therapy is quite simple and basically relies on the incorporation
of enough exogenous genetic material into a specific target cell in a safe way to modulate protein
expression related to the development of diseases that cannot be faced with conventional
treatments [3]. More specifically, therapeutic genetic material can be supplied to cells with
genetically modified viruses (virotherapy) due to their natural ability to infect cells [4]. This
approach is particularly interesting to selectively infect and kill cancer cells, although the use

of biological agents such as infecting viruses for medical applications raises relevant safety
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concerns [5]. Another alternative to enhance the expression of a specific protein whose low levels
accelerate the development of certain diseases is through the administration of bacterial plasmid
DNA (pDNA) [6]. This strategy is normally applied for the treatment of genetic diseases that
follow an autosomic recessive inheritance pattern. However, the main drawbacks of plasmid
administration include the immune response generated against the bacterial elements [7] and, in
some cases, the big size of the plasmid that decreases transfection efficiency process [8]. To
minimize such disadvantages, unmethylated cytosine-phosphate-guanine (CpG) dinucleotides
from bacterial origin and other not relevant sequences related to the origin of replication and the
resistance to antibiotics have been removed from conventional plasmids resulting in minicircle
DNAs (mcDNAs), which reduce immunogenic response and enhance transfection efficiency,
allowing a sustained expression of the therapeutic gene (transgene) [9]. Other different
approach include the administration of exogenous genetic material in the form of small interfering
RNA (siRNA), or aptamers to inhibit protein expression by different mechanisms at a post-
transcriptional level, or the synthesis of antisense oligonucleotides (ASOs) that can regulate the
expression of both precursor RNA (pre-RNA) or mature RNA in the nucleus or cytosol,
respectively [10-13]. These therapeutic oligonucleotides are very sensitive to enzymatic
degradation, and therefore, the biomacromolecules must be stabilized with chemical modifications
on their structure [11, 14].

Normally, and in clear contrast to conventional drug-based therapies, marketed gene
therapy products are designed to get long-lasting therapeutic benefits and focus their interest
on rare and specific disorders that affect a reduced number of patients. In this sense, it is worth
mentioning the case of the recently approved Milasen® drug, which has been specifically designed
for a single patient suffering from Batten disease [13]. The unusual characteristics of gene therapy-
based drugs also raise ethical and social concerns related to the cost of such innovative treatments
[2]. Some in vivo gene therapy products currently approved for human use are summarized in
Table 1.

87



Table 1. Gene therapy-based

oligonucleotides.

drugs on market

for in vivo

human use, including synthetic

Year Name Indication Genetic Administratio Delivery
(Agency) Material n System
2003 Gendicine Hesaduznmdozzck Bacterial Intratumoral Adenovirus
(FDA, China) quam plasmid injection
cell carcinoma
2004 Age-related Synthetic Intravitreal
Macugen . N -
(FDA, USA) macular degeneration aptamer Injection
2005 . Oncorine Nasopharyngeal cancer Viral In'trgtumoral Adenovirus
(FDA, China) DNA injection
2010 . Meteastatic pancreatic Viral Intravenous .
Rexin-G Retrovirus
(FDA, USA) cancer RNA infusion
2012 .
(Russian Athergsclerotlc Bacterial Intramuscular
Neovasculgen eripheral -
ministry of g periphe plasmid injection
arterial disease
Healthcare)
2013 Kynamro Homozygous familial Synthetic Subcutaneous
Y Y9 Yl .
(FDA, USA) (Mipomersen)  hypercholesterolemia ASO injection
2016 Imvldic Multiple solid Viral Intratumoral He?n:)?gtn']c le
(FDA, EMA) yid tumors DNA injection pV' P
irus
2016 Exondys 51 Duchene muscular Synthetic Intravenous i
(FDA, EMA) (Eteplirsen) dystrophy ASO infusion
2016 Spinraza Spinal muscular Synthetic Intrathecal i
(FDA, EMA)  (Nusinersen) atrophy ASO administration
2016 Defibrotide Veno-occlusive disease i'.?g;;s;;ar}?gg Intravenous i
(FDA, EMA) of liver godeoxy infusion
nucleotides
2018 Patisiran Familial amyloid RNA Intravenous Lipid
(FDA, EMA) (Onpattro) polyneuropathy interference perfusion nanoparticle
28 ma amanos RPEGS  subretinal (o
(FDA, EMA) plasmid injection )
type 2 Virus
2018 Tegsedi Transthyretin-mediated Synthetic Subcutaneous i
(FDA) (Inotersen) amyloidosis ASO injection
2019 Givlaari Acute hepatic RNA Subcutaneous i
(FDA) (Givosiran) porphiria interference injection
2019 Waylivra Far_nlllal . Synthetic Subcutaneous
(EMA) (Volanesorse chylomicronemia ASO iniection -
n) syndrome (FCS) )
2019 Vyondys 53 Duchene muscular Synthetic Intravenous i
(FDA) (Golodirsen) dystrophy ASO injection
2019 Spinal muscular Bacterial Intravenous Adeno-
Zolgensma . . - . .
(FDA) atrophy plasmid infusion associated Virus
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Another emerging strategy to deliver transgenes into the organism is through the
extraction of cells from the patient, which after ex vivo genetic manipulation are implanted
again into the organism [15,16]. In fact, recently, many ex vivo gene therapy products such as
Zalmoxis, Zyntelgo, Invossa, Yeskarta, Kymriah and Strimvelis have been commercialized [17].
Such approaches use both retro and lentivirus vectors to transduce allogenic and autologous
cells for the treatment of hematopoietic malignancies, osteoarthritis, or severe combined
immunodeficiency diseases. In  addition to the previously described gene therapy
approaches based on both gene supplementation and gene suppression strategies, recent
advances on genome editing tools by CRISPR/Cas technology allow the correction of a specific
mutation at a genomic level [18]. Due to the huge treatment possibilities of such revolutionary
genome editing tools, the number of scientific publications in this area has considerably increased
since 2014, and many clinical trials are underway, especially in cancer and pathological disorders
of the blood and eye [19]. In any case, although highly promising, still some concerns mainly
related to the delivery strategy, the possibility of permanent off target effects, or the efficiency to
repair the mutation in a controlled manner need to be resolved before reaching the market [20]. In
this sense, the new modified version of the CRISPR/Cas systems referred as “prime editing” holds
great potential to promote the translation of this technology into clinical practice [21]. Although
few gene therapy products are available for human use, there is no doubt that this market
has significantly increased in the last few years. Consequently, it is reasonably estimated that
some products that nowadays are under clinical trials evaluation will soon reach the clinical
practice, which justify the optimism and financial investment of many biotechnology firms [1]. In
any case, more research efforts need to be focused on the development of safe and efficient genetic
material delivery systems to overcome the biological barriers that hamper the clinical application
of gene therapy. This issue is particularly relevant for the treatment of diseases that affect to
sensitive and immunologically isolated organs, such as brain and eye, where gene therapy-based

drugs should be preferably administered by non-invasive administration routes.
2. Biological barriers

To be active at the place of action, gene delivery systems need to overcome both
extracellular and intracellular barriers for in vivo applications, while for ex vivo purposes, only

intracellular barriers can hamper their final performance [22]. Extracellular biological barriers to
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overcome will depend mainly on the administration route, while intracellular barriers will differ

according to the target cell.
2.1. Extracellular barriers

From a practical point of view, the intravenous administration of gene therapy-based drugs
represents a promising approach to face diseases that affect the liver due to the natural tendency to
be accumulated in such an organ [23]. In addition, because there is not an absorption process, the
bioavailability of drugs is 100%. Considering that cancer disease represents around 65% of current
gene therapy clinical trials (http://www.abedia.com/wiley/) this route of administration is also
interesting to treat disseminated cancer cells that affect many organs. However, despite these
relevant advantages, its effect is highly hampered by the possible drug-induced hepatotoxicity [24]
and by the relevant biological extracellular barriers that the genetic material needs to overcome
[25]. Consequently, biomacromolecules such as ASOs, plasmids, siRNAs, or ribonucleoproteins
(RNPs) are normally administered with different kinds of gene delivery systems (viral or non-viral
vectors) specifically designed to make the process more efficient [26]. Usually, such
biomacromolecules, in the “naked” form (without any gene delivery system or chemical
modification) can be easily degraded immediately after administration by proteases and nucleases
present in the blood. In addition, biomacromolecules can also be phagocytosed by macrophages,
and the bacterial origin of their components can induce both cellular and humoral immune
responses, which not only jeopardize their final performance but can also have deleterious effects
on the safety profile after their administration [27]. In circulation, innate immune responses can
occur through the activation of different kind of toll-like receptors (TLRS) by impurities such as
endotoxins or by bacterial components such as CpG motifs present on the genetic material.
Furthermore, an adaptive immune response can also be activated in the case of pre-existing
immunity [28]. In the case of genetic material delivered by non-viral vectors, some
physicochemical parameters such as zeta potential, particle size destruction, polydispersity index,
or hydrophobicity/hydrophilicity balance can also contribute to the compatibility with the immune
system [29]. Another relevant issue that needs to be considered is the natural tendency to
accumulate in the liver after intravenous administration, and the fact that such biomacromolecules,
due to their small size, below 5.5 nm, can be cleared quickly from systemic circulation through

kidneys by renal excretion [30]. In any case, although genetic material remains stable in
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bloodstream without eliciting an immune response, the time required to reach therapeutic
concentrations—the transfection process—can be even more challenging if isolated and immune-
privileged organs such as brain and eye are the final target of the gene therapy treatment. In this
case, additional extracellular barriers that protect the brain and eye from the rest of the organism
such as the blood—brain barrier (BBB) and the blood-retinal barrier (BRB) need to be overcome
[31,32]. Due to the critical obstacles that extracellular barriers represent, the design of effective
and safe gene delivery systems for in vivo gene therapy represents a really stimulating task for the

scientific community. A schematic representation of extracellular barriers is shown in Figure 1.
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Figure 1. A brief schematic representation of both extracellular and intracellular barriers
that genetic material needs to overcome during the transfection process. ASO, antisense
oligonucleotide; siRNA, small interfering RNA; RNP, ribonucleoprotein; CME, clathrin-mediated
endocytosis; CvME, caveolae-mediated endocytosis; RISC, RNA-induced silencing complex;

MRNA, messenger RNA; NPC, nuclear pore complex.
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2.2. Intracellular barriers

Once extracellular barriers have been overcome, biomacromolecules still need to reach
sufficient amounts at cytoplasmic, or even nuclear levels, preferably only on the target cells,
in order to be biologically active. Again, this intracellular trafficking is another arduous journey
full of hurdles to beat for the genetic material [33]. First of all, negatively charged ASOs, plasmids,
siRNAs, and RNPs are electrostatically repealed by the hydrophilic anionic proteins of the cell
membrane, which jeopardizes their cellular uptake and posterior internalization process [34]. In
the absence of antibodies or cell-specific ligands that promote a targeting effect,
biomacromolecules can be internalized by different pathways, of which clathrin-mediated
endocytosis (CME), macropinocytosis and caveolae-mediated endocytosis (CVME) are the most
representative ones, forming the corresponding intracellular vesicles referred as endosomes,
macropinosomes, and caveosomes, respectively [35]. Although there is not a unique consensus,
and results in this research area are quite controversial, it is estimated that those endocytosis
pathways are connected, in a great (CME) or less extension (CvME and macropinocytosis), to the
lysosomes, where the acidic pH value degrades the genetic material. Consequently, the transfection
process is strongly affected [36]. If biomacromolecules escape on time from the acidic environment
of lysosomes, they still need to move quickly and properly through the cytosol to reach the RNA-
induced silencing complex (RISC) in the case of SiRNA, or the target mMRNA in the case of ASOs
that inactivate mature RNA. In the case of plasmids, RNPs, and some ASOs that act on pre-RNA,
the impermeability of the nuclear membrane represents another hurdle to overcome, especially in

quiescent and non-dividing cells [37, 38].

Nuclear pore complexes (NPC) present on the nuclear membrane of cells with a small 9
nm channel diameter that prevents the entry into the nucleus of chemical compounds with a
molecular weight over 45 kDa [38]. Other alternative to cross the nuclear membrane is through
active mechanisms mediated mainly by importins of the cytoplasm that promote nuclear
translocation [39]. Once inside the nucleus, or even before during the cytoplasmic trafficking,
biomacromolecules need to be dissociated from gene delivery systems to get access into the
transcriptional machinery of the target cell and produce the final biological effect [40]. A brief

schematic representation of intracellular hurdles is shown in figure 1.
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3. Non-viral gene delivery systems

Classically, gene delivery systems designed to overcome biological barriers are classified
as viral and non-viral vectors. Viruses, independently of their origin, have evolved over millions
of years to gain access into host eukaryotic cells in order to shuttle their genetic cargo. Nowadays,
recombinant viruses have been modified in the laboratory to reduce their pathogenic effect and to
deliver the transgene of interest into target cells [41].During the last few years, relevant
improvements have been made mainly regarding their production methodology, safety profile, and
genetic material packing capacity. However, their biological origin hampers the commercialization
process by regulatory authorities, which clearly impacts on their final price [2, 42]. In contrast, the
non-viral vectors counterparts are classically recognized for their safety profile, higher packing
capacity, and low cost of production [43]. In any case, non-viral vectors for plasmid-based gene
therapy have not yet reached clinical practice, although research on this topic has quickly
increased during the last few years, which has been especially motivated by the impact that
CRISPR/Cas technology has had on scientific community and the need to deliver such genetic
material in a safe and efficient way to target cells. In this sense, at a preclinical level, non-viral
vectors for CRISPR/Cas delivery predominate over the use of viral vectors (70% versus 30%,
respectively) [44]. Among non-viral gene delivery systems, we can differentiate the development

of physical and chemical methods.
3.1. Physical methods

Basically, physical methods are vector-free systems based on a controlled and reversible
deformation of cytoplasmic membrane during short periods of time that allow the entry of genetic
material on target cells [22]. Although highly effective, these methods are normally restricted to
ex vivo gene therapy, which is mainly due to the challenge that represents the fine control of
physical parameters that produce the formation of transient pores into the cellular membrane in
vivo conditions. Such technological limitations can result not only in a loss of action but also in an
increase of the cellular toxicity [45]. Transient pores on cellular and even nuclear membranes can
be induced by the application of external electrical pulses, whose amplitude and duration are
controlled, and depend on the particular characteristics of the target cell [22]. Pores can also be
created if a cell’s membrane is mechanically deformed when cells are forced to pass through

microfluidic-based channels which the diameter is smaller than that of the cell [46]. Other physical
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methods that also can be used to deliver genetic material into target cells efficiently include the
direct microinjection of genetic material into cells by a micropipette, the induction of cellular
uptake by stimulation of the micropinocytosis pathway with a hyperosmolar buffer containing
sodium chloride and propanbetaine, or the hydynamic injection. This last technique consists of the
quick injection of genetic material into the tail of rodents in volumes close to 10% of the total body
weight [47].

3.2. Chemical methods

Although inorganic compounds such as magnetite, silica, or calcium phosphate, to name
just a few ones, have shown great potential to shuttle genetic material, most chemical vectors are
based on organic compounds such as cationic lipids or cationic polymers [48]. Amphiphilic
cationic lipids for gene delivery applications normally share four domains in their chemical
structure [49]: a hydrophilic polar head group, a hydrophobic apolar group, a linker, and a
backbone. The positively charged hydrophilic polar head group interacts electrostatically with the
negatively charged genetic material, obtaining the corresponding lipoplexes [50]. The composition
of the hydrophobic apolar group can affect the relevant physicochemical and biological parameters
that influence the transfection process such as the stability of the formulation, the DNA protection
from nucleases, or the endosomal escape. The chemical composition of the linker domain
influences both the flexibility and degradation of cationic lipids. Finally, the backbone group is the
domain that separates the hydrophilic polar group from the hydrophobic apolar group, of which
asymmetric glycerol-based backbone domains are the most commonly used for gene delivery
purposes. A schematic representation of the general chemical structure of cationic lipids for gene
therapy applications can be observed in figure 2. Small changes in the chemical structure of any
of the four domains can affect both the physicochemical and biological parameters that regulate
the transfection process [51]. Normally, to enhance the transfection efficiency of cationic lipids,
they are incorporated into vesicles made up of phospholipids resulting in corresponding liposomes
[52], or solid lipid nanoparticles (SLNs) if the core of the nanoparticle is a solid lipid stabilized
with surfactants [53]. Lipid nanoparticles have been used in the formulation of Patisiran® to
deliver siRNA genetic material in the liver after intravenous administration to suppress the
production of transthyretin in hereditary transthyretin-mediated amyloidosis (hAATTR) patients
[54].
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Figure 2. (A) General chemical structure of cationic lipids for gene therapy applications with four
domains. (B) Chemical structure of cationic lipid 2,3-di(tetradecyloxy)propan-1-amine. The
hydrophilic head domain consists on a protonated amine group, the backbone is a glycerol-based
structure, the linker is an ether, and the hydrophobic domain consists of a double hydrocarbonated

alkyl chain of 14 carbon atoms.

Apart from cationic lipids, cationic polymers with different physicochemical properties are
also often used as gene delivery systems, obtaining the corresponding polyplexes after genetic
material is adsorbed on their surface or entrapped into the polymeric matrix. Most of those cationic
polymers include chitosans [55], polyethylenimine [56], or poly (L-lysine) [57]. Moreover, hybrid
compounds, made by a combination of both polycationic and polyanionic polymers, and with
different organic and inorganic materials such as polymers, magnetite, or lipids can be used also

to deliver genetic material for different purposes [58-62].

In addition to classic chemical compounds, due to recent advances on nanotechnology
and the interest in the development of non-viral vectors, other materials have recently
emerged as promising gene delivery systems [48]. For instance, nanodiamonds (NDs) present
fitting properties for gene delivery applications due to their high surface area-to-volume ratio,
biocompatibility, scalability, and precise particle distribution [63]. Additionally, NDs can be easily
functionalized to obtain hybrid compounds by electrostatic interactions with hydrophilic cationic
polymers such as polyethylenimine [64, 65], lysine [66], or polyallylamine hydrochloride [67].
Another strategy is to include cationic groups, i.e., silane-NH2 or polyamidoamine (PAMAM)
[68], on the chemical structure of NDs by the formation of covalent bonds. Apart from NDs,
graphene oxide (GO), a precursor of graphene, is another material that has been recently
investigated for gene delivery applications. GO is a biocompatible material that is easy to
synthetize, reproducible, and cheap. In addition, GO has high dispersibility in water, and it can be
easily functionalized with different kinds of polymers such as polyethylene glycol (PEG) [69],
polyethylenimine (PEI) [70], or chitosan [71].
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4. Niosome nanoparticles for gene delivery

Niosomes are non-ionic-based surfactant unilamellar or multilamellar vesicles with a
bilayer structure that have been used for around 40 years as drug delivery systems for different
applications with low toxicity and desired targeting properties [72]. As in the case of liposomes,
hydrophilic heads are orientated toward an aqueous solution, whereas hydrophobic groups are
orientate toward an organic solution, so both hydrophobic and hydrophilic drugs can be delivered
by niosomes [73]. The main difference between both nanocarriers is that in the case of niosomes,
the phospholipids of liposome vesicles have been substituted by non-ionic surfactants [74].
Compared to liposome counterparts, niosomes are recognized for their higher chemical and storage
stability, due to the presence of non-ionic surfactants in their structure [75]. In addition, niosomes
can be easily prepared at a low cost, and they are less toxic than liposomes due to the presence of
non-ionic surfactants [76, 77]. All these characteristics justify the research on niosomes as an

interesting platform for gene delivery applications.
4.1. Components on niosome formulations

In addition to the non-ionic surfactant, which enhances the stability and is the main
component of niosomes, other chemical compounds can be incorporated into the niosome vesicles
such as cationic lipids that interact electrostatically with the negatively charged genetic material
to obtain corresponding nioplexes at different cationic lipid/genetic material ratios and “helper”
components that improve their biological performance [78]. Any slight modification of both the
relationship and the chemical structure of these components can affect, in a significant way, the
relevant physicochemical parameters of the formulation that regulate the transfection process such

as the size, polydispersity index, and morphology [79].

Non-ionic surfactants can be classified into four different categories: alkyl ethers, alkyl
esters, alkyl amides, and esters of fatty acids [73]. Some non-ionic surfactants that have been used
in niosomes designed for gene delivery applications include polyoxyethylene alkyl ether (Brij©
[73]), polysorbates (Tween®© [80]), sorbitan fatty acid esters (Span© [81]), or poloxamers [82].
The most relevant parameters of non-ionic surfactants to consider are the hydrophilic/lipophilic
balance (HLB), which can be used as a “saving guide” parameter to select the appropriate

surfactant [83], the critical packing parameter (CPP), which plays an important role in the
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vesicular-forming ability of niosomes [84], or the gel liquid transition temperature (TC), which
has a relevant impact on the drug entrapped efficiency [85]. Among the cationic lipids, some of
the most employed in the elaboration of niosomes for gene delivery purposes include 2,3-
di(tetradecyloxy)propan-1-amine hydrochloride saltm[86], 3B-[N-(dimethylaminoethane)-
carbamoyl]-cholesterol hydrochloride salt (DC-Chol, [87]), N-[1-(2,3-Dioleoyloxy)propyl]-
N,N,N-trimethylammonium methylsulfate salt (DOTAP, [88]), 1,2-di-O-octadecenyl-3-
trimethylammonium propane chloride salt [83], or 1-(2-dimethylaminoethyl)-3-[2,3-di
(tetradecoxy) propyl] urea [51], to name just a few. Any slight change of any of the four
chemical domains of cationic lipids influences the transfection efficacy mediated by niosomes [49].
Regarding “helper” lipids, they are normally neutral components i.e., cholesterol, that when used
in appropriate amounts enhance both the rigidity and the colloidal stability of formulations,
promoting the gel liquid transition temperature of niosomes and the interactions with the apolar
group of non-ionic surfactants [89]. In addition, they can affect biological parameters such as the
cellular uptake and posterior intracellular trafficking of niosomes [90]. Squalene and squalane,
which are natural lipids belonging to the terpenoid family, as well as biochemical precursors of
the synthesis of cholesterol and other steroids, have also been incorporated in niosome
formulations [90, 91]. Another commonly used “additional” component on niosome vesicles is
PEG. When niosomes “decorated” with hydrophilic PEG chains are administered into the
bloodstream, the aqueous layer on the wvesicular surface avoids endocytosis by the
reticuloendothelial system (RES), and it therefore increases the half-live period of such niosomes
in blood [92].

4.2. Niosome preparation methods

Niosomes can be easily elaborated by the solvent-evaporation method. Basically, both the
cationic and “helper” lipids are dissolved in a small volume of organic phase, where the aqueous
phase containing the non-ionic surfactant is added. After a brief sonication period, an emulsion is
obtained. Such emulsion can be left under manetic agitation to evaporate the organic solvent,
which will produce the resuspension of the niosome vesicles into the aqueous phase [93]. A brief
schematic representation of the niosome components and their elaboration by the solvent

evaporation process can be observed in figure 3.
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Figure 3. (A) Bilayer structure of niosomes and disposition of components. (B) Schematic
representation of the solvent evaporation method for the elaboration of niosomes and

corresponding nioplexes.

The film-hydration method is basically a modification of the previously described solvent
evaporation method, in which the organic solvent is evaporated in a round-bottomed flask using a
rotatory vacuum evaporator. As a result, a dry film of lipids will be formed, which is thereafter
hydrated with the aqueous phase above the transition temperature of the surfactant [94]. Another
interesting and single-step alternative to elaborate niosomes without the use of organic solvents is
the bubble method. In this case, large unilamellar niosomes vesicles can be obtained when both
the surfactant and lipids are heated over 70 °C in a buffer solution. Then, the dispersion is mixed
with a high shear homogenizer followed by the bubbling of nitrogen gas at 70 «C [73]. In addition

to the bubble method, other alternative to obtain niosomes without the use of organic solvent is
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the lipid injection method. In this case, lipids and surfactants are melted and thereafter injected
into an aqueous phase under heat and continuous agitation to get a final suspension of niosomes
[95]. In order to obtain small unilamellar niosome vesicles, the microfluidization method can be
used. In this case, niosomes are obtained when two fluidized streams pumped at specific speed
interact with each other in small and specifically designed microchannels for fast mixing [95].
Interestingly, this technique allows the possibility of working in parallel with large volumes, which
enhances the scalability of the production process [96]. The precise and detailed elaboration of
niosomes by other different techniques such as trans-membrane pH gradient uptake, supercritical
reverse phase evaporation, or the freeze and thaw process can be looked up in two excellent articles
that have been recently published [73, 85].

Once niosomes have been prepared using any of the previously above-mentioned
techniques, the corresponding nioplexes can be obtained after the addition of a solution of the
pertinent genetic material to the colloidal suspension of niosomes (Figure 3). Due to the
electrostatic interactions between the positively charged amine groups of the cationic lipids
incorporated into the niosome vesicles and the negatively charged phosphate groups of the genetic
material, nioplexes can be easily obtained at different cationic lipid/genetic material ratios [76]. In
the case the obtained niosomes are not going to be used soon, they can be stored at 4 <C during
several weeks, without affecting the main physicochemical parameters that influence the gene

delivery process [9].
4.3. Physicochemical characterization of niosome nanoparticles

Normally, after niosome elaboration and before performing any biological experiments,
some of the most relevant physicochemical properties involved in the nucleic acid delivery of
niosomes are evaluated as a screening methodology to select the most suitable composition and
concentration of the chemical components [78]. Dynamic light scattering (DLS) can evaluate the
hydrodynamic diameter and the polydispersity index (PDI) of both niosomes and corresponding
nioplexes in a Zetasizer instrument, while the morphology and distribution of niosome colloidal
dispersions can be examined by different microscopic techniques [76]. The DLS technique is based
on the random Brownian movement of small particles and the light scattered when a laser irradiates
the colloidal suspension, which is highly dependent on the ion concentration [78]. The

hydrodynamic diameter is usually obtained by cumulative analysis, which requires a narrow
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and monodisperse sample distribution, typically with PDI values below 0.5 for comparative
purposes [97]. When genetic material binds to the surface of cationic niosomes at different cationic
lipid/genetic material ratios, normally, the nioplexes size fluctuates slightly due to the
condensation effect produced by the electrostatic interaction, which would decrease the size and
the space demanded by the genetic material, which would increase in vesicular size [91]. Such
slight alteration of the final size can affect the endocytosis pathway and consequently the posterior
intracellular trafficking of niosomes [34, 90, 98]. In addition to size, the PDI value also changes
upon the incorporation of genetic material on the surface of cationic niosomes. In this case,
polydispersion typically increases due to the heterogeneous distribution of such genetic material
[49].

Normally, niosomes exhibit spherical morphology that can be evaluated under
transmission electron microscopy (TEM) and cryo-TEM [76]. These techniques can require the
addition of staining agents, and they can also be used to evaluate the size and distribution of
niosomes, although they may not correlate with DLS due the difference regarding the manipulation
of the samples [91]. If the samples to analyze are in solid form, scanning electron microscopy
(SEM) can also provide information about the morphology of niosomes. For a more precise
analysis, for instance, to determine the characteristics of bilayers, scanning tunneling microscopy
(STM) or small angle X-ray scattering (SAXS) techniques can be used [99, 100]. The degree of
the buffering capacity of cationic niosomes represents the potential of such non-viral vectors to
escape from the degradation in the acidic compartment of lysosomes due to the incorporation of
H+ into the lipid structure. Such buffering capacity can be measured by an acid—base titration assay
[101]. Briefly, colloidal suspensions of niosome formulations are titrated with a solution of NaOH
to reach a basic pH value. Next, niosomes are titrated again, but in this case with an HCI acid
solution, to evaluate the capacity to absorb H+ when different volumes of the acid solution are
added.

Another relevant parameter that can be determined to predict the stability of niosomes is
the zeta potential ({). This value is related to the superficial charge of the formulation and can be
obtained from a Zetasizer instrument by a laser Doppler velocimetry (LDV) technique [86].
Typically, it is accepted that { values of nanoparticles over 20 mV (either negative or positive)

prevent aggregation by electrostatic repulsion [102]. When nioplexes are elaborated, positively
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charged cationic groups of niosomes are partially neutralized by the negatively charged phosphate
groups of genetic material, resulting in a decrease of superficial charge which will depend on the
cationic lipid/genetic material ratio [83]. Normally, nioplexes are elaborated at positive cationic
lipid/genetic material ratios to enhance the cellular uptake of such nioplexes by interaction with
the negatively charged cell membranes. Additionally, the interaction between the cationic lipids
of niosomes and the genetic material can also be evaluated at a molecular level by isothermal
titration calorimetry through the measurement of the heat released when such binding occurs [103].
Agarose gel electrophoresis assays can be used to evaluate the capacity of niosomes to condense,
release, and protect the genetic material from enzymatic digestion [86]. In this sense, it is well
established that a delicate balance between condensation and release capacity needs to be obtained
at an appropriate cationic lipid/genetic material ratio to guarantee the condensation and protection
efficiency, as well as the release of such genetic material to reach the nucleus of the target cell
[91].

The stability of non-viral vectors is another issue that needs to be considered, due to its
relevant effect not only on physicochemical parameters, but also on biological properties [85]. To
evaluate the stability, some of the previously commented parameters such as particle size, PDI, or
¢ value are monitored in different temperature and humidity conditions over time [104—106]. An
interesting approach to enhance the physical stability of niosomes is to obtain a stable dry powder
formulation by lyophilization that can later be resuspended in the appropriate solvent before use.
In this case, the selection and the concentration of the cryoprotector, along with the parameters of
the lyophilization process need to be evaluated to guarantee the stability of the dry powder [107,
108]. The analysis of some of the previously described physicochemical parameters on a niosome

formulation can be observed in figure 4.
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Figure 4. Physicochemical characterization of niosome formulations in terms of size, superficial
charge (A), and morphology (B, C), adapted with permission from Puras et al. [91]. Buffering
capacity assay (D) and isothermal titration calorimetry (E), adapted with permission from Agirre
et al. [101]. Copyright 2019, Elsevier B.V and Gallego et al. [9]. Copyright 2014, Elsevier B.V.
DNA binding capacity, release and protection from enzymatic digestion (F), adapted with
permission from Puras et al. [91]. Copyright 2014, Elsevier B.V. OC, Open circular, SC

supercoiled.
4.4. In vitro biological evaluation of niosomes for gene delivery

Once the most relevant physicochemical parameters that affect the transfection process
have been analyzed, and before performing any in vivo assay, several in vitro studies are normally
performed to evaluate the toxicity and the efficiency of different formulations as a screening

methodology of different candidate formulations. The cationic lipids in the structure of the
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niosome vesicles candestabilize the cell membrane, induce apoptosis, and therefore be toxic at
high doses [109]. To minimize these effects, different strategies can be followed such as to increase
the incorporation of the non-ionic surfactant, reduce the cationic lipid/genetic material ratio, or
reduce the exposition time of nioplexes [49]. Since cell toxicity is mainly caused by the chemical
structure of the cationic lipid and also has a clear cell-dependent effect, each application needs to
be individually addressed [110]. Cell viability can be qualitatively evaluated by microscopy or can
be quantified by flow cytometry with the use of appropriate fluorescent dyes such as propidium
iodide or 7-Amino-actinomycin D (7-AAD), which penetrate into damaged cells [97].
Alternatively, colorimetric assays, such as CCK-8 (Cell Counting Kit-8) or MTT (3-[4,5-
dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide; succinate dehydrogenase activity), can
be used to evaluate cell viability by absorbance [49]. Normally, dead cells are excluded from the
transfection efficiency results. A common strategy to evaluate the initial transfection efficiency of
niosomes is the use of reporter plasmids based on the luciferase of fluorescence [111, 112] (Figure
5). It is worth mentioning that to get an optimal therapeutic effect, both the percentage of cells that
incorporate the transgene, along with the amount of protein expression by transfected cells need
to be considered. Although this approach can provide an overview of the gene delivery efficiency
of niosomes, further readjustments on cationic lipid/genetic material ratio need to be performed
when moving to therapeutic plasmids, since both the composition and size of the plasmid directly

influence the transfection efficiency process [113].
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Figure 5. Biological evaluation of niosomes in terms of intracellular trafficking (A), transfection
efficiency (B), and morphology (C), adapted with permission from Puras et al. [91]. Copyright
2014, Elsevier B.V.

The knowledge of the endocytosis pathway and the posterior intracellular trafficking to
reach the nucleus of target cells can be useful to design more efficient and safer niosome vesicles
for gene delivery applications [51]. For that purpose, specific fluorescent endocytic markers such
as dextrans, cholera toxin B, or transferrin can be used to stain the most representative endocytosis
pathways (macropinocitosis, caveolae, and clathrin-mediated endocytosis, respectively). The

colocalization of such dyes with fluorescent labelled niosomes, or preferably, fluorescent plasmids
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attached on the surface of niosomes can be qualitatively evaluated by confocal microscopy
[91], or quantified by different overlay coefficients, such as Mander’s or Pearson’s colocalization
coefficients [9, 114] (Figure 5). Additionally, intracellular trafficking studies can be completed
with lysosome markers such as lysotrackers [90] or with different uptake inhibitors such as
genistein, wortmannin, or chlorpromazine, to inhibit selectively caveolae, macropinocytosis, or

clathrin-mediated endocytosis, respectively [115].

All of the previously mentioned in vitro studies can be performed as a proof of concept in
Human Embryonic Kidney (HEK-293) culture cells, which is a one of the most employed models
for transfection studies [116]. However, because transfection efficiency is a highly cell-dependent
process, other cell lines that are more representative such as ARPE-19 or NT2 cells can be used
for retinal and brain gene delivery purposes [91, 93]. Additionally, and as a more realistic scenario
that resembles in vivo conditions, primarily the culture cells of both retina and brain can be
used [51]. When primarily culture cells are used, the transfection efficiency decreases considerably
when compared to valuesobtained in immortalized cells lines. Therefore, primarily cultures are
normally used to evaluate the kind of cells that have been transfected by immunohistochemistry
rather that the transfection efficiency in quantitative terms [9, 51]. In the case of immune-privileged
organs such as the brain and eye, in addition to culture cells, different and sophisticated in vitro
models based on microfluidic chips of both the BBB and BRB can be used to better mimic the in

vivo conditions and predict their behavior performance [117, 118].
5. Eye as main goal

The old concept of immune privilege appeared in 1948, when this term was applied to sites
in the body where foreign tissue grafts can survive for extended periods of time, whereas similar
grafts placed at a regular site in the body are acutely rejected [119]. This concept needs to be
differentiated from the privileged immunity concept, which refers to the capacity of specific organs
to select the most suitable and effective immune response to guarantee their proper functions in
health and pathology [120]. In this review, we will refer to eye as an immune-privileged central
nervous system (CNS) organ, in the sense that such organs are less likely to react against the
inflammatory processes caused by foreign agents, because they are protected from the rest of the
organism by the BBB [121].
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5.1. General concepts

The eye has been classically considered as an amenable organ to be targeted by in situ gene
therapy [122]. Due to its reduced size and compartmentalized anatomy, small amounts of vector
are required to get a satisfactory effect, and such vectors can be placed in close proximity to the
target cells, rather than being systemically administered, which minimizes the potential adverse
reactions [123]. Furthermore, due to the isolation from the rest of the organism, the risk of adverse
effects is considerably reduced [124]. In addition, the visual function and retinal structure can be
evaluated through non-invasive methods [125], and because most of the inherited retinal diseases
are symmetric, the untreated eye can be used as control, reducing the number of experimental

animals in the laboratory at a preclinical level [126].

The recently approved by FDA (Food and Drug Administration) and EMA (European
Medicines Agency) Luxturna® drug represents the most successful example of retinal gene
therapy. Luxturna® is indicated for the treatment of Leber congenital amaurosis type 2 (LCA2)
disease due to bi-allelic mutations in the RPEG5 gene expressed in RPE cells. With this gene
therapy strategy, a functional copy of the required gene is delivered into the subretinal space by
adenoasociated virus (AAV) vectors [127]. Although the results obtained by Luxturna® offer an
encouraging future for gene therapy applied in ophthalmology, the translation of such success to
other retinal conditions will not be an easy task. AAV vectors target mainly the RPE layer, where
the RPEG5 gene codifies the required enzyme of the visual cycle. However, most of the genetic
mutations of the retina affect the cells of the neuroretina, especially photoreceptors (PR), where
AVYV are not so efficient [128]. In addition, it has been reported that AAV virus can enter into the
visual pathways of brain after subretinal injection, which rises major concerns due to the potential
to trigger unexpected outcome effects [129]. In addition, AVV packing capacity is limited to
approximately 4.7 kb, which jeopardizes its use to deliver genes with larger coding sequences i.e.,
ABCA4, MYOQT7A, or CEP290 for the treatment of relevant pathologies of the retina such as
Stargardt disease, Usher syndrome type 1B, or LCA type 10, respectively [122]. Another relevant
concern is the high cost of AVV-based Luxturna® treatment, which is around $850.000 per-
patient in the U.S., which makes it difficult for affected patients to access to such innovate

treatments. Therefore, it looks logical to explore other safer and cheaper alternatives to deliver
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genetic material into the retina. In this sense, non-viral vectors based on cationic niosomes have

recently shown promising results at a preclinical level.
5.2. Niosomes for gene delivery to the retina

The first evidence of niosome vesicles as efficient gene delivery systems into the retina was
reported in 2014, when niosomes based on the 2,3-di(tetradecyloxy)propan-1-amine cationic lipid,
combined with the squalene “helper” lipid and polysorbate 80 non-ionic surfactant were able to
deliver in a safe and efficient way the reported EGFP (Enhanced Green Fluorescent Protein)
plasmid to the rat retina after both intravitreal and subretinal administrations [91]. Previously, it
was reported that the aforementioned cationic lipid was able to silence gene expression upon
covalent conjugation with RNA molecules [130], and that corresponding lipoplexes transfected
efficiently RPE and some PR cells after subretinal injection [50]. These data reflect the suitability
of such cationic lipids to be used for gene delivery purposes and its inclusion in a novel niosome
formulation where non-ionic surfactant polysorbate 80 was incorporated to enhance the stability
of vesicles. In addition, squalene, a natural lipid belonging to the terpenoid family, was also
incorporated as a “helper” lipid due to the promising transfection results obtained previously
with this compound in other cationic lipid emulsions [131,132]. Nioplexes around 200 nm
and +25 mV were obtained upon addition of the reported pCMS-EGFP plasmid at a 15/1
cationic lipid/DNA ratio. Such nioplexes entered mainly by the clathrin-mediated endocytosis
pathway in cultured RPE cells, and immunohistochemistry studies reflected that nioplexes were
able to deliver the reported plasmid into different layers of the retina, depending on the
administration route. Interestingly, protein expression was still observed 28 days after both

subretinal and intravitreal injections.

The following year, in 2015, a ternary non-viral vector based on protamine/DNA/niosome
expressed locally the EGFP protein in PR close to the in situ subretinal administration, and a more
uniform distribution of the protein expression was observed in the inner layers of the retina,
especially in ganglion cells, after intravitreal injection. As in the previous study, protein
expression persisted for at least one month after both administrations [86]. Protamine is an FDA-
approved small peptide obtained from the sperm of herring and salmon that efficiently
condenses DNA due to its positive charge. Arginine sequences on protamine promote the

nuclear import of genetic material, which is especially relevant in slow-dividing retinal cells [133].
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However, the high hydrosolubility of protamine hinders the interaction with lipophilic membrane
cells [134]. Consequently, to enhance such interaction, protamine was incorporated in lipid
formulations such as SLNs [135] or liposomes [136] but not in niosomes for retinal gene delivery.
The incorporation of protamine in ternary vectors (protamine/DNA/niosomes, at 1:1:5 ratios,
respectively) reduced the size to 150 nm and enhanced DNA condensation capacity. Interestingly,
it also reduced the amount of cationic lipid required to transfect the rat retina, and therefore,

increased cell viability.

Since small modifications on the chemical structure of the components in the cationic
niosomes can affect the gene delivery capacity, in 2016, the transfection efficiency of three
different cationic lipids was evaluated in rat retina [51]. Such cationic lipids shared the same
hydrophobic tail and the same glycerol-based building block, differing only among them on
the polar head formed by an amino group, a glycine triglycine, and a dimethylaminoethyl
group. Both squalene and polysorbate 80 were used as “helper” lipids and non-ionic surfactants,
respectively. After an extensive physicochemical characterization and in vitro evaluation in
different cell lines, the results showed that nioplexes based on the cationic lipid that had the
dimethylaminoethyl structure on the polar head group were the most efficient for retinal gene
delivery. After the intravitreal injection of nioplexes at a 30/1 cationic lipid/DNA ratio, EGFP
expression was uniformly distributed, overall, in the ganglion cell layer. The PEG chains on the
polysorbate 80 non-ionic surfactant could prevent the aggregations of cationic niosomes with
negatively charged components, glycosamineglycanes, and fibrilar structures present in the
vitreous, enhancing therefore the diffusion through the vitreous humor and the transfection
efficiency [137]. Interestingly, after intravitreal injection, protein expression was also detected in
some outer cells of the retina. The transfection of PR and RPE cells by intravitreal injection
instead of subretinal injection represent a great challenge to face genetic pathologies that affect
the outer segments of the retina, avoiding the harm of sensitive neuronal tissue that is classically

associated to Subretinal injection [138].

As in the case of squalene, lycopene is another natural terpenoid compound found at high
concentration levels in the eye, which is classically known by its biologica properties as an
antioxidant agent, cytoprotector, and immunomodulator, among many others [139]. Therefore, in

2017, lycopene-based niosome formulationsn were elaborated by the solvent evaporation
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technique and evaluated for retinal gene delivery capacity prior to physicochemical and biological
characterization [140]. The resulting nioplexes at an 18/1 mass ratio showed nanometric size with
low polydispersion, spherical shape, positive superficial charge, and the capacity to stabilize DNA
against enzymatic degradation. The cellular uptake of such nioplexes was mediated mainly by the
macropynocitosis and caveolae pathways. After intravitreal injection, the outer segments of the

retina were also efficiently transfected in a safe way.

As the main component of a niosome vesicle is the non-ionic surfactant, it looks logical to
study the influence of different non-ionic surfactants in the design of niosomes for retinal
gene delivery applications. In fact, in 2018, three niosome formulations that only differed in the
polysorbate non-ionic tensioactive were elaborated by the solvent evaporation technique. The
three niosome vesicles shared the same commercially available cationic lipid 1,2-di-O-
octadecenyl-3-trimethylammonium propane (DOTMA), the same “helper” lipid squalene, and had
polysorbate 20, polysorbate 80 or polysorbate 85 as non-ionic tensioactives [83]. Polysorbate 20
has the highest HLB value (16.7) and upon the incorporation of reported pPCMSEGFP plasmid on
the surface of corresponding niosomes to obtain nioplexes at a 2/1 ratio of cationic lipid/DNA,
RPE cultured cells were successfully transfected without signs of toxicity. Intracellular trafficking
studies showed that the hydrophilic nature of the polysorbate 20 non-ionic surfactant promoted
caveolae-mediated endocytosis and evaded colocalization with the lysosome compartment, which
to some extent could explain the difference observed in transfection efficiency among the three
niosome formulations. In the primary culture cells of retina, such formulations were well tolerated,
in contrast to the commercially available Lipofectamine 2000™, and they expressed the
fluorescent protein mainly in glial cells. After in situ subretinal injection, protein expression was
observed mostly in RPE cells and also in the inner layers of the retina, whereas intravitreal

injection transfected overall the ganglion cell layer.

However, the success of gene therapy does not only rely on the composition of the gene
delivery system. In fact, vectors are only one part of the complex formulation. The other half is
conditioned by the characteristics of the genetic material. In this sense, in 2019, the same cationic
niosome formulation and three different GFP-encoding genetic materials consisting of minicircle
(2.3 kb), its parental plasmid (3.5 kb), and a larger plasmid (5.5 kb) were combined to form
nioplexes. Obtained results showed that the lack of unmethylated CpG regions in the mcDNA
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rendered nioplexes with better physicochemical properties, stability, cell tolerance, and
transfection efficiency in different layers of the rat retina after both intravitreal and subretinal
injections, which reinforce the importance of the genetic material size and composition in the

design of gene therapy vectors.

Taking into account that cationic niosomes represent a tunable platform for retinal gene
delivery applications, in 2019, chloroquine was incorporated as a “helper” component into cationic
niosomes based on the 2,3-di(tetradecyloxy)propan-1-amine (hydrochloride salt) cationic lipid,
and a mixture of both poloxamer 188 and polysorbate 80 as non-ionic surfactants [115].
Chloroquine is a 4-aminoquinoline drug with promising properties for retinal gene therapy, since
it can cross the BRB, interacts with negatively charged DNA molecules, and also promotes
endosomal scape [141]. However, its clinical application is limited due to the high toxicity
exhibited [142]. Therefore, chloroquine was incorporated within a niosome formulation to keep
its gene delivery properties at low doses, reducing its toxic effect. At a 10/1 cationic lipid/DNA
ratio, the resulting chlorogquine concentration was only 25 pg, and it did not induce any significant
cytotoxicity. In contrast, protein expression through different layers of the retina was increased as

can be observed in figure 6.

Retina SR injection
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Figure 6. In vivo applications of niosomes in retina. Niosomes transfected different layers in the
rat retina, depending on the administration route. Retinal cross sections micrographs obtained by
confocal microscopy (Al, B1), confocal fluorescence micrographs of whole mount (A2, B2).
Adapted with permission from Mashal et al. [114]. Copyright 2019, Elsevier B.V.
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6. Brain as main goal

As in the case of vision, brain functions are essential for survival. Therefore, sophisticated
mechanisms have been developed over many years of evolution to protect and isolate such
sensitive organs with limited regeneration capacity from potentially damaging effects [31]. In the
case of the brain, the tightly joined endothelial cells of BBB are impermeable for almost 100% of
macromolecular and over 98% of small molecular drugs [143]. The transport of essential nutrients
such as amino acids and glucose is mediated by specific receptors present in the BBB [31].
Although recent advances on gene therapy offer reasonable hope to face some devastating
pathologies that affect relevant CNS organs such as the brain and eye, the isolation of those organs
from the rest of the organism by the BBB and BEB prevents delivery systems from crossing such
hurdles [43, 144]. Consequently, effective gene therapy approaches to treat both inherited and
acquired diseases of brain rely on the in situ administration of genetic material by invasive routes
[43]. Such cumbersome gene delivery strategy can jeopardize the acceptance of treatments and

increase aftercare cost due to the treatment of related side effects [145].
6.1. General concepts

Gene therapy has shown great progress in clinical trials over the last decade to face both
inherited and acquired devastating brain diseases that do not have a reasonably effective
treatment with conventional drugs (https://alliancerm.org/publication/q2-2019-data-report). In
the case of inborn metabolism mutations of one gene that affect the brain, such as
mucopolysaccharidoses or Canavan disease, the approach normally consists of the delivery of a
functional copy of the gene to restore the normal phenothype [146-148]. However, in the case of
brain-acquired diseases, where more than one gene can be affected, such as brain cancer,
Alzheimer’s, or Parkinson’s diseases, the genetic approach is more challenging, since the
molecular basis of those disorders are still not understood [148-150]. BBB hampers the entry of
gene expression vectors into the brain; consequently, gene treatments must be given after an
invasive craniotomy, which in many cases jeopardizes the acceptance of patients enrolled in
clinical trials due to the cumbersome approach and related side effects that increase the after-care
cost as a consequence of additional hospital visits [151]. Moreover, because of the low diffusion
of genetic material after in situ brain administration by craniotomy, few cells can be targeted by

vectors, which prevent the access of the genetic material to the rest of the brain cells [152].
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Apart from the route of administration, another confounding factor in brain gene therapy
is the challenge that represents the delivery of genetic material into neurons. Brain neurons show
strict organization to form complex neuronal networks, limited regenerative capacity, and low
division rate, which hampers the entry of exogenous DNA into the nucleus [153]. Additionally,
the molecular bases of many neurological disorders that affect the brain are still not understood.
Previously commented limiting factors, along with the need to use appropriate vehicles that are
able to deliver efficiently the genetic material, justify the hard path of brain gene therapy to reach
clinical practice. In fact, although many phase I clinical trials have been reported; only a few have
reached phase Il [154]. However, with the new emerging technologies applied to gene therapy, the
cure of brain diseases might look like a reasonable option in the near future [155]. One of the most
promising approaches is to explore the use of non-viral vectors as gene delivery systems due to
their safer profile, easy production capacity, and lower cost when compared to their viral vector

counterparts [154].
6.2. Niosomes for gene delivery to the brain

Among non-viral vectors, niosomes based on cationic lipid 1-(2-dimethylaminoethyl)-3-
[2,3-di (tetradecoxy) propyl] urea, combined with squalene as a “helper” lipid and polysorbate 80
non-ionic surfactant, were recently able to transfect the rat cerebral cortex after in situ
administration [51]. Such cationic niosomes were elaborated by the solvent evaporation technique
and exhibited a diameter of 200 nm with a low PDI value (0.21) and positive superficial charge
over 30 mV. Physicochemical parameters were maintained after 100 days when formulations were
stored at 4 -C. Upon the addition of reporter pPCMSEGFP plasmid in their surface by electrostatic
interactions at a 30/1 cationic lipid/DNA ratio, the resulting nioplexes were able to transfect
efficiently both neurons and non-neuron cells in primary cultures obtained from the cortex of rat

embryos, as revealed by immunohistochemistry studies as can be observed in figure 7.
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Figure 7. In vivo applications of niosomes in brain. (A) White arrows in the right side indicated
identified neurons (red) that express EGFP (green). (B) Non-neuron cells (NeuN—) with glia
morphology that express EGFP (green) were indicated by yellow arrows. Adapted with permission
from Ojeda et al. [51]. Copyright 2017, Elsevier B.V.

In 2018, another niosome formulation elaborated with a commercially available DOTMA
cationic lipid, lycopene as a “helper” lipid and polysorbate 60 as a non-ionic surfactant, exhibited
high levels of protein expression in both primary cortical cultures of rat embryos and in in vivo
conditions after intracranial injection in the cortex [114]. Such niosomes were characterized in
terms of size, superficial charge, polydispersity, or capacity to protect genetic material against
enzymatic digestion in an agarose gel electrophoresis assay. After physicochemical
characterization, in vitro studies were performed in human neuronal precursors NT2 cells. NT2
cells are considered as an attractive model to evaluate CNS gene delivery efficiency, which is
mainly due to their potential capacity to be easily differentiated into both glial and neuronal cells,
upon exposition to retinoic acid [93, 156]. Additionally, genetically modified NT2 cells can be
transplanted into CNS and migrate to specific regions of brain, acting as an interesting cell-based
gene delivery platform to repair brain damages [157]. After 24 h post-transfection, nioplexes
formulated at a 14/1 cationic lipid/DNA ratio exhibited approximately half the transfection
capacity of the commercially available Lipofectamine® 2000 but higher cell viability.
Intracellular trafficking studies performed with both specific dye markers and blockers of
most representative endocytosis pathways revealed higher cellular internalization by both
caveolae and clathrin-mediated endocytosis than by macropinocytosis. In addition, buffering
capacity studies revealed endosomal properties that could explain, at least in part, the high
transfection efficiency observed in NT2 cells. Next, and before brain administration into the rat
cerebral cortex, the primary cortical cultures of rat embryos were exposed to nioplexes in order to

better mimic the in vivo conditions. In this scenario, NeuN- cells with gial morphology expressed
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the protein, which was probably due to their phagocytic and mitotic activity [158]. The lack of
protein expression into neurons was confirmed after the in situ intracranial injection of nioplexes.
Again, only NeuN- cells (neuroglia and cells in blood vessel wall) expressed the protein. In any
case, although this niosome formulation failed to transfect brain neurons after intracranial
injection, high levels of protein expression in glial cells suggest its possible application into CNS
in glia-related neurological disorders such as epilepsy, Alzheimer’s, or Parkinson’s diseases, to

name some of the most representatives ones [159].

Considering the previously reported properties of poloxamer 188 regarding
biocompatibility and capacity to protect neurons against brain injury [160], its incorporation into
niosomes based on the hydrochloride salt of 2,3-di(tetradecyloxy)propan-1-amine cationic lipid
and polysorbate 80 surfactant was evaluated [82]. Therefore, two niosome formulations that
differed only regarding the presence or absence of the non-ionic surfactant poloxamer 188 were
elaborated by the reverse-phase evaporation technique and characterized to deliver the genetic
material into the rat brain cortex. When poloxamer 188 was incorporated into the niosomes, the
sizes of niosomes increased, which was probably due to the high HLB value of poloxamer 188 and
to the interaction with the cationic lipid [161]. However, nosignificant change in zeta potential was
reported, being over +40 mV. Agarose gel electrophoresis assays revealed that out of all the
cationic lipid/DNA ratios studied, nioplexes based on niosome formulated with both non-ionic
surfactants polysorbate 80 and poloxamer 188 at equal mass ratios protected the genetic material
from enzymatic degradation. However, in the case of niosomes formulated only with polysorbate
80 as a non-ionic surfactant, at low cationic lipid/DNA ratios, the genetic material was degraded,
which was probably due to the negative zeta potential value of those nioplexes that were able to
condense but not protect the DNA. In vitro experiments on NT2 cells revealed that the addition of
poloxamer 188 to niosomes enhanced the cell viability and the cellular uptake mediated by
caveolae and macropinocytosis, which could explain the higher transfection values observed. In
primary cortical cultures of rat embryos, gene expression was mainly observed in neurons with no
signs of toxicity. However, when moving to in situ intracranial administration, nioplexes
transfected glial cells but not the neurons of the cortex. Such in vitro and in vivo discrepancy could

be explained by the different gene delivery mechanism in both biological scenarios.

114



Interestingly, the following year, in 2019, the same niosome formulation based on the 2,3-
di(tetradecyloxy)propan-1-amine cationic lipid and a mixture at equal weight ratios of both
polysorbate 80 and poloxamer 188 non-ionic surfactant was able to deliver the pUNO1-hBMP7
plasmid into NT2 (NTera2/D1 teratocarcinoma-derived) cells [162]. The human bone
morphogenetic protein 7 (hBMP7) belongs to the transforming growth factor B superfamily, and
its role is relevant for the development of bone, kidney, and nervous tissues [163]. Ata 6/1 cationic
lipid/DNA ratio, a significant release of hBMP7 (5.7 ng/mL) was detected in the supernatants of
transfected cells, with no signs of toxicity. Next, the tumor-suppressive effect of hBMP7-
expressing NT2 cells was investigated on the glioma cell line C6 in a transwell indirect co-culture
system to avoid the drawbacks of direct co-culture system. In vitro co-culture results showed that
the BMP7-overexpressing NT2 cells hampered the migration of C6 glioma cells, which highlights
the potential of NT2 cell-based delivery of hBMP7 for impeding the metastasis of glioma cells
[162].

7. Future perspectives

After more than three decades of hard work, with normal ups and downs, nowadays,
gene therapy represents a real and revolutionary clinical option, not only to treat but also
to cure the molecular basis of some serious disease. In any case, and despite the promising future
that awaits gene therapy, some controversial issues still need to be improved. At the moment, all
of the gene therapy treatments approved for human use by different regulatory authorities are based
on viral vectors, which rises controversy regarding their safety profile, limited gene-packing
capacity, large-scale production, and high costs [164]. Consequently, during the last years,
research on non-viral vectors has gained “momentum” as a safer alternative to their viral vectors
counterparts, and the number of clinical trials has considerably increased since 2010

(www.clinicaltrials.gov).

In the case of eye and brain, which according to the old immune-privileged concept are
organs isolated and protected from the systemic immune response of the organism [119],
the use of less immunogenic non-viral vectors [165] is even more relevant to avoid damage
in such sensitive organs [43]. In addition, in order to develop a more friendly approach, at a
preclinical level, many nanotechnology-based formulations of different materials, shapes, and

compositions can be tailored with specific ligands to overcome both BRB and BBB and deliver
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their cargo by non-invasive routes of administration such as topical instillation on ocular [166—
169] and nose surfaces [170, 171] (Figure 8). Considering the versatility of the cationic niosome
platform for gene delivery applications, some of the biomaterials commonly used to overcome the
BRB and BBB, such as transferrin, Annexin V, insulin, or gemini surfactants, could be
incorporated in novel niosome vesicles, bearing in mind the recent results reported after the in situ

administration of such non-viral vectors in both retina and brain cortex tissues.
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Figure 8. Schematic representation of a gene therapy approach based on non-viral vectors
and non-invasive administration route to face brain and eye diseases.

Although it is possible to reach the brain cortex and retina in small animals at a preclinical
level by non-invasive routes of administration, in order to reach the regular clinical practice,
enough gene expression should be reached selectively in the specific target cells of those tissues
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in larger species, avoiding the distribution of the delivered gene in other tissues. At present, non-
invasive approaches to reach both the brain cortex and retina require multiple administration doses
at high concentrations, which enhance systemic absorption, and therefore, the appearance of
unwanted effects in other tissues. In this sense, the use of cell-type specific promoters, inducible
promoters, or the rapamycin regulation system offer a reasonable option to confine gene expression
only in specific cell types, which avoids off-target effects in other cells [153]. Hence, the future
direction to design non-viral vectors based on novel cationic niosomes to face inherited and
acquired diseases of eye and brain by non-invasive routes of administration requires not only the
use of appropriate biomaterials and targeting ligands coupled to the niosome platform but also the
selection of the appropriate genetic material with its intrinsic characteristics. In any case, it is clear
that such ambitious goals need to be addressed by a multidisciplinary approach. In this sense, the
design of novel smart imaging and sensing catheter devices for surgical interventions based on
next-generation technologies at the point of intervention would also minimize both the damage
and cost occasioned by the in situ administration of gene therapy-based drugs in the brain

and retina.
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Abstract

Relevant biophysics processes related to the gene transfection mechanism were evaluated
when sphingolipids were incorporated into a cationic niosome formulation for the aim of gene
delivery to the rat retina and brain. Two non-viral vector formulations named niosphingosomes
and niosomes devoid of sphingolipid extracts, as control, were developed by the oil-in water
emulsion technique. Both formulations and the corresponding complexes, obtained upon the
addition of the reporter EGFP plasmid, were characterized in terms of particle size, superficial
charge, dispersity and morphology. Additionally, biological studies were performed to evaluate
cellular uptake and intracellular trafficking pathways in ARPE-19 cells before conducting in vivo
administrations. Compared to niosomes, niosphingosomes, and the corresponding complexes
decreased particle size and increased superficial charge. Although there were not significant
differences in the cellular uptake, cell viability and transfection efficiency increased when ARPE-
19 cells were exposed to niosphingoplexes. Endocytosis via caveolae decreased in the case of
niosphingoplexes, which showed higher co-localization with lysosomal compartment, and
endosomal escape properties. Moreover, niosphingoplexes transfected different cells in mice
retina, contingent on the administration route, and brain cortex. These preliminary results suggest
that niosphingosomes represent a promising non-viral vector formulation purposed for the

treatment of both retinal and brain diseases by gene therapy approach.
Keywords
Gene therapy, niosomes, niosphingosomes, sphingolipids, brain, retina.

1. INTRODUCTION

Gene therapy is an arising medical option for treating inherited and acquired diseases, that
has captured the interest and investment of many pharmaceutical companies during the last few
years [1]. Its main concept lays on the delivery of foreign genetic material into a target cell in order
to correct a specific pathology [2]. However, the regular practice of this advanced technology
needs to surpass the biological extracellular obstacles that the exogenous genetic materials in order
to reach the target cells, which depends on both the organ/cell type to be treated and the route of
administration [3]. This fact is mostly relevant in the case of immune-privileged organs, which are
isolated from the rest of the organism by the blood-brain-barrier (BBB) and blood-retinal-barrier

(BRB), such as brain and retina, respectively [4,5]. Moreover, to be biological effective, it is
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necessary to deliver enough genetic material inside target cells. In this sense, the endocytosis
mechanism and following intracellular trafficking clearly affects the final disposition of the genetic
material at the place of action [6]. Therefore, in order to overcome both extracellular and

intracellular barriers, safe and effective gene delivery systems need to be developed [7].

Research on the design, development and application of non-viral vectors has considerably
increased during the last years to enhance gene delivery efficiency [8]. Among the different kinds
of non-viral vectors, those related to cationic lipids are the most studied ones [9]. In fact,
Pfizer/BioNTech and Moderna companies, with the approval of regulatory agencies, have recently
applied this lipid based-technology to formulate mRNA vaccines, to face the devastating Covid-
19 disease. Any slight variation on the composition of these lipid structures can impact on both
the physicochemical properties and gene delivery capacity [10]. In order to increase biophysical
activity, such cationic lipids are normally incorporated into colloidal vesicles made up of
phospholipids, leading to the formation of corresponding liposomes [11]. If cationic lipids are
combined with non-ionic surfactant components to enhance chemical stability, a colloidal
dispersion of niosomes is obtained [12]. Such niosomes have been recognized during last years to
deliver efficiently and safely the genetic material for different applications [13]. In addition to
cationic lipid and the non-ionic surfactant, other chemical agents referred as “helper” compounds
can also be incorporated into the niosome vesicles to enhance their biological performance [14].
Some compounds that have been successfully incorporated into niosomes as “helper” components

include cholesterol [15], squalene [16], lycopene [17] or chloroquine [18], to name just a few.

Sphingolipids are biomaterials referred a class of natural complex lipids mainly found in
membranes of central nervous system tissue, which play a relevant biological role in cell signaling
processes [19]. Such sphingolipids derive from sphingosine, an alkalonamime of 18 carbons.
Sphingolipids are obtained when a long saturated or unsaturated fatty acid chain is bound to the
amino reactive group and another radical consisting of phosphocoline or sugar, binds to the final
carboxyl group of the sphingosine, resulting in the formation of ceramides [20]. Sphingolipid
extracts can be obtained from animals, plants and can also be produced from genetically modified
microorganisms. However, in mammals, endogenous sphingolipids contain high levels of
sphingosine, which is not present in extracts from plants or in sphingolipids obtained from

microorganisms. Therefore, sphingolipid extracts obtained from animal origin show a more
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suitable lipid profile to obtain ceramides [21]. It has been suggested that glycosphingolipids might
be involved in transmembrane transport and binding of bacteria and bacterial toxins to intestinal
epithelial cells. The composition of glycolipids in the rat small intestinal mucosa demonstrated
alterations during normal differentiation and development, pointing to possible roles for

glycosphingolipids in these processes as well [22].

Sphingolipids have been successfully incorporated as structural components into different
nanocarrier systems for drug delivery purposes [23-25]. However, currently, there is not any report
related to the use of such sphingolipids on the transfection process mediated by cationic niosomes.
Therefore, to address such issue, we performed a comparative study of two non-viral vector
formulations based on cationic niosomes consisting of the same cationic lipid and non-ionic
tensioactive, but with or without sphingolipids as "helper" compound, obtaining niosphingosomes
or niosomes, respectively. Both formulations were developed by the oil-in water (o/w) emulsion
technique, and the corresponding complexes obtained after the addition of the EGFP reporter
plasmid at different cationic lipid/DNA ratios (w/w) were physicochemically characterized, before
performing transfection experiments in ARPE-19 cells to evaluate cell viability, reporter gene
expression, cellular uptake and intracellular trafficking. Preliminary in vivo experiments were
carried out to evaluate gene expression of the most promising complexes in rat brain, after cerebral

cortex injection, and in rat retina, after both intravitreal and subretinal administration.
2. MATERIALS AND METHODS
2.1 Preparation of formulations

The cationic formulations were developed by the o/w emulsion technique. The 1,2-di-O-
octadecenyl-3-trimethylammonium propane chloride salt (DOTMA, Sigma-Aldrich) cationic
lipid, in combination with 2-2-3,4-bis2-hydroxyethoxy oxolan-2-yl-2-2-hydroxyethoxy ethoxy
ethyl dodecanoate (Tween 20, Bio-Rad) non-ionic surfactant, were mixed or not with
sphingolipids from animal origin found in the intestinal mucosa of mammal with high levels of
sphingomyelin (Bioiberica laboratory, Sus scrofa, pig), as helper components, obtaining
niosphingosomes and niosomes, respectively (Figure 1). Briefly, the cationic lipid (3.4 mg) were
gently grounded with sphingolipids (100 pg), then, dichloromethane (DCM) (500 pL) (Panreac,
Barcelona, Spain) were added to this lipid mixture and emulsified with the non-ionic surfactant

aqueous solution of polysorbate 20 (2.5 mL) (0.5%, w/w). Components were sonicated (Branson
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Sonifier 250, Danbury) for 30 s at 50 W. Next, the DCM organic solvent was evaporated and
eliminated from the emulsion by using magnetic stirrer for 2 h at room temperature inside a
extraction hood. Upon DCM evaporation, a colloidal dispersion carrying the formulations was
obtained with a final cationic lipid concentration of 1.5 mg mL™.

(a) @ cationiclipid: DOTMA (b)

o rr(
O H

* Non-ionic surfactant: Polysorbate 20

Substituent R1: Fatty acid chain R1 .
+ Substituent R2: Niosomes
# Phosphocholine: Sphingomyelins
# Sugar(s): Glycosphingolipids
Figure 1. Scheme of composition of niosphingosomes and niosomes. (a) General chemical
structure of cationic lipid, non-ionic surfactant and helper component. (b) General scheme showing

the disposition of the components in the formulations of both niosphingosomes and niosomes.

2.2 Plasmid propagation and complexes elaboration.

The pCMS-EGFP plasmid (Plasmid Factory, Bielefeld, Germany) was propagated with
Escherichia coli DH5-a and purified as previously described [15]. The stock solution of plasmid
pCMS-EGFP (0.5 mg mL1) was estimated to be around 0.137 uM (pCMS-EGFP, 5541 bp, average
MW 3657060 g molt). Complexes between these formulations and plasmid DNA were formed by
adding an adequate volume of the plasmid to niosomes and niosphingosomes at different cationic

lipid/DNA mass ratios (w/w). The mixture was incubated for 30 min at room temperature before
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use to promote the electrostatic interactions between the amine groups of the cationic lipid and the

phosphate groups of the genetic material to obtain the resulting complexes.
2.3 Physicochemical characterization of formulations

The hydrodynamic diameter of nanoparticles was recorded to report the particle size by
dynamic light scattering and lasser doppler velocimetry was used to determine zeta potential, using
Zetasizer Nano ZS (Malvern Instrument, UK) as previously described [15]. All measurements
were performed in triplicate. Transmission electron microscopy (TEM) was used to define the

morphology of formulations as previously described [12].
2.4 Qualitative analysis of transfection efficiency and cellular uptake

To evaluate transfection efficiency qualitatively, ARPE-19 cells were seeded into 24 well
plates at an initial density of 18 x 10* cells per well, to reach 70-80% of confluence at the time of
transfection assay. Next, cells were exposed to formulations containing EGFP (1.25 pg) plasmid
during 4 h in OptiMEM® transfection medium (Gibco®, Life Technologies, S.A., Madrid, Spain).
Afterwards, OptiMEM® was replaced by DMEM/F-12 regular growth medium (Gibco®, Life
Technologies, S.A., Madrid, Spain) containing 10% bovine serum, and cells were permitted to
grow for 48 h until their observation under fluorescence microscopy. Images showing EGFP signal
in ARPE-19 cells transfected with niosphingoplexes and nioplexes were captured at this time. To

evaluate cellular uptake, cells were processed, fixed and analyzed as previously described [26].
2.5 Quantitative analysis of EGFP expression, cell viability and cellular uptake

FACSCalibur flow cytometer (Becton Dickinson Bioscience, San Jose, USA) was used to
perform flow cytometry analysis in order to quantify the percentage of EGFP and FITC-labeled
EGFP plasmid (Dare Bioscience) expression for transfection and cellular uptake assays,
respectively. For this purpose, at the end of incubation time, 48 h for transfection assay and both
2 h and 4 h for cellular uptake assay, cells were washed with PBS (Gibco™, San Diego, California,
USA) and detached from the 24 well plates with trypsin/EDTA (200 pL) (Gibco™ San Diego,

California, USA). The cells were prepared and analyzed as previously described [15].
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2.6 Endocytic trafficking

Cells were seeded in 24 well plates with coverslips at an initial density of 18 x 10* cells
per well. DMEM/F-12 (300 pL) containing 10% bovine serum was added to each well and
incubated at 37 °C with 5% CO_ atmosphere to reach 70-80% of confluence at the time of
internalization assay. Next, cells were exposed to formulations containing EGFP plasmid (1.25 pg
per well) during 3 h in OptiMEM® transfection medium and endocytic fluorescent markers for 1
hour at 37 °C and 5% CO; atmosphere. Briefly Transferrin Alexa Fluor 568 (2.5 uL) (5 mg mL™Y)
was incubated for 60 min to label clathrin mediated endocytosis (CME). Dextran Alexa Fluor 568
(30 pL) (1 mg mL?Y) a fluid-phase uptake marker, was incubated for 60 min to label
macropinocytosis. Cholera toxin B Alexa Fluor 594 (2.5 pL) (10 mg mL™) was incubated for 60
min to label caveolae mediated endocytosis (CVME), and Lysotracker® (50 uL) (20 pm) was
incubated for 60 min to label lysosomes. All markers were purchased from Life Technologies
(Eugene, OR, USA). Next, the medium containing the complexes and endocytic markers was
removed, and cells were washed twice with PBS. Afterwards, the cells were fixed, mounted and
observed under fluorescence microscopy as described above. ImageJ software was used to quantify
the co-localization of the green and red signal by a cross-correlation analysis as previously
described [27].

2.7 Endosomal escape

Phosphatidylserine (PS) (Sigma-Aldrich, Spain) anionic micelles were elaborated as an
analogue of the late endosomal compartment, as previously described [28]. Briefly, PS was
dissolved in chloroform (1.6 mMm), which was evaporated and eliminated from the emulsion by

using magnetic stirrer. Next, PBS was added to the hydrate the PS sample and sonicated for 30 s

at 50 W to obtain a dispersed solution. PS micelles and the complexes were incubated at a w/w
ratio of 1:50 (pCMS-EGFP: PS) for 1 hour. Finally, the amount of the released DNA from each
complex was determined by agarose gel electrophoresis after staining with GelRed.
2.8 Animal model

Adult male Sprague—Dawley rats were used for the extraction of primary central nervous
system cells, from the brain cortex and retinal tissue and adult C57BL/6 mice were used as
experimental animals for subretinal, intravitreal and brain administration. All experimental
procedures were carried out in accordance with the RD 53/2013 Spanish and 2010/63/EU
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European Union regulations for the use of animals in scientific research. Procedures were
approved and supervised by the Miguel Hernandez University Standing Committee for Animal
Use in the Laboratory with code UMH.IB.EFJ.03.19/02.18.
2.9 Transfection efficiency assays of niosphingoplexes in rat primary retinal and neuronal cell
cultures

Embrionary rat retinal primary cells were extracted from E17.5 rat embryos from n = 4
Sprague Dawley rats. Extraction of primary neuronal cells was conducted from the cortical tissue
of E17-E18 rat embryos from = 2. Then, the chemical dissociation of the tissue, seeding of the
cells, maintenance and transfection procedures were carried out as previously described [26, 29]
employing niosphingoplexes. Lipofectamine™ 2000 (Invitrogen, California, USA) at 2/1 ratio was
employed as a positive control. Each condition was performed in triplicate.
2.10 Subretinal, intravitreal and brain administration

Adult C57BL/6 mice (67 weeks old and 20-25 g body weight) were used as experimental
animal model. Niosphingoplexes were injected in the eyes intravitreally (n = 3) or subretinally (n
= 3) under an operating microscope (Zeiss OPMI® pico; Carl Zeiss Meditec GmbH, Jena,
Germany) with the aid of a Hamilton microsyringe (Hamilton Co., Reno, NV), as previously
described [18]. Brain administration of niosphingoplexes at cortex level were also performed in

C57BL/6 mice (n = 3) following the procedure previously reported [29].

2.11 Evaluation of EGFP expression in mouse retina and brain

EGFP expression in mouse retina was evaluated qualitatively 1 week after the injection of
niosphingoplexes in wholemount and sagital sections of the retina, as previously described [30].
Nuclei were stained with Hoechst 33342 (Thermo Fisher Scientific) in frozen sections and
wholemount retinas. EGFP expression in mice brains was evaluated qualitatively 1 week after
surgery once brain samples were procesed as previously described [31]. Then, the 20 um brain
slices were processed for immunohistochemistry. For blocking non-specific staining, sections
were incubate in 10% BSA with 0.5% Triton in PBS for 1 hour and then incubated overnight with
chicken anti-GFP (Invitrogen, 1:100) diluted in PBS containing 0.5% Triton X-100. Then sections
were washed and incubated in Alexa Fluor 488-conjugated goat anti-chicken 1gG (Invitrogen,
1:100) for one hour. Nuclei were stained with Hoechst 33342.
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2.12 Statistical analysis

To analyze the differences between more than two groups, a 1-way ANOVA followed by
Student—Newman—Keuls test was performed once normality had been proven; otherwise, the non-
parametric Kruskal-Wallis test followed by a Mann— Whitney U test was used. Data were
expressed as mean + SD. A P value < 0.05 was considered statistically significant. Analyses were
performed with the IBM SPSS Statistics 22.Ink statistical package.
3. RESULTS

3.1 Physicochemical characterization of formulations

The physicochemical properties of the niosphingosome and niosome formulations, as well
as the corresponding complexes obtained upon the addition of plasmid DNA at cationic lipid/DNA
mass ratios (w/w) 3/1, 7.5/1 and 15/1, are represented in figure 2. The mean diameter size of
niosphingosomes was 123.5 £ 12.5 nm and this value decreased slightly up to 27% after the
addition of plasmid DNA at all the cationic lipid/DNA mass ratios studied (Figure 2a, black bars).
In the case of niosomes, the mean diameter size before the addition of plasmid DNA was higher,
158.9 + 4.4, nm and this value slightly increased to 40% at cationic lipid/DNA mass ratio 7.5/1,

with no relevant changes at ratios 3/1 and 15/1 (Figure 2a, white bars).

Regarding zeta potential, all formulations showed positive values above zero, being zeta
potential values of formulations containing sphingolipids higher than their counterparts. Before
the addition of plasmid DNA, zeta potential of niosphingosomes and niosomes was 37.0 + 7.8 mV
and 25.0 £ 9.0 mV, respectively. In both cases, after the addition of plasmid DNA at cationic
lipid/DNA mass ratio 3/1, these values declined considerably and then showed a moderate upward
trend when incrementing the cationic lipid/DNA mass ratios to 7.5/1 and 15/1 (Figure 2a, lines).
The dispersity values of all samples were below 0.5 (Figure 2b) and no relevant differences were
found between both formulations, except for niosphingoplexes at cationic lipid/DNA mass ratio
3/1, which presented clearly lower PDI values (0.19 + 0.01) than the rest of formulations. Under
TEM microscopy, both sphingoniosome and niosome formulations showed a clear spherical and

regular shape (Figure 2c).
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Figure 2. Physicochemical characterization of formulations and complexes prepared with helper
component  (niosphingosomes/niosphingoplexes)  and  without  helper ~ componet
(niosomes/nioplexes). (a) Size (bars) and zeta potential (dots). (b) Dispersity index and standard
deviation values of formulations and complexes. Each value represents the mean + standard
deviation of three measurements. (¢) TEM images of niosphingosomes and niosomes. Scale bars:
100 nm.

3.2 Cell viability and transfection efficiency in ARPE-19 cells

Cell viability and transfection assays were performed with niosphingoplexes and nioplexes
at cationic lipid/DNA mass ratios 3/1, 7.5/1 and 15/1 in ARPE-19 cells (Figure 3) Lipofectamine™
2000 was employed as a positive control at a cationic lipid/DNA mass ratio 2/1, obtaining 39.56
+ 1.7% of live EGFP expressing cells. All data were normalized in relation to this value. As shown
in figure 3a, niosphingoplexes at cationic lipid/DNA mass ratio 3/1 obtained the highest
transfection value (P < 0.001), with a normalized percentage of live EGFP expressing cells of 36.7
+ 1.6% (Figure 3a, black bars). Regarding nioplexes, transfection percentages at cationic
lipid/DNA mass ratio 3/1 were clearly lower that those values obtained with niosphingoplexes,
around 3%, and increased to 22% and to 15% when using cationic lipid/DNA mass ratios 7.5/1
and 15/1, respectively (Figure 3a, white bars). A similar pattern was observed when transfection
was analyzed by mean fluorescence intensity (MFI) (Figure 3b), corroborating the highest
transfection efficiency of niosphingoplexes at 3/1 cationic lipid/DNA mass ratio (P < 0.05).
Percentages of living cells were also higher when cells were exposed to niosphingoplexes,

obtaining values above 80% at all conditions. In the case of nioplexes, percentage of living cells
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reached the lowest value (56%) at 7.5/1 cationic lipid/DNA mass ratios (Figure 3a, lines). These
data were further confirmed by fluorescence microscopy, where figure 3c shows representative
images of EGFP signal in ARPE-19 cells transfected with niosphingoplexes and with nioplexes at
cationic lipid/DNA mass ratio 3/1.
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Figure 3. Transfection efficiency and cell viability in ARPE-19 cell line 48 h post-transfection
with niosphingoplexes and nioplexes. (a) Normalized percentages of transfection efficiency (bars)
and cell viability (dots). (b) MFI of niosphingoplexes and nioplexes. Each value represents the
mean + standard deviation of three measurements. (c) Overlay phase contrast images showing
EGFP signals in ARPE-19 cells transfected with niosphingoplexes and nioplexes at 3/1 cationic
lipid/DNA ratio (w/w). Scale bar: 200 um. ***P < 0.001; * P < 0.05.

3.3 Cellular uptake and intracellular trafficking pathways of complexes in ARPE-19 cells

Cell uptake percentages results (Figure 4a, bars) showed that both nioplexes and
niosphingoplexes at cationic lipid/DNA mass ratio 3/1 were almost totally internalized by all the
cells (more than 98 %) at 2h and 4h of exposition. Lipofectamine™ 2000 was employed as a
positive control at a cationic lipid/DNA mass ratio 2/1, obtaining values around 95 %. For
additional uptake data, we also analyzed the mean fluorescence intensity (MFI) of the cells that
internalized the complexes (Figure 4a, dots and lines). In this case, again, niosphingoplexes and
nioplexes showed similar values. However, MFI values were clearly higher for both complexes at
4h than at 2h after the exposition to niosphingoplexes (P< 0.001) or nioplexes (P< 0.01). All data

were normalized in relation to those values.
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Figure 4. Cellular uptake in ARPE-19 cell line of both niosphingoplexes and nioplexes complexes
at 3/1 cationic lipid/DNA ratio (w/w). (a) Percentages of FITC-pEGFP positive cells (bars) and
mean fluorescence intensity (dots) at 2 h and 4 h of exposition. Each value represents the mean +
standard deviation of three measurements. (b) Confocal microscopy images showing the cellular
uptake of complexes in ARPE-19 cells at 4 h. Cell nuclei were colored in blue (DAPI); F-actin in
red (Phalloidin). Scale bar: 50 um. *** P< 0.001 for niosphingoplexes; ## P< 0.01 for nioplexes.

Intracellular distribution studies of these formulations in ARPE-19 cells were qualitatively
analyzed by representative confocal fluorescence microscopy images, showing co-localization
between intracellular trafficking pathways and the complexes (Figure 5a). The quantitative
analysis elicited that niosphingoplexes had a less participation of the CvME pathway with a 0.25
peak value of cross-correlation function (CCF) compared to both CME (0.31 CCF peak value) and
macropinocytosis (p< 0.05; 0.42 CCF peak value), as can be observed in figure 5c, (black bars).
However, in the case of niosome formulations, the three pathways studied exhibited a more
uniform participation in endocytosis process. CCF peak value was 0.35 for CME, 0.38 for
macropynocytosis, and 0.41 for Cv ME (Figure 5c¢, white bars). Additionally, the co-localization
of the complexes with lysosomes was also evaluated. In this case, niosphingoplexes exhibited a
higher and statistically significant co-localization value (0.45 + 0.03 CCF peak value) compared
to niosomes (0.23 £ 0.05 CCF peak value). A representative fluoresce image obtained by confocal
microscopy of co-localization between complexes and lysosomes is shown in figure 5b.
Interestingly, the co-incubation of the complexes with the PS micelles that resemble the late

endosome compartment in an agarose gel assay showed that DNA incorporated in
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niosphingosomes was more efficiently released from the micelles (Figure 5d, lane 2) than DNA

bound to niosomes (Figure 5d, lane 3).
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Figure 5. Intracellular trafficking pathway assay of complexes in ARPE-19 cells. (a) Confocal
microscopy merged images showing ARPE-19 cells co-incubated with complexes containing the
FITC-labeled pEGFP plasmid (green) and with one of the following endocytic vesicle markers
(red): Transferrin Alexa Fluor 568 for CME, Dextran Alexa Fluor 568 for marcopinocytosis, and
Cholera toxin B Alexa Fluor 594 for CvME. Scale bar: 50 um. (b) Confocal microscopy merged
images showing ARPE-19 cells co-incubated with complexes containing the FITC-labeled pEGFP
plasmid (green) and with Lysotracker Red-DND-99 (red) to satin the late endosome. (c) Co-
localization values of red and green signals assessed by cross-correlation function (CCF) analysis
in complexes. Data represent the mean + standard deviation of three measurements; *P< 0.05 for
niosphingoplexes vs nioplexes. (d) DNA release profiles in agarose gel electrophoresis assay.
Lane 1 naked DNA, lane 2 niosphingoplexes co-incubated with PS, lane 3 nioplexes co-incubated

with PS. lane 4 niosphingoplexes, lane 5 nioplexes. PS refers to phosphatidyl serine micelles.

3.4 Invivo transfection efficiency of niosphingoplexes in mice retina and brain

In vivo preliminary studies were carried out to evaluate the capacity of niosphingoplexes to

deliver the EGFP into the mice retinas after both subretinal (Figure 6a) and intravitreal (Figure 6
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b) injections. Data revealed that EGFP expression was present in several retinal layers including
outer segments of photoreceptors, outer plexiform layer, inner plexiform layer and ganglion cell
layer where some end-foot of the Muller glia cells (red colour) colocalized with EGFP after
subretinal and intravitreal administration of niosphingoplexes. Additionally, EGFP expression was
also present in the cytoplasmic extensions of cortical cells of the mice brains in the superficial

region of the cerebral cortex injected area (Figure 6c¢).

Figure 6. In vivo immunohistochemistry gene expression of EGFP (green) in frozen sections one
week after subretinal (a), intravitreal (b) and cerebral cortex (c) injections of niosphingoplexes at
3/1 cationic lipid/DNA ratio (w/w). Scale bar: 20um. OS, outer segments; ONL outer nuclear
layer; OPL outer plexiform layer; INL inner nuclear layer; IPL inner plexiform layer; GCL

ganglion cell layer.
2. DISCUSSION

Sphingolipids are amphiphilic biomolecules, with a polar terminal group (OH) and a

hydrocarbon chain. When amphiphilic molecules are dispersed in water, they can spontaneously
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organize themselves into micelles or liposomes [32], which can enhance the drug delivery capacity
of such systems. Besides, sphingolipids have desirable physicochemical properties that can
stabilize the emulsions, since their surface-active wetting capacity can coat the surface of crystals
to enhance the hydrophility of hydrophobic drugs [33]. In addition to all of the above-mentioned
properties, sphingosine, and sphingosine-1-phosphate among other sphingolipids metabolites, call
attention as bioactive signaling molecules engaged in the regulation of cell metabolism processes,
such as cell growth, differentiation, senescence, and apoptosis [34], by modifying the properties of
cell membranes [35]. Such sphingosine predominates into sphingolipids extract obtained from

animal origin, which show a more suitable profile to obtain ceramides [21].

In this study, we incorporated sphingolipids from animal origin as “helper” component into
niosome formulations, in order to evaluate the biophysic properties as gene delivery system. The
physicochemical characterization results (Figure 2) showed that all formulations showed positive
charge values, which is required to prevent the formation of aggregates due to electrostatic
interactions [16]. Moreover, all formulations and complexes presented particle sizes in the
nanoscale range, suitable for gene delivery purposes [36]. The incorporation of sphingolipids as
"helper” component into the cationic niosome formulation decreased particle size. Interestingly,
such differences in particle size were not only maintained but also decreased when the formulations
were complexed with the EGFP plasmid. Additionally, compared to niosphingosomes,
niosphingoplexes had smaller particle size at all cationic lipid/DNA mass ratios studied, probably
by cause of the additional electrostatic interactions between the cationic niosphigosomes and the
anionic plasmid DNA [15, 36]. In fact, regarding superficial charge, the presence of sphingolipid
amphiphilic biomolecules in the composition of niosomes increased zeta potential, and this higher
zeta potential was maintained also at all the cationic lipid/DNA mass ratios studied. Regarding
dispersity index, niosphingoplexes at cationic lipid/DNA mass ratio 3/1 showed the lowest value
of this parameter (0.19 £ 0.01), which point out that at this condition a better homogeneity of
complexes is obtained. Additionally, niosphingosomes presented a clear spherical and
homogeneous morphology under TEM examination, without aggregations, probably due to the

electrostatic repulsion among highly positive charged particles.

Once the formulations were characterized in physicochemical terms we performed in vitro

gene delivery studies with niosphingoplexes and nioplexes at cationic lipid/DNA mass ratios 3/1,
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7.5/1 and 15/1 in ARPE-19 cell line, since these cells play an important role in retinal diseases
[15]. Moreover, ARPE-19 cell is a well recognized retinal cell model to evaluate gene transfection
efficiency. Interestingly, although niosphingoplexes with different cationic lipid/DNA ratios
showed similar size and zeta potential values in previously conducted physicochemical studies,
they reported statistical differences in terms of transfection efficiency and cell viability, which
reveals the complexity of the transfection process. In particular, we observed that
niosphingoplexes at cationic lipid/DNA mass ratio 3/1 reached the highest percentage of
transfected cells (P < 0.001) compared to the rest of conditions. In parallel, MFI analysis was also
analyzed to evaluate not only the percentage of live cells transfected, but also the intensity of the
fluorescence signal, which is close related to the quantity of protein expressed after the transfection
process. Such MFI studies also revealed that the highest intensity value was reached when ARPE-
19 cells were treated with niosphingoplexes at 3/1 cationic lipid/DNA mass ratio. Altogether, data
obtained from transfection efficiency experiments suggest that at 3/1 cationic lipid/DNA mass
ratio, the presence of sphingolipid biomolecules in the niosome composition not only increases the
percentage of transfected cells, but also the quantity of protein expressed in such transfected cells
[15], which can have critical clinical relevance. Interestingly, data obtained from transfection
experiments also revealed that niosphingoplexes at all cationic lipid/DNA mass ratios showed
higher cell viability values (above 80% in ARPE-19 cells), than their niosome counterparts, which
point out the biocompatibility effect that incorporation of sphingolipids has into the niosome
formulation. This biocompatibility of niosphigoplexes as well was confirmed, qualitatively, by the
healthful look of ARPE-19 cells under fluorescence microscope examination 48 h after
transfection. On the contrary, transfection positive control Lipofectamine™ 2000 showed low cell
viability values below 65% (data not shown) revealing the toxicity associated to such formulation
which hampers its clinical application [27]. In terms of clinical applications, it is also important to
highlight that the best transfection efficiency with high cell viability was obtained when ARPE-19
cells were exposed to niosphingoplexes at the lowest cationic lipid/DNA ratio of 3/1. Such
achievement would allow higher gene loading capacity in small injection volumes that normally
are required to face devastating pathologies of both brain in retina, by means of gene therapy

approach.

To further evaluate the impact that the incorporation of sphingolipid biomolecules has on
the transfection process we performed also a cellular uptake study, since this parameter can
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drastically affect to the transfection efficiency [15]. However, our cellular uptake studies revealed
that there were no difference in the cellular uptake of both formulations, in terms of both
percentage of cells that internalized the complexes and quantity of particles that were internalized
in cells. In any case, the internalization process was more efficient when cells were exposed to
formulations during 4 h instead of 2 h. These data suggest the relevance that the kinetic of the
internalization process has on the transfection efficiency, although in this case, there were not
differences observed between niosphingoplexes and niosome formulations. Therefore, we also
studied other biological parameters such us the intracellular trafficking process of both
formulations to further explore the influence that the integration of sphingolipids in niosome

composition has on the transfection process [37].

Intracellular trafficking studies were carried out to analyse the co-localization of the
formulations with the most employed endocytosis pathways present in ARPE-19 cells such as
CvME, CME and macropinocitosis [38, 39]. Our data revealed that the highest difference between
both formulations was found in the CvME pathway. This endocytic pathway was minority in the
case of niosphingoplexes formulation, which in fact preferred the macropinocitosis pathway, while
niosomes were equally internalized by the three endocytosis pathways studied. Therefore, our data
suggest that the presence of sphingolipids might turn the internalization mechanism of
niosphingoplexes from CvME to macropinocytosis endocytic pathway. In this sense, it has been
described that macropinocytosis is implicated in the internalization of cell penetrating peptides
and proteins into cells [40, 41]. Moreover, co-localization studies in the late endosomal
compartment were also conducted. It this case, niosphingoplexes co-localized with lysosomes in
a higher rate than nioplexes (Figure 5c). It has been suggested that there is a suppression of
lysosomal activity when complexes enter into ARPE-19 cells by CvME, and such complexes are
located around the nucleus, which hampers the release of DNA from the complexes [39]. This
suggestion supports our results, since compared to niosphingoplexes, nioplexes (that showed less
transfection efficiency) entered into the cell mainly via CvME, with the consequent lack of
lysosomal activity. Another critical parameter that clearly impact on transfection process of
complexes designed for gene delivery is the endosomal scape. Some nucleic acid delivery systems
failed to achieve good levels of transfection efficiencies, despite being efficiently internalized into

the cells, due to their poor of endosomal escape performance [42].
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Thus, we next elaborated anionic micelles based on PS, as, in the interest to evaluate the
release of the complexed plasmid DNA from the late endosomes to avoid lysosomal degradation.
As observed in figure 5d, a small amount of plasmid was released from niosphingoplexes (lane 2),
and no release of plasmid was observed from the nioplexes (lane 3) in the agarose gel
electrophoresis assay. Such data suggest that the incorporation of sphingolipids into the cationic
niosome formulation could provide endosomal escape properties to the complexes, which in fact
could contribute to increase transfection efficiency. Another biological barrier that hampers
transfection process is the nuclear membrane. In this sense, and taking into account the crucial
signaling and regulatory roles that sphingolipids have in the nucleus [43], it is likely that such
sphingolipids could be promoting gene delivery by a regulatory mechanism in the cell nucleus.
Recent findings concerning nuclear sphingolipids found that different kind of sphingolipids have
particular nuclear functions by temporally and spatially specific mechanisms. For example,
sphingomyelin is involved in the structure and regulation of chromatin architecture, DNA
synthesis and RNA stability, while sphingosine acts as ligand for the nuclear receptor
steroidogenic factor 1 regulating gene transcription; and sphingosine-1-phosphate regulates gene
expression epigenetically by histone acetylation [44]. Before perming in vivo experiments, we
made a probe of concept assay to evaluate if niosphingoplexes at cationic lipid/DNA mass ratio
3/1 (w/w) were able to deliver the EGFP plasmid in an efficient way to both rat embryonal retinal
and cerebral cortex primary cells. Our results (Supplementary material) revealed EGFP expression
in both retinal (Figure S1a) and cortical (Figure S1c) primary cells evaluated 72h after transfection.

Therefore, motivated by those results, niosphingoplexes were implemented in in vivo
studies to assess their capacity to deliver the genetic material to mouse retina, after both intravitreal
and subretinal injection, and to mouse brain, after administration of niosphingoplexes at the cortex
level. Because of their relevant physiological function, both brain and eye are immune-privileged
sites isolated from the rest of the organism by additional extracellular barriers such the BBB and
the BRB [45, 46]. An ideal scenario would contemplate the delivery of genetic material by a safe
and efficient non-viral vector to immune-privileged sites through non-invasive administration
routes, such as the topical instillation in the cornea that circumvent the BRB to reach the retina,
and the nose-to-brain administration to access directly into the brain bypassing the BBB [47].
However, at moment this possibility is far away to be applied into the regular medical practice to
face by gene therapy devastating diseases that affect to brain and retina. Therefore, we evaluated
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the local administration of niosphingoplexes in retina and brain. In the case of the eye, at the
moment, most employed administration routes to reach the retina at a clinical level include the
intravitreal and subretinal injection [18]. Our data revealed that after intravitreal and subretinal
injections, EGFP expression was present in several layers and cells of the retina. More specifically,
EGFP expression was observed mainly in the outer segments of photoreceptors, outer plexiform
layer, and in the inner plexiform layer, where some end-foot of the Miller glia cells exhibited
green fluorescence signal. Gene delivery to the outer layers of the retina is of outmost importance
from a therapeutic standpoint, since there have been described more than 200 mutations in genes
at this level, related to relevant pathologies of the retina such us Stargardt disease, retinitis
pigmentosa, or Leber’s congenital amaurosis, to name just the most relevant ones [17]. On the
other hand, transfection of ganglion cell layer in the retina has relevance to face glaucoma disease
where these cells are affected [48]. Interestingly, in the case of brain administration at the cortex
level, we also found EGFP expression in the cytoplasmic extensions of cortical cells, close to the
injection site. This area of the brain is usually affected in devastating diseases of the central
nervous systems, such as epilepsy, Alzheimer’s and Parkinson’s diseases, leading to relevant
perturbation and neurological disorders [49, 50]. Therefore, our preliminary proof of concept in
vivo assay, shows promising results to deliver in the future therapeutic genetic material in to retina
and brain of animal models that resembles human diseases of these relevant and immune-

privileged sites.
5. CONCLUSION

Overall, this manuscript points out the biophysic properties of sphingolipid extracts from
animal origin for gene delivery purposes when they are incorporated into cationic niosomes. Such
biomaterial impacts not only on relevant physicochemical properties of cationic niosomes that
influence on transfection efficiency, such as particle size or zeta potential, but also in biological
properties, such as their intracellular disposition or endosomal escape properties. Moreover, our
proof of concept in vivo results suggest that niosphingosomes represent a promising non-viral

vector biomaterial for the treatment of both retinal and brain diseases by gene therapy approach.
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Supplementary Material

Figure S1: EGFP signal (green) in primary culture of rat retinal cells transfected with (a)
niosphingoplexes at 3/1 cationic lipid/DNA ratio (w/w) and (b) the positive control
Lipofectamine™ 2000. GFP signal (green) in embryonic rat cerebral cortex primary cells
transfected with (c) niosphingoplexes at 3/1 cationic lipid/DNA ratio (w/w) and (d) the positive
control Lipofectamine™ 2000. Scale bar: 50 pm. Hoechst 33342 stained blue.
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ABSTRACT: Nanodiamonds (NDs) are promising materials for gene delivery due to their unique
physicochemical and biological features, along with their possibility of combination with other
non-viral systems. Our aim was to evaluate the biophysic performance of NDs as helper
component of niosomes, named as nanodiasomes, to address a potential non-viral gene delivery

nanoplatform for therapeutic applications in central nervous system (CNS) diseases.
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Nanodiasomes, niosomes and their corresponding complexes, obtained after genetic material
addition at different ratios (w/w), were evaluated in terms of physicochemical properties, cellular
uptake, intracellular disposition, biocompatibility and transfection efficiency in HEK-293 cells.
Nanodiasomes, niosomes and complexes fulfilled the physicochemical features for gene therapy
applications. Biologically, the incorporation of NDs into niosomes enhanced 75% transfection
efficiency (p< 0.001) and biocompatibility (p< 0.05) to values over 90%, accompanied by a higher
cellular uptake (p< 0.05). Intracellular trafficking analysis showed higher endocytosis via clathrins
(p< 0.05) in nanodiaplexes compared with nioplexes, followed by higher lysosomal co-
localization (p< 0.05), that coexisted with endosomal escape properties, whereas endocytosis
mediated by caveolae was most efficient pathway in the case of nanodiaplexes. Moreover, studies
in CNS primary cells revealed that nanodiaplexes successfully transfected neuronal and retinal
cells. These proof of concept study points out that NDs integration into niosomes represents an

encouraging non-viral nanoplatform strategy for the treatment of CNS diseases by gene therapy.

INTRODUCTION

Since more than fifty years, it has been hypothesized by scientific community that therapies
based on the delivery of genetic material could be an appealing option to face human diseases. In
theory, this strategy, so-called gene therapy, would offer the possibility of achieving durable and
curative clinical benefit. At present, this approach is widely applied in clinical trials, with some of
them recently achieving approved drug status in the United States and Europe.! Nevertheless, this
approach is still far from being considered a mainstream therapeutic option, as used vectors have

not demonstrated the desirable characteristics in terms of safety, efficacy or associated costs.

The most basic form of gene therapy is naked plasmid DNA, however, its poor cellular
uptake, degradation by nucleases and low transfection efficiency make necessary the use of vectors
able to protect and suitably deliver the nucleic acids.? At present, most DNA delivery strategies
use viral or non-viral vectors. Although viral vectors such as lentiviruses,® adenoviruses* and
recombinant adeno-associated viruses® provide higher efficiency over a longer period, there are
important limitations concerning safety issues, including toxicity, immunogenicity, mutagenesis
and inflammatory potential, as well as high production costs.® These limitations have boosted the

need to develop safer and less cytotoxic nucleic acid carriers, as is the case of non-viral systems.’

162



Research on chemical non-viral vectors, has gained momentum as they are comparatively less
invasive than viral ones, show less immune and inflammatory responses, are cheaper to produce,
and have higher genetic material cargo capacity.® However, their low transfection efficiency
represents the most important handicap for clinical applications. Therefore, the scientific

community continues to seek novel strategies able to overcome this obstacle.

Nanomaterials, such as carbon atom based molecules, have captured the attention in the
field of nanotechnology intended for biomedical applications. In particular, nanodiamonds (NDs)
constitute an attractive platform for drug and gene delivery because of their unique
physicochemical features, biocompatibility, near-spherical shape, narrow particle size distribution,
water dispersibility, high specific area and ease of surface functionalization.® 1° Specifically, some
authors have vectored plasmid DNA! 2 or siRNA¥1 by NDs after functionalization with
polyethylemine 800, polyglycerol, lysine or polyallylamine hydrochloride through the formation
of electrostatic bonded complexes. In contrast, other works have achieved those deliveries by
covalent derivatization of NDs with silane-NH; groups*! *® and polyamidoamine (PANAM),’ or
by joining NDs to EDA (joint arm) and H-Arg-GlyAsp-Val-OH (targeting agent).'® Nevertheless,
some of the limitations of these carbon based nanostructures include their need of binding to other
vectors for their stabilization and the low gene packing capacity achieved to date with the
conventional linkers. Hence, there arises the need for developing other systems able to overcome

the concerns related to NDs.

In this sense, lipidic vectors such as niosomes are high DNA packing gene delivery systems
that offer the ability to condense, protect and suitably release DNA in a safe manner, making it a
widely used prime candidate for non-viral gene therapy.*®-?* Basically, niosomes for gene delivery
are composed of a cationic lipid to promote electrostatic interactions with negative charged
molecules,?? non-ionic surfactants to enhance the stability,? and exists the possibility to include a
helper component that would improve the biological activity of the vector.?* 2> Although the main
limitation of this kind of vectors is their lower transfection efficiency compared to viral ones, we
hypothesize that the incorporation of emerging nanomaterials like NDs as a helper component in
the structure of niosomes could potentially improve this ability and might lead to a powerful gene

delivery tool for translational therapeutic applications, and particularly for CNS diseases, where
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the blood-brain and blood-retinal barriers hamper even more the implementation of therapeutic

strategies.?®

Therefore, and in the absence of any evidence related to the incorporation of NDs into
niosomes, the aim of this study was to combine NDs with the components used for the preparation
of niosomes to develop an optimized non-viral vector based nanoplatform for efficient and safe
gene therapy with potential translation into biomedical application. To this end, we employed
monodispersed ND particles, the cationic lipid 1,2-di-O-octadecenyl-3-trimethylammonium
propane (DOTMA) and the non-ionic surfactant polysorbate Tween® 20, obtaining NDs integrated
into niosomes, named nanodiasomes, and niosomes devoid of NDs. These vectors were combined
with pEGFP plasmid to form the corresponding nanodiaplexes and nioplexes, respectively; all of
them were physicochemically characterized concerning particle size, zeta potential, dispersity and
morphology, and were assessed in terms of capacity to condense, protect and release the DNA
from enzymatic digestion. The biological performance of NDs into niosomes was additionally
analyzed by in vitro assays to determine the biocompatibility and transfection efficiency of this
gene delivery systems in HEK-293 cell line, as well as the cellular uptake and intracellular
disposition of nanodiaplexes versus nioplexes. Finally, experiments in rat central nervous system
(CNS) primary cells, from neuronal and retinal origin, were performed to assess the gene delivery
ability of this novel nanoplatform in a more closer to reality biological scenario aimed at treating

CNS diseases by gene therapy.
EXPERIMENTAL SECTION
Elaboration of formulations

All the formulations were elaborated by the oil in water emulsion technique. NDs were
purchased as ultra nanocrystalline diamonds with particle size smaller than 10 nm (Sigma-Aldrich
Madrid, Spain, ID: 900180). A volume of 250 ul of NDs (10 mg/ml in H20) were ultrasonicated
for 30 minutes and mixed with 2 ml of 0.5% Tween® 20 (Sigma-Aldrich Madrid, Spain) and 1.75
ml of MilliQ® water, as the aqueous phase. On the other hand, 1.25, 2.5 or 5 mg of the cationic
lipid DOTMA (Avanti Polar Lipids, Inc., Alabama, USA) were accurately weighted to obtain
1/0.5, 1/1 and 1/2 ND/DOTMA mass ratios, respectively. The DOTMA was diluted in 1 ml of

dichloromethane (DCM) (Panreac, Barcelona) which constituted the organic phase. This phase
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was added upon the aqueous phase and immediately sonicated for 30 seconds at 50 W (Branson
Sonifier 250, Danbury). DCM was evaporated for 2 hours at room temperature under magnetic
stirring obtaining formulations named as nanodiasomes NDT10, NDT11 and NDT12, for
ND/DOTMA at 1/0.5, 1/1 and 1/2 mass ratios, respectively. The elaboration of niosomes, as
control formulations with no ND, was carried out following the same abovementioned protocol
using the same amounts of DOTMA in the organic phase. Figure 1 shows the components
employed for their elaboration of both formulations, as well as a schematic representation of the
distribution of these components in nanodiasomes (Figure 1A) and niosomes (Figure 1B).

Nanodiasomes Niosomes

/<~\) Cationic lipid: DOTMA X Non-ionic surfactant: Polysorbate 20

@ Helper component: Monodispersed nanodiamond particles

Figure 1: Overview of the components and their disposition in (A) nanodiasomes and (B)
niosomes.

Preparation of complexes

Complexes, named as nanodiaplexes and nioplexes, were prepared by mixing nanodiasomes or
niosomes with propagated pEGFP plasmid following previously reported methodology %, to
obtain complexes at 2/1, 5/1, 10/1 and 15/1 cationic lipid/DNA mass ratios.

Physicochemical characterization of formulations and complexes

Mean particle size and dispersity index (») of nanodiasomes, niosomes and their corresponding

nanodiaplexes and nioplexes, were determined by cumulative analysis as previously described. 2

165



Morphological characterization

To assess the shape and morphology of the formulations, transmission electron microscopy (TEM)
was employed as previously described.?’” To analyze the disposition of nanodiamonds in the
nanodiasomes, further microscopy studies were performed by means of cryo-tomography. For that,
1 mg/ml sample was diluted to 0.5 mg/ml with BSA-gold nanoparticles (10 nm) required for
accurate tomographic tilt series alignment. (https://aurion.nl/products/aurion-gold-tracers/). After
vortex shaking, 3 pul of the sample were applied to Cu/Rh R2/2 Quantifoil grid and vitrified using
ThermoFisher Scientific Vitrobot Mark IV at 22 °C 95% humidity.

Vitrified samples were entered in a Talos Arctica (ThermoFisher Scientific, Spain) operated at
liquid Nitrogen Temperature (200 Kv). Dose symmetric tilt scheme?® was used to acquire tilted
series to a final total dose of 130 e-A2 using Tomography software from ThermoFisher Scientific.
(Step 3°, £65° at 28.000 X with a pixelsize of 1.44 nm/pix). Tilt series alignment was done using
IMOD? and reconstruction with SIRT using TOMO3D.*° Reconstructed volumes were analyzed

with ImageJ 3132 and 3D rendering was performed with USFC Chimera. 33

Gel retardation assay

The capacity of both complexes at different cationic lipid/DNA mass ratios to condense, protect
and release the genetic material was assessed by a 0.8% (w/w) agarose (Sigma-Aldrich, Spain) gel
electrophoresis assay. To analyze the DNA binding capacity of formulations, samples were
directly loaded into the gel. To evaluate the DNA protection capacity of formulations, 4 pl of
DNase | enzyme (Thermo Fisher Scientific, Spain) were added and incubated for 30 min at 37 °C,
then, 6 pul of 10% sodium dodecyl sulfate (SDS) (Sigma-Aldrich, USA) were added and incubated
for 10 min at room temperature (RT). To examine the DNA release from the complexes, a same
quantity of SDS was added to the samples and incubated for 10 min at RT. After the addition of 4
pl of loading buffer per sample, the agarose gel was immersed in a Tris-acetate-EDTA buffer and
subjected to electrophoresis for 30 min at 120 V. Naked DNA was used as a control, being 200 ng
the amount of DNA used per well in all cases. DNA bands were stained with GelRed reagent and
observed under a ChemiDoc™ MP Imaging System, for further analysis by Image Lab™ Software
(BioRad, USA).

166


https://aurion.nl/products/aurion-gold-tracers/

Cell culture and in vitro transfection assays

Human embryonic kidney cells 293 (HEK-293; ATCC, CRL1573) were cultured and
maintained as previously described. 2’ To carry out transfection experiments, HEK-293 cells were
seeded in 24 well plates at a density of 20 x 10 cells per well in medium without antibiotics and
incubated overnight to achieve 70% of confluence. Nanodiaplexes and nioplexes at different
cationic lipid/DNA mass ratios were prepared by their incubation with pEGFP in OptiMEM
transfection medium (Gibco, San Diego, CA, USA) for 30 min at RT. After removing the growth
medium, cells were exposed to these complexes for transfection during 4 hours in an incubator.
Hereinafter, complexes were removed and fresh medium was added. Positive and negative controls
of transfection were performed using Lipofectamine 2000™ (Invitrogen, Carlsbad, CA, USA) and
non-treated cells exposed only to OptiMEM during 4 h, respectively. Each condition was
performed in triplicate.

Transfection efficiency was reported, both qualitatively and quantitatively, 48 h after the
addition of complexes by fluorescence microscopy (EclipseTE2000-S, Nikon) and flow cytometry
technique (FACSCalibur, Becton Dickinson Bioscience, San Jose, USA), respectively. In the latter
case, after a rapid wash step, HEK-293 cells were exposed to 300 pl of 0.05% trypsin/EDTA for
detachment. Later, growth medium was added to block trypsin effect. Thereafter, cells were
centrifuged to obtain the cell pellet eliminating the supernatant. Next, the pellet was resuspended
with PBS, and diluted in FACSFlow liquid. Such cells were placed in flow cytometer tubes to
quantify EGFP signal in living cells. Cell viability was evaluated by staining cells with propidium
iodide (Sigma-Aldrich, USA) before performing flow cytometry. The fluorescent emission of both
dead and transfected cells were evaluated at 650 nm (FL3) and 525 nm (FL1), respectively. Mean
fluorescence intensity (MFI) signal was analyzed from live positive cells in FL1 channel. The
collection gate was established employing non-transfected cells. Flow cytometer settings and
channel compensation was performed using cells transfected with Lipofectamine 2000™. Cell
viability and transfection data were normalized considering the values of negative and positive
control cells, respectively. The experiments were carried out in triplicate, collecting a minimum of

10,000 events for each sample. FlowJo software (Becton Dickinson) was used to analyze the data.
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Cellular uptake

The uptake of nanodiaplexes and nioplexes was analyzed by incubating cells with FITC
labeled pEGFP (FITC-pEGFP) for 4 hours. FITC positive signal was analyzed both, qualitatively
and quantitatively. For qualitative assays, cells were seeded on coverslips to fix them with 4%
formaldehyde (Panreac, Spain) after the incubation. Once fixed, cells were washed with PBS and
exposed to phalloidin (5 pL) in PBS with 1% bovine serum albumin for 40 min to stain their
cytoskeleton. After a PBS washing step, cells were mounted with Fluoroshield™ with DAPI
(Sigma-Aldrich, USA). Afterwards, mounted cells were analyzed with confocal laser scanning
microscopy (Zeiss Axiobserver). Images were examined with ImageJ software. Quantitative
analysis was carried out by flow cytometry as described before. Cellular uptake data were
normalized to positive control cells treated with Lipofectamine 2000™, and expressed as the

percentage of FITC-pEGFP positive cells.
Intracellular trafficking

Cellular internalization of nanodiaplexes and nioplexes was analyzed by incubating cells
with FITC labeled pEGFP (FITC-pEGFP) for 3 hours over coverslips as described before.
Afterwards, specific endocytic pathway markers were co-incubated for 1 h: transferrin-
AlexaFluor594 (50 pg/ml) to stain clathrin mediated endocytosis (CME), cholera toxin B-
AlexaFluor594 (10 pg/ml) to stain caveolac mediated endocytosis (CvME), dextran-
AlexaFluor594 (1 pg/ul) for macropinocytosis, or lysotracker Red-DND-99 (20 uM) for the
lysosomal late endosomal compartment. After fixation of cells and mounting, slides were observed
under microscopy in order to capture representative images for their analysis by the ImageJ
software. Green and red signal co-localization, corresponding to the endocytic pathway and to

FITC-pEGFP, respectively, was measured by cross-correlation analysis.3* %

Additionally, specific endocytosis inhibitors were used to inhibit cellular uptake prior to the
transfection assay. For this, in a 24-well plate, HEK-293 cells were exposed for 30 min with 200
UM genistein, and for 60 min with 5 pg/ml chlorpromazine hydrochloride and with 50 nM
wortmannin (Thermo Fisher Scientific, Madrid, Spain), as inhibitors for CvME, CME and
macropinocytosis pathways, respectively. Then, the medium containing the inhibitors was

removed, a rapid wash was performed and transfection was carried out with both nioplexes and
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nanodiaplexes vectoring pEGFP plasmid, as described before. Cells were processed and EGFP
positive cells were quantitatively assessed by flow cytometry as detailed before. Data were
normalized in relation to the value of EGFP positive cells after transfection with nanodiaplexes
and nioplexes and with no inhibitors of the endocytic pathways. The experiments were carried out
in triplicate collecting and analyzing more than 5,000 events for each sample.

Endosomal escape of the complexes from the late endosome

Anionic micelles based on PS (Sigma-Aldrich, Spain) were prepared to mimic the late
endosomal compartment. Chloroform at 1.6 mM was used to dissolve PS and exposed to-magnetic
agitation to evaporate the solvent. The dried sample was reconstituted in PBS and sonicated to
obtain a dispersed solution containing PS micelles. Nanodiaplexes and nioplexes were incubated,
or not, with the PS micelles for 1 hour at 1:50 pEGFP:PS mass ratio. Samples, containing 200 ng
of DNA, were loaded in a 0.8% agarose gel and subjected to electrophoresis to observe the amount
of genetic material released from the complexes. Electrophoresis process, bands staining and

analysis were carried out as previously mentioned in the gel retardation assay section.
Animals, procedures and exposure to nanodiaplexes

Procedures carried out with animals for scientific research purposes were performed
following the RD 53/2013 Spanish and 2010/63/EU European Union regulations, and according
to the Miguel Hernandez University Standing Committee for Animal Use in the Laboratory.
Primary CNS cells were extracted from the brain cortex and retinal tissue of E17-E18 rat embryos
(Sprague Dawley) and processed as described elsewhere.*® 3" Lipofectamine™ 2000 (Invitrogen,
California, USA) at 2/1 ratio was employed as a positive control. Each condition was performed
in triplicate.

Evaluation of gene transfection in central nervous system primary cells

EGFP expression from primary neuronal and retinal transfected cells was examined 72 h
after their exposure to nanodiaplexes to qualitatively assess the transfection efficiency by
immunocytochemistry.®® Briefly, cover slips were incubated overnight with chicken anti-EGFP
(Invitrogen, 1:300). Cells were incubated for 1 hour with secondary antibody Alexa Fluor555 goat

anti-chicken 1gG (Invitrogen, 1:100) which was pseudocolored in green to visualize EGFP
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expression. Nuclei were stained with Hoechst 33342 (Sigma-Aldrich, Spain). Confocal images

were obtained using laser-confocal microscope (Leica TCS SPE Microsystems GmbH, Germany).
Statistical analysis

Normality and homogeneity of variances was confirmed by the Shapiro-Wilks and the
Levene tests, respectively. Then, a 1-way ANOVA followed by Student—-Newman-Keuls test was
performed to analyze the differences between more than two groups. In non-parametric conditions,
Kruskal-Wallis test followed by a Mann— Whitney U test was employed. Differences between two
groups for unpaired data were analyzed using a Student’s t test or a Mann-Whitney U test, as
appropriate. Data were expressed as mean + standard deviation (SD). A P value < 0.05 was

considered statistically significant. SPSS 15.0 statistical software was used to analyze data.
RESULTS
Biophysical screening of nanodiasome formulations

Three nanodiasome formulations with different DOTMA composition, named as NDT10,
NDT11 and NDT12, were elaborated (Supporting Information) and evaluated in terms of
physicochemical properties (Figure S1, Supporting Information), as well as transfection ability
and cytotoxicity (Figure S2, Supporting Information). This screening of formulations led to the
conclusion that the nanodiasome with better biophysical performance for gene delivery purposes
was the NDT12, which corresponds to the 1/2 ND/DOTMA mass ratio formulation. In
consequence, this NDT12 nanodiasome formulation and its respective niosome control, devoid of

NDs, were employed for further studies.
Physicochemical characterization of formulations and complexes

The particle size of formulations and their corresponding complexes was below 200 nm in
all cases (Figure 2A, bars). In particular, nanodiasome and nanodiaplexes presented nearly a 30%
higher particle size than niosomes and nioplexes. Upon the addition of pEGFP to formulations, the
mean particle size values slightly increased around 40% at 5/1 ratio and gradually decreased when
increasing the lipid/DNA ratio in both complexes. Zeta potential values for nanodiasomes were

above +30 mV, precisely 35.2 + 0.3, while for niosomes were below this number, with a value of
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20.2 = 2.5 (Figure 2A, dots). After plasmid condensation, zeta potential of nanodiaplexes and
nioplexes at 5/1 lipid/DNA ratio decreased moderately, and increased slightly when augmenting
the lipid/DNA ratios, especially in the case of nanodiaplexes (Figure 2A, dots). Regarding
dispersity (D) (Figure 2B), values for nanodiasomes and nanodiaplexes were in general below 0.4,
while for niosomes and nioplexes were above 0.4. DLS size-distribution profiles of niosomes,

nanodiasomes and their complexes can be observed in figure 2C, D.
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Figure 2: Characterization of formulations and complexes prepared with nanodiamonds
(nanodiasomes/ nanodiaplexes) and without nanodiamonds (niosome/nioplexes). A. Size (bars)
and zeta potential (dots). B. Dispersity values of formulations and complexes. Each value
represents the mean * standard deviation of three measurements. C. Average size distribution
intensities of nanodiasomes (red line) and nanodiaplexes at different cationic lipid/DNA mass
ratios (green, blue and black line for 5/1, 10/1 and 15/1 ratios, respectively). D. Average size
distribution intensities of niosomes (red line) and nioplexes at different lipid/DNA ratios (green,

blue and black line for 5/1, 10/1 and 15/1 ratios, respectively).
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Morphological characterization

Nanodiasomes observed under TEM (Figure 3A) presented a clear spherical morphology.
To go in depth into the disposition of ND particles in the niosome structure to form nanodiasomes,
cryo-tomography studies were performed. As observed in figure 3B, NDs were integrated in the
lipid layer of niosomes (Figure 3B, C), rather than on their surface or in their inner aqueous phase
(Figure 3B, asterisks). Cryo-tomography reconstruction and the volumetric representation of the
tomograms can be observed in the Supporting Information document (Video 1 and Video 2

Supporting Information, respectively).

Figure 3. Microscopy images of nanodiasomes. A. TEM image of nanodiasomes. Scale bar: 100
nm. B. Cryo-TEM images of nanodiasomes; asterisks indicate the aqueous phase. Scale bar: 100
nm. C. Lipid layer of nanodiasomes (black arrow) with nanodiamonds integrated in the lipid

structure.

To determine the capacity-of nanodiasomes to condense, protect and release the DNA

material in comparison with niosomes devoid of ND, a gel retardation assay was performed (Figure
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4). Nioplexes (Figure 4B) showed a greater ability than nanodiaplexes (Figure 4A) to bind the
DNA, at 10/1 and 15/ ratios, since no SC bands were visualized on lanes 7 and 10 respectively. At
lower 5/1 ratio neither nioplexes nor nanodiaplexes were able to condense all DNA on their
surfaces. As expected, no condensation was observed in the control naked DNA (lane 1), which in
fact migrated completely in the gel. In this assay, SDS was added to the complexes in order to
mimic a gene delivery microenvironment and promote the release of all the cargo to the media. It
was observed that the DNA was released after the addition of SDS to nanodiaplexes and nioplexes
at 5/1, 10/1 and 15/1 ratios (lanes 5, 8 and 11, respectively), additionally, it was also protected
from DNase | enzymatic digestion at all ratios (lanes 6, 9 and 12) for both, nanodiaplexes (Figure
4A) and nioplexes (Figure 4B). The absence of band on lane 3 demonstrated that naked DNA
suffered from DNase | enzymatic digestion.

Naked DNA 5/1 ratio 10/1 ratio 15/1 ratio

)| 2 3 4 5 6 74 8 9 10 11 12
A Nanodiaplexes

Figure 4: Agarose gel electrophoresis assay. A. Nanodiaplexes. B. Nioplexes. Lanes 1-3
correspond to free DNA; lanes 4-6, 5/1 ratio; lanes 7-9, 10/1 ratio; lanes 10-12, 15/1 ratio.
Nanodiaplexes and nioplexes were treated with SDS (lanes 2, 5, 8 and 11) and DNase | + SDS
(lanes 3, 6, 9 and 12). OC: open circular form, SC: supercoiled form.

Cytotoxicity and transfection efficiency in vitro

Transfection with nanodiaplexes showed high biocompatibility presenting cell viability
values around 90% at all lipid/DNA ratios, while this parameter declined significantly (p< 0.05)
below 80% when transfecting with nioplexes (Figure 5A, dots). Nanodiaplexes at 5/1 lipid/DNA
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ratio was the condition with the highest percentage of EGFP-positive live cells, with a value of
89.1 £ 7.7% (p< 0.001). This transfection efficiency supposes a 75% of increment (p< 0.001) in
comparison with its counterpart nioplexes devoid of ND (22.7 = 2.4%). This greater pEGFP
expression of nanodiaplexes over nioplexes was also observed at 10/1 (62.7 + 2.7% vs 23.9
2.5%; p< 0.001) and 15/1 (43.2 = 1.1% vs 16.8 + 4.7%; p< 0.001) ratios (Figure 5A, bars).
Lipofectamine™ was employed as a positive control for transfection, which presented a 43% of
EGFP expression in live cells (data not shown). All data was normalized in relation to this
percentage value.

The superior ability of nanodiaplexes over nioplexes for gene delivery purposes was further
corroborated by the mean fluorescence intensity assay of EGFP signal (Figure 5B), with significant
differences at all lipid/DNA ratios (p < 0.001). Representative fluorescence microscopy images of
EGFP signal in transfected HEK-293 cell line at 5/1 ratio can be observed in figure 5C.
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Figure 5: Transfection assay in HEK-293 cell line 48 hours post-transfection with nanodiaplexes
and nioplexes. A. Normalized percentages of EGFP positive live cells (bars) and cell viability
(dots). B. Mean fluorescence intensity values. C. Images showing EGFP signal and cell integrity
in HEK-293 cells transfected with nanodiaplexes and nioplexes at 5/1 lipid/DNA ratio. Scale bar:
200 um. Each value represents the mean + standard deviation of three measurements. ***p<0.001
and *p< 0.05 for nanodiaplexes vs nioplexes at the same lipid/DNA ratio; #p< 0.001 compared

with all conditions.
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Cellular uptake

Cell internalization of nanodiaplexes at 5/1 lipid/DNA ratio in HEK-293 cell line 4 hours after
their exposure to these complexes showed significant higher values of FITC-pEGFP positive
signal than their counterpart nioplexes (95.1 + 3.9% vs 72.2 + 2.4%; p< 0.05) (Figure 6A). The
positive control of transfection Lipofectamine™ 2000 showed 60% of FITC-pEGFP positive cells
4 hours after the exposure of cells to lipoplexes (data not shown) and all data was normalized in
relation to this percentage value. Representative confocal microscopy images exhibiting cellular

uptake of nanodiaplexes and nioplexes at 5/1 ratio are shown in figure 6B.

A B Nanodiaplexes

150 1 . .
B Nanodiaplexes ONioplexes

120 4

90 4

positive cells

30 4

Normalized percentages of FITC-pEGFP

5/1 cationic lipid/DNA ratio (w/w)

Figure 6: Cellular uptake of complexes at 5/1 lipid/DNA ratio, analyzed 4 hours after transfection
in HEK-293 cell line. A. Normalized percentage of FITC-pEGFP positive cells. Each value
represents the mean * standard deviation of three measurements; * p< 0.05 for nanodiaplexes vs
nioplexes. B. Confocal microscopy images showing the cellular uptake of nanodiaplexes and
nioplexes. Cell nuclei were colored in blue (DAPI), F-actin in red (Phalloidin), and nanodiaplexes

and nioplexes in green (FITC). Scale bar: 50 um.
Intracellular trafficking and endosomal escape

Representative images showing the co-localization of the complexes (green signal) with

the intracellular pathway as early endosomes (red signal), either CME, macropinocytosis or
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CvME, can be observed in figure 7A. Co-localization of red and green fluorescence signals led to

yellow/orange dots.
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Figure 7: Intracellular disposition assay of nanodiaplexes and nioplexes in HEK-293 cells. A.
Qualitative analysis of co-localization by confocal microscopy. Scale bar: 50 um. B. Quantitative
determination of co-localization by cross-correlation analysis. Data are represented as mean *
standard deviation of three measurements; *p< 0.05 for nanodiaplexes vs nioplexes. C.
Transfection performance after the addition of specific endocytic inhibitors. The values were

normalized to the transfection without inhibitor. ***p< 0.001.

The quantification of the co-localization signal for each formulation, indicated that there was

not an endocytic pathway that rose above the others (Figure 7B). However, it pointed out that the

176



highest difference between nanodiaplexes and nioplexes was observed in CME pathway (p < 0.05),
where nanodiaplexes co-localized more than nioplexes in this pathway. Interestingly, regarding
the involvement of each pathway in transfection efficiency, the selective inhibition of CvME
(genistein) significantly decreased transfection efficiency mediated by nanodiaplexes (p < 0.001),
while in the case of nioplexes, transfection efficiency was slightly affected, overall when clathrin
and micropinocytosis were inhibited with chlorpromazine hydrochloride and wortmannin
inhibitors, respectively (Figure 7C).

Following the trafficking of complexes along the cell to the late endosomes, further assays
regarding to the co-localization of the complexes (green signal) with lysosomes as the late
endosomal compartment (red signal) were performed (Figure 8A). Data showed that
nanodiaplexes co-localized more in lysosomes compared to nioplexes (p< 0.05) (Figure 8B). As
observed in figure 8C, in the case of nioplexes and in absence of PS vesicles (lane 5), practically
all DNA was retained, since percentage of SC bands (the most bioactive form) % 3 only
represented 6.81% of all DNA signal. However, in the case of nanodiaplexes (lane 4), the
percentage of SC signal increased to 26.38% of all DNA signal, which means that nioplexes
showed a greater ability to bind DNA than nanodiaplexes. These results are in agreement with
those obtained in figure 4. However, when both complexes were co-incubated with PS vesicles to
evaluate endosomal escape properties, we observed a stronger SC signal in the case of
nanodiaplexes (lane 2, 58.63% of all DNA signal) compared to nioplexes (lane 3, 29.44%).
Consequently, the presence of NDs into the niosome formulation increased 1.4-fold times the
endosomal escape properties, as can be deduced by subtracting the % of SC DNA signals of control
lane 4 (26.38%) and lane 5 (6.81%), that correspond to nanodiaplexes and nioplexes respectively,
to the % of SC DNA signal on lane 2 (58.63%) and lane 3 (29.44%).
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Figure 8: Biological performance of nanodiaplexes and nioplexes in lysosomes of HEK-293 cells.
A. Qualitative analysis of co-localization by confocal microscopy. B. Quantitative determination
of co-localization by cross-correlation analysis. Data are represented as mean + standard deviation
of three measurements; *p< 0.05 for nanodiaplexes vs nioplexes. C. DNA release profiles
evaluated by gel electrophoresis. Lane 1, naked DNA; lane 2, nanodiaplexes incubated with PS;
lane 3, nioplexes incubated with PS; lane 4, nanodiaplexes; lane 5, nioplexes. PS refers to

phosphatidylserine micelles; OC: open circular form, SC: supercoiled form.
Gene delivery capacity of nanodiaplexes to primary central nervous system cells

The assessment of the transfection process in primary CNS cells from cerebral (Figure 9A)
and retinal (Figure 9C) cultures exposed to nanodiaplexes at 5/1 ratio, showed GFP signal in both
cases, compared with Lipofectamine™ 2000 positive control in cerebral and retinal primary cells,
respectively (Figure 9B and 9D). These results corroborate the gene delivery capacity of this vector
into CNS cells.
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Figure 9: GFP expression in embrionary rat central nervous system primary cells. Neuronal and
retinal primary cells transfected with nanodiaplexes (A, C) at 5/1lipid/DNA ratio and the positive
control Lipofectamine™ 2000 in primary neuronal (B) and retinal cells (D). Cell nuclei were
stained with Hoechst 33342 (blue). Scale bar: 50 pum.

DISCUSSION

The existence of carbon based nanomaterials with promising features for gene therapy
purposes emerges as an attractive strategy to improve non-viral transfection efficiency, moving
ever closer to overcome the present translational barrier to biomedical applications. In this field of
carbon nano-structures, such as nanotubes, graphene and graphene oxide, NDs have gained
momentum due to their particular geometrical characteristics, particular surface chemistry with
high Young’s modulus and large scale production capability, as well as non-toxic and
biocompatible properties.*>*? NDs are spherical shape structures with an average diameter of ~5
nm accompanied by a low dispersity index and relatively large surface area. One of the main issues
of ND is the tendency to self-agglomeration caused by their nanometer size and Van der Waals
forces, which also confers them a poor stability in a variety of media. In fact, a mean size of 89
nm was found for NDs alone in water suspension (Figure S1). Therefore, NDs must be
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functionalized or bound to other components, normally polymers*® for gene delivery purposes,
although some drug delivery works have also bound NDs to liposome phospholipids.** #° In this
regard, NDs have been used in gene therapy by their single binding to specific polymers which
confer them the ability to bind and deliver the genetic material 1125

Other state-of-the-art non-viral approach are niosomes which are cationic lipid based
vesicles with non-ionic surfactants widely used in gene therapy and that are gaining interest over
liposomes due to their lower cost, higher biocompatibility and stability.?® 46 Taking into account
the natural ability of niosomes for high genetic material containment and high biocompatibility of
both, NDs and niosomes, here we propose a promising novel gene therapy strategy combining
their attractive features in order to burst a powerful nanoplatform with high transfection efficiency
and biocompatibility. In particular, we elaborated the named as nanodiasomes integrating NDs
into cationic niosomes composed of DOTMA as cationic lipid and polysorbate 20 as non-ionic

surfactant.

In a first step, we optimized, in terms of physicochemical and biological properties, a
nanodiasome formulation employing different ND/DOTMA mass ratios (Supporting Information,
figure S1 and figure S2). Interestingly, the more amount of DOTMA in the formulation, the smaller
was the nanodiasome size and, consequently, it caused a slight increase of zeta potential.*’ This
decrease of nanoparticle size could be explained by the electrostatic interactions between the
positive charge of the cationic lipid and the negative charge of NDs where the physic and chemical
properties of NDs would promote an increasing degree of compaction of the nanoparticle. Thus,
the more cationic lipid, the higher electrostatic interactions with NDs, reducing the final size of
the nanoparticle. In this sense, some studies have observed that different doses of NDs, might
adsorb to the surface of the lipid membrane of liposomes without affecting the packing of the
bilayer.*® Hence, it could be suggested that the cationic lipid amount in the formulation is the
responsible of the physicochemical changes in the nanodiasome. Even though the increase of
cationic lipids can promote cell death due to the positive charge that it confers to the vector, the
amount of DOTMA -from 1.1 to 3.7 mM- used in these formulations presented good
biocompatibility in all cases. In general terms, cell viability values were around 95% at 2/1 and
5/1 lipid/DNA ratios, while slight progressive cytotoxicity was observed at 10/1 and 15/1 ratios
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diminishing cell viability to 85% (Figure S1). We found an optimum balance between
biocompatibility and transfection efficiency employing NDT12 at 5/1 lipid/DNA ratios, so further

studies were carried out with this nanodiasome formulation.

To explore the influence of NDs integrated as a helper component into niosomes, additional
physicochemical, transfection, biocompatibility and intracellular trafficking analysis were carried
out with NDT12 nanodiasome compared to the same formulation devoid of NDs. Concerning the
physicochemical parameters (Figure 2), nanodiasomes and nanodiaplexes presented nearly a 30%
higher particle size than niosomes and nioplexes due to the NDs content, maintaining in all cases
mean diameter sizes below 200 nm. As expected, sizes increased when complexing the
formulations with the plasmid genetic material, while zeta potential decreased due to the
neutralization of positive and negative charges.*® Some mean dispersity values showed to be
slightly high, as is the case of niosomes/nioplexes and nanodiaplexes at 5/1 ratio (Figure 2B),
which could be due to the presence of few aggregates in the sample, denoted by the presence of a
high peak in the particle size distribution intensity at micrometer scale (Figure 2C, D). Overall,
mean dispersity values were lower in nanodiasomes and nanodiaplexes, pointing out to a better
homogeneity of this formulation compared to niosomes. In fact, TEM captures revealed a clear
spherical morphology of nanodiasomes with no aggregations (Figure 3A), where ND particles are
integrated in the lipid layer of this non-viral vector (Figure 3B, C). Therefore, although both
formulations showed suitable characteristics for gene therapy purposes they presented some
physicochemical variations among them.

After physicochemical characterization, in vitro transfection studies were carried out in
HEK-293 cell line, which is considered a good model for transfection. Transfection efficiency of
nanodiaplexes was much greater to that of nioplexes at all lipid/DNA ratios, overall at 5/1 ratio
where 75% increment was observed when compared to its counterpart niosomes devoid of NDs
(Figure 5). Of note, this higher transfection efficiency was also accompanied by higher cell
viability values around 90%. In this regard, the 1.25 mg/ml concentration of NDs employed in the
present study, is higher than the described in other works -ranging from 0.01 to 1 mg/ml- for
maintaining a suitable biocompatibility.*® Hence, these observations highlight the benefits of
combining a high biocompatible material presenting high adsorption properties, such as NDs, with

other high biocompatible, stable and high loading capacity vector such as cationic niosomes.
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Cellular uptake is one of the most decisive criteria to be considered when evaluating the
delivery of the cargo into cells. The 25% increase in the cellular uptake of nanodiaplexes vs
nioplexes could be considered as one of the potential factors that enhanced their transfection
efficiency (Figure 6), in accordance with previous reports where NDs increased the cellular uptake
of zwitterionic liposomes for drug delivery purposes.® In this regard, relevant physicochemical
parameters of non-viral vectors, such as size, zeta potential, shape and rigidity seem to affect the
internalization process and posterior intracellular pathway followed by the nanoparticle and the
genetic material. In fact, rigid structures along with small size and positive zeta potential values
may be the most favorable features to enhance cellular uptake.® In this sense, and taking into
account that nanodiaplexes are bigger and slightly more positive than nioplexes, the physical and
chemical properties of NDs could be contributing to the rigidity of the vector and therefore

promoting the cell internalization of nanodiaplexes.

Additionally, the internalization pathway followed by the vector and its DNA can be
critical to its intracellular fate. Most of the nanoparticles, including the lipid based vectors, are
internalized by pinocytosis, principally through receptor-mediated endocytosis.* In this work we
did not observe a predominant endocytic pathway when using nanodiaplexes or nioplexes but our
data suggested that the first ones trafficked more by CME than nioplexes (Figure 7 A,B). In the
case of specific endocytic pathway inhibition studies, our data revealed that when nanodiaplexes
were administered to HEK-293 cells, endocytosis mediated by caveolae was the most efficient
endocytic pathway to transfect cells, since when this pathway was inhibited by genistein,
percentage of cells expressing EGFP plasmid decreased to around 30% value (Figure 7C).
Consequently, the transfection performance of NDs integrated into niosome formulation as non-
viral vectors could be promoted by the addition of chemical components that induce CvME
pathway.* However, the inhibition of CME, and macropinocytosis only decreased transfection
efficiency values to around 90% values. In the case of transfection efficiency mediated by
nioplexes, the percentage of transfected cells decreased only to around 80-70% values with the use
of the three cellular uptake inhibitors, which suggest that probably other endocytic pathways could

be playing a more relevant role in the complex transfection process.>? %3
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Further trafficking studies extending to the late endosomal compartment were carried out.
It was observed that nanodiaplexes co-localized more with lysosomes than nioplexes (Figure 8
A,B), pointing out that NDs might promote CME pathway, the internalized vesicle would lose the
clathrin coat obtaining an early endosome that turns into a late endosome which becomes a
lysosome.>* These results go in accordance with a previous but more basic intracellular trafficking
study of fluorescent NDs which reported their internalization in early endosomes followed by
lysosomal localization. Interestingly, authors explained the lysosomal compartment as a previous
step for the exocytosis of these fluorescent NDs via lysosomal degradation pathway.>® Of note, the
artificial anionic micelles of PS developed in the present research work to mimic this late
endosomal compartment (Figure 8C) revealed that nanodiasomes had better endosomal escape
properties than niosomes. After subtracting the % of control SC DNA signal observed in lane 4
(26.38%, nanodiaplexes) and 5 (6.81%, nioplexes) from the % of SC DNA signal observed in lanes
2 and 3 (58.63%, nanodiaplexes and 29.44%, nioplexes, respectively, co-incubated with PS
vesicles), the obtained value was 32.26% for nanodiaplexes and 22.63% for nioplexes. Such results
suggest that the presence of NDs into the formulation increase 1.43-fold (around 30%) the
endosomal escape property in HEK-293 cells than the formulation without NDs. Among the
mechanisms by which nanodiaplexes could escape the endosomes, the most likely one consists of
the direct fusion of the nanoparticles with the endosome membrane, as shown by their co-
localization with lysosomes, along with the creation of pores in the endosome surface caused by
the induction of stress and internal tension in the membrane, as evidenced by the great DNA
released from this kind of compartments.>® Taken all together, our data suggest that the enhanced
transfection efficiency of nanodiaplexes over nioplexes might be attributed mainly to the higher
cellular uptake, probably due to the rigidity that NDs confer to nanodiaplexes, and to the lysosomal
escape properties promoted by NDs.

Additional gene delivery studies in primary CNS cells from cerebral and retinal source
were carried out with nanodiaplexes at 5/1 lipid/DNA ratio in order to move on a more realistic
and translational microenvironment of an in vivo model. Immunocytochemistry showed GFP
signal in both primary cell cultures (Figure 9A and 9C), pointing out to the capacity of
nanodiaplexes to successfully deliver genetic material to CNS cells. Since CNS diseases constitute

an area where the development of new therapeutic strategies represents a burning need,® the

183



emerging role of NDs into niosomes for gene delivery applications represents a major finding. In
addition, presumably NDs and not other carbon-based nanomaterials would possess excellent
compatibility with biological systems, resulting in an encouraging candidate for biomedical
applications.”® In this sense, it has been described the non toxicity of NDs after their in vivo
administration by intratracheal instillation, which is a decisive route when analyzing the potential
toxic effect of nanocarriers on respiratory system.*? Although promising, these results represent a
proof of concept and further studies in animal models would be required for corroborating the
observed potential of nanodiasomes for gene delivery.

CONCLUSION

The main findings are the following ones: (1) NDs can be integrated into niosome
formulation as helper component, maintaining suitable physicochemical characteristics for gene
delivery; (2) niosomes with NDs represent a novel non-viral vector that binds, releases and protects
the genetic material from degradation; (3) niosomes containing NDs present higher
biocompatibility and transfection efficiency in vitro than those devoid of NDs, mainly explained
by the higher cellular uptake promoted by NDs; (4) NDs integrated into niosomes are involved in
lysosomal escape; (5) these nanodiasomes can deliver genetic material to primary central nervous
system cells. Hence, NDs integrated into niosomes emerges as a powerful nanoplatform for gene
therapy purposes, specially for CNS disorders, and may constitute a promising and safe non-viral

strategy with potential biomedical applications.
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Supporting Information

1. Biophysical screening of the nanodiasome formulations composed of niosomes with

nanodiamonds as helper component
EXPERIMENTAL SECTION

All the formulations were elaborated by the oil in water technique. The components
employed for the study of the best balance NDs/DOTMA for the development of a suitable
nanodiasome formulation for gene therapy purposes were: 250 pl of NDs (10 mg/ml in H20)
ultrasonicated for 30 minutes and mixed with 2 ml of 0.5% Tween 20 and 1.75 ml of MilliQ water,
as the aqueous phase. For the organic phase 1.25, 2.5 or 5 mg of the cationic lipid DOTMA were
accurately weighted to obtain 1/0.5, 1/1 and 1/2 ND/DOTMA mass ratios, respectively. The
DOTMA was diluted in 1 ml of dichloromethane (DCM). The organic phase was added upon the
aqueous phase and immediately sonicated for 30 minutes at 50 W. DCM was evaporated for 2 h
at room temperature under magnetic stirring obtaining formulations named as nanodiasomes
NDT10, NDT11 and NDT12, for ND/DOTMA at 1/0.5, 1/1 and 1/2 mass ratios, respectively.

RESULTS
Physicochemical characterization of nanodiasomes at different ND/DOTMA mass ratios

The average particle size of ND alone was 89 nm (Figure S1 A-C, white bar). This value
increased when ND were integrated as helper component into niosomes to obtain nanodiasomes,
which presented size values below 200 nm in all cases (Figure S1IA-C, grey bars). The quantity of
DOTMA in nanodiasomes had a faint influence on particle size, decreasing around 30% along
with the increasing amounts of DOTMA in the formulations (NDT10: 187 nm; NDT11: 121 nm;
NDT12: 140 nm) (Figure S1 A-C, grey bars). In general terms, when complexing with DNA,
average particle size peaked at 5/1 ratio reaching 228 nm for NDT10, 264 nm for NDT11 and 194
nm for NDT12, which corresponded to 1.2-fold, 2.2-fold and 1.4-fold increase compared with their
respective nanodiasomes. Then, the nanodiaplexes size decreased gradually at 10/1 and 15/1
cationic lipid/DNA mass ratio. Zeta potential of ND alone was -23 mV (Figure S1 A-C, white dot)
while it turned into positive to values between +38 mV and + 48 mV when ND were integrated

into the niosomes as helper component (Figure S1 A-C, grey dots). In particular, zeta potential
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values increased gradually with the increasing amounts of cationic lipid in the formulation. Upon
the addition of pEGFP to nanodiasomes, zeta potential values decreased at 2/1 cationic lipid/DNA
mass ratio and increased gradually with the increasing ratios. In all cases, zeta potential of
nanodiaplexes remained positive between +15 mV and +37 mV. Mean dispersity values obtained
for nanodiasomes remained stable in all cases, between 0.18 and 0.21, and were lower than the
ones corresponding to ND alone (0.28) (Figure S1D). Complexation of nanodiasomes with DNA

conducted to slight changes in this parameter, presenting values below 0.4 in all cases.
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Figure S1: Physicochemical characterization of nanodiasome formulations, elaborated with ND
as helper component at different ND/DOTMA mass ratios (1/0.5, named NDT10; 1/1, named
NDT11 and 1/2, named NDT12), and nanodiaplexes at different DOTMA/DNA mass ratios (2/1,
5/1, 10/1 and 15/1). A-C. Size (bars) and zeta potential (dots) for (A) NDT10 and corresponding
nanodiaplexes (B) NDT11 and corresponding nanodiaplexes, and (C) NDT12 and corresponding
nanodiaplexes. D. Dispersity and SD values of nanodiamonds, nanodiasomes and nanodiaplexes.
Each value represents the mean + standard deviation of three measurements. ND, means

nanodiamonds; », means dispersity.
Transfection efficiency of nanodiasomes at different ND/DOTMA mass ratios

Analysis of EGFP expression in living cells, after transfecting with the complexes based

on the three nanodiasome formulations, clearly showed a high transfection efficiency employing
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NDT12 formulation at 5/1 cationic lipid/DNA mass ratio (Figure S2, bars). In particular, for
NDT10 the maximum value obtained was around 20% of EGFP expression at 10/1 and 15/1 ratios
(Figure S2 A, bars); for NDT11 this parameter doubled to 40% at 10/1 ratio (Figure S2 B, bars)
and in the case of NDT12 it doubled over again the transfection efficiency presenting more than
85% of living cells expressing EGFP at 5/1 ratio (Figure S2 C, bars). Additionally, the
biocompatibility of NDT12 was higher and remained constant at all cationic lipid/DNA mass
ratios, compared with NDT10 and NDT11 (Figure S2, dots). In general terms, cell viability for
NDT10 and NDT11 was around 95% at 2/1 ratio but declined progressively by 12% at 15/1 ratio
(Figure S2 A and B, respectively, dots), while in the case of NDT12 cell viability was around 95%
at all ratios (Figure S2 C, dots). Lipofectamine at 2/1 ratio was employed as a positive control for
transfection, which presented a 43% of EGFP expression in live cells and 81% of cell viability
(data not shown). Transfection data were normalized in regard to this transfection value.
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Figure S2: Normalized percentages of EGFP positive live cells (bars) and cell viability (dots) in
HEK-293 cell line 48 hours post-transfection with nanodiaplexes. A. NDT10 nanodiaplexes B.
NDT11 nanodiaplexes. C. NDT12 nanodiaplexes. Each value represents the mean + standard

deviation of n > 4.
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Therefore, from this biophysical screening to analyze the ideal ND/DOTMA balance for
the development of a good gene therapy vector, NDT12 met the best conditions as it presented
suitable physiscochemical properties for gene delivery purposes and showed promising high
values of transfection efficiency accompanied by great biocompatibility in HEK-293 cell line.

2. Additional multimedia supporting information

AN

OK_2021_12_02_290_tomo_11_3DS30_rec-1.mrc kept stack.avi (Linea de comandos)

Video S1: Tomogram reconstruction showing the enclosed nano-diamonds. Scale bar represent
100 nm.

)

OK_tomo2_movie.mp4

Video S2: Volumetric representation of the tomograms. Higher densities of the tomogram (more
electron-dense material) corresponds to gold nanoparticles added to the sample for tilt series
alignment (yellow). Medium densities are labeled in cyan and are linked to nanodiamonds

(turquoise blue).
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Appendix 4

Long-term biophysical stability of nanodiamonds combined with
lipid nanocarriers for non-viral gene delivery to the retina
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Abstract: In the present work, we combined nanodiamonds with niosome non-viral
vectors, and the resulting formulations were named as nanodiasomes. The effect of such
nanomaterial was evaluated over time in terms of physicochemical features, cellular
internalization, cell viability and transfection efficiency both in vitro and in vivo in mouse retina.
All these parameters were analysed at different storage temperatures and time points over 30 days.
The main findings revealed that the incorporation of nanodiamonds into niosome formulations
resulted in a 4-fold increase of transfection efficiency, and this difference was maintained over
time. In addition, both formulations were more stable at lower (4°C) temperatures and
nanodiasomes maintained their physicochemical properties more constant than niosomes. Finally,
nanodiasomes were able to achieve high transgene expression levels in mouse retina after
subretinal and intravitreal administration, both when injecting nanodiasome formulations freshly

prepared and after 30 days of storage at 4°C.
Key words: nanodiamond; niosome; non-viral; gene delivery; stability; retina.
Introduction

The pharmaceutical science has directed considerable efforts towards discovering and
developing safe and efficient vectors for gene therapy purposes. While most studies focus on
overcoming specific issues related to conventional gene delivery platforms, such as
unpredictability, incompatibility with biological systems or low efficiency, few studies conduct an
exhaustive assessment of the storage stability of gene carriers, a critical quality to achieve both
large-scale production and clinical application (Suzuki et al., 2015). Nowadays, few gene therapy
drugs have been marketed globally, and most of these products are based on viral vectors (Al
Qtaish et al., 2020; Shahryari et al., 2019). However, because of specific issues associated to viral
gene carriers, including low DNA packing capacity, high costs and complex production, non-viral
vectors are gaining increasing interest (Do et al., 2019; Ibraheem et al., 2014; Ginn et al., 2017).
In addition to overcoming these specific challenges, non-viral vectors offer high versatility due to
the wide variety of available nanomaterials that can be used to produce gene delivery systems
(Grijalvo et al., 2019; Riley and Vermerris. 2014). Among these, niosomes have been reported in
repeated occasions as efficient vehicles for gene delivery to brain (Mashal et al., 2018) and retina
(Puras et al., 2015), among others. Niosomes are cationic lipid nanoparticles with a bilayer

distribution similar to liposomes, but, additionally, niosomes can also contain a ‘“helper”
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component and a non-ionic surfactant to obtain more stable colloidal dispersions. All these
mentioned components, provide niosomes superior chemical and storage stability than liposomes
(Bartelds et al., 2018; Ojeda et al., 2016). All the components of niosome formulations influence
on their biocompatibility and transfection efficiency. In particular, the characteristics of the
“helper” component influence directly on relevant biological processes, such as the cellular uptake
and the subsequent intracellular disposition, which are critical factors that determine successful
gene delivery efficiency (Ojeda et al., 2016). Among the most studied “helper” components, lipid-
based ones such as lycopene, cholesterol, squalane, squalene and sphingolipids (Al Qtaish et al.,
2021; Mashal et al., 2017; Ojeda et al., 2016) have been the most employed to date, but also non-

lipid ones such as chloroquine are gaining interest with encouraging results (Mashal et al., 2019).

Recently, nanodiamonds (NDs) have emerged as an interesting material to elaborate non-viral
vectors for gene delivery applications. The high biocompatibility, low toxicity, along with their
versatile surface chemistry (Lim et al., 2016), which allows multiple combination forms as
“helper” components with other nanomaterials such as polymers or lipids have captured the
interest of scientifics. NDs are allotropes of carbon that contain a core diamond crystalline
structure and present unique physicochemical properties, such as almost spherical shape, low size
polydispersity and high specific area. Additionally, NDs can be easily functionalized with many
chemical compounds (Chauhan et al., 2020). In previous research for gene therapy purposes,
authors combined NDs with hydrophilic cationic polymers such as polyethylenimine 800 (PEI
800) (Alhaddad et al., 2011); Chen et al., 2021; Zhang et al., 2009) and polyallylamine
hydrochloride (PAH) (Alhaddad et al., 2011), or with cationic monomer such as lysine (Alwani et
al., 2016) by electrostatic interactions. On the other hand, covalent derivatization of NDs has been
performed with silane-NH> groups (Edgington et al., 2018; Zhang et al.,, 2009) and
polyamidoamine (PANAM) (Lim et al., 2017). In other study, Bi et al designed and synthetized a
complex structure of ND-CONH(CH.).NH-VDGR/survivin-siRNA with antitumoral effect (Bi et
al., 2016). Finally, our research group combined NDs with niosomes, demonstrating their
superiority in enhancing the transfection efficiency of these non-viral vectors (Al Qtaish et al.,
2022). However, to the best of our knowledge, the combination of NDs with niosomes to evaluate

their stability along with their retinal gene delivery efficiency has not been explored yet.
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In this work, we prepared and comparatively evaluated the transfection efficiency and long-
term stability at different storage temperatures of two niosome-based formulations that only
differed on the use or not of NDs as “helper” components. Formulations were based on cationic
lipid N-[1-(2,3dioleoyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTMA) and non-
ionic surfactant polysorbate 20. NDs were added as “helper” components to one of the two
formulations. Resulting formulations were named as niosomes and nanodiasomes depending on
their ND content and were incubated with pCMS-EGFP plasmid in order to obtain nanocomplexes,
named as nioplexes and nanodiaplexes, respectively. Formulations were evaluated in terms of
physicochemical properties, including size distribution, superficial charge and polydispersity
index at different periods of time (0, 15 and 30 days) and storage temperatures (4°C and 25°C). In
addition, in vitro biological studies were performed to evaluate the toxicity of the formulations
along with their cellular uptake and gene delivery efficiency over time at different storage
temperatures in HEK-293 cells. Further assays were carried out in primary retinal cells and in mice
after both intravitreal and subretinal administration of the formulations in order to determine the
effect of NDs as “helper” components on the gene delivery efficiency and long-term storage of the

formulations.

1. Materials and Methods
1.1.  Preparation of nanodiasome and niosome formulations

For the preparation of the nanodiasome formulations, the water in oil emulsion technique
was used as previously described. Briefly. 250 uL of NDs (10 mg/ml in H2O, Sigma-Aldrich
Madrid, Spain, product ID: 900180) were ultrasonicated for 30 minutes and mixed with an aqueous
phase composed of 2 mL of 0.5% polysorbate 20 (Sigma-Aldrich Madrid, Spain) plus 1.75 mL of
MilliQ water. On the other hand, 5 mg of DOTMA (Avanti Polar Lipids, Inc., Alabama, USA)
were accurately weighted and diluted in 1 mL of the organic solvent dichloromethane (DCM)
(Panreac, Barcelona). This oil phase was incorporated into the aqueous phase and sonicated for 30
seconds at 50 W (Branson Sonifier 250, Danbury). The emulsion was maintained under magnetic
stirring for 2 h at room temperature (RT) until evaporation of DCM to obtain the nanodiasome
formulation. The preparation of the niosome formulation followed the same procedure, but the
aqueous phase did not contain NDs. Figure 1 summarizes the main components and their

disposition in both formulations.
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Figure 1. Overview of formulations and their components.

1.2.  Preparation of the nanocomplexes
Nanocomplexes were obtained by incubating both niosomes and nanodiasomes with the
previously propagated pEGFP plasmid, as described elsewhere (Ojeda et al., 2016), to obtain

complexes (nioplexes and nanodiaplexes, respectively) at 5/1 cationic lipid/DNA ratio (w/w).

1.3.  Physicochemical studies

Niosomes, nanodiasomes, and their corresponding complexes were physicochemically
characterized by means of mean particle size, dispersity index (p) and zeta potential, following
previously reported methodology (Mashal et al., 2017). Microscopy studies were carried out to
determine the morphology and the disposition of NDs in the nanodiasomes, by Cryo-electron

tomogram, as previously described (Al Qtaish et al., 2022).

1.4.  Biophysical stability studies of formulations

Stability studies were performed with all formulations by means of physicochemical
characterization and biological performance. For that purpose, particle size, dispersity, zeta
potential, cell viability and transfection were evaluated at 0, 15 and 30 days with stored
formulations at 4°C and 25°C. Cellular uptake, transfection in primary retinal cell cultures, along
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with in vivo retinal assays were performed with freshly prepared formulations and with

formulations stored at 4°C for 30 days.

1.5.  Transfection studies

To perform transfection experiments, human embryonic kidney 293 cell line (HEK-293;
ATCC® CRL1573™) was cultured and maintained as previously described (Ojeda et al., 2016).
For this, HEK-293 cells were seeded at 20x10* cells per well in 24 well plates and incubated to
reach 70% of confluence the next day. After discarding the medium from the wells, cells were
transfected using OptiMEM (Gibco, San Diego, CA, USA) transfection medium, for 4 h with
nioplexes and nanodiaplexes, freshly prepared and stored for 15 and 30 days at 4°C and 25°C, at
the cationic lipid/DNA mass ratio 5/1, as previously reported (Al Qtaish et al., 2022). Positive
control of transfection consisted in cells trasnfected with Lipofectamine 2000™ (Invitrogen,
Carlsbad, CA, USA), while negative control were non-treated cells but in OptiMEM for 4 h. Each

condition was carried out in triplicate.

1.6. EGFP expression and cell viability assays

The efficiency of the transfection process was assessed both qualitative and quantitatively
48 h after the transfection assay. Qualitative determination of EGFP signal was performed using
an inverted fluorescence microscope (Eclipse TE2000-S, Nikon). Quantitative studies of plasmid
expression, cell viability and mean fluorescence intensity (MFI) were carried out by flow
cytometry using a FACSCalibur system (Becton Dickinson Bioscience, San Jose, USA), as
reported previously (Al Qtaish et al., 2022).

1.7.  Cellular uptake

To analyse the cellular internalization process of nioplexes and nanodiaplexes, using
freshly prepared and stored for 30 days at 4°C formulations, niosomes and nanodiasomes were
condensed with FITC- labelled pEGFP plasmid. Fluorescence microscopy and flow cytometry
equipment were used to elaborate cellular uptake process in a qualitative and quantitative way,
respectively (Al Qtaish et al., 2022).

1.8.  Animals and anesthetics
Procedures were performed following the RD 53/2013 Spanish and 2010/63/EU European
Union regulations, as well as the Association for Research in Vision and Ophthalmology (ARVO),
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once obtained the approval of the Miguel Hernandez University Standing Committee for Animal

Use in the Laboratory.

1.9. Transfection studies in rat primary central nervous system cell cultures and

immunocytochemistry assays

E17-E18 rat embryos (Sprague Dawley) were employed for the extraction of primary
central nervous system (CNS) cells, from the brain cortex and retinal tissue. Cells were removed
and cultured onto pre-coated glass coverslips in 24 well plates. Cortical and retinal cells were
transfected with freshly and 30 days stored nanodiaplexes. Lipofectamine™ 2000 (ThermoFisher
Scientific) was used as a positive control. Transfections experiments were repeated three times for
each condition and GFP expression was analyzed at 96 hours after transfection. Cell fixation was
carried out with 4% paraformaldehyde for 25 minutes and permeabilized using 0.5% Triton X-100
during 5 min. After blocking with a solution of 10% BSA (v/v) in PBS for 1 hour at RT, cells were
incubated with primary antibody chicken anti-EGFP (ThermoFisher Scientific) overnight at 4°C.
Secondary antibody Alexa Fluor 555 goat anti-chicken IgG (ThermoFisher Scientific) and Hoechst
33342 (Sigma-Aldrich, Spain) were applied for 1 hour at 4°C. Coverslips were analyzed by a Zeiss
AxioObserver Z1 (Carl Zeiss) microscope equipped with an ApoTome system and Leica TCS SPE
spectral confocal microscope (Leica Microsystems GmbH, Wetzlar, Germany).
1.10. Intravitreal and subretinal administration of formulations

In vivo transfections were carried in C57BL/6J mice with freshly prepared (n=10) and 30
days stored nanodiaplexes (n=10). Animals were anesthetized, and intravitreal (n=5) or subretinal
(n=5) injections were administered under microscope (Zeiss OPMI® pico; Carl Zeiss Meditec
GmbH, Jena, Germany) using a Hamilton microsyringe with a blunt 34-gauge needle (Hamilton
Co., Reno, NV). The nanodiaplexes solution injected was 0.5 pL which contained 100 ng of EGFP
plasmid. As negative controls, the untreated right eyes were uesd.

EGFP expression was analyzed qualitatively one week after the injection of freshly or 30
stored nanodiaplexes in frozen sections of the retina, as previously described (Mashal et al., 2017).
Cryosections were incubated with the primary antibodies chicken anti-EGFP (ThermoFisher
Scientific) and rabbit anti-lbal (Abcam) overnight at 4°C. Secondary antibodies Alexa Fluor 488
donkey anti-rabbit and Alexa Fluor 555 goat anti-chicken (both ThermoFisher Scientific) were
applied for 1 hour at 4°C. Nuclei were stained with Hoechst 33,342 (Thermo Fisher Scientific).
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The samples were analyzed and photographed using a Leica TCS SPE spectral confocal
microscope (Leica Microsystems GmbH, Wetzlar, Germany).
1.11. Statistical analysis

Data were analyzed using SPSS 15.0 software. Normality and homogeneity of variances were
evaluated with the Shapiro-Wilk test and the Levene test, respectively. Student’s t test or ANOVA
followed by post-hoc HSD Tukey test were employed under parametric conditions. On the
contrary, Kruskal-Wallis test and/or Mann-Whitney U test were used under non-parametric
conditions. In all cases, P value < 0.05 was considered statistically significant. Data were

represented as mean + standard deviation (SD).

2. Results
2.1.  Physicochemical characterization of formulations

In general, formulations containing NDs presented higher mean particle size values than
their counterparts in all conditions (Figure 2A). At day 0O, freshly prepared nanodiasome
formulations showed a mean particle size of 128.7 £ 4.2 nm, which maintained stable over time
and was significantly increased (P< 0.05) only after 30 days of storage at 25°C. Regarding the
niosome formulation, the mean particle size at day 0 was 90.5 = 10.3 nm and presented significant
oscillations (P< 0.05) at day 15 of storage at 25°C and at day 30 of storage at 4°C. The
measurement of zeta potential of nanodiasomes and niosomes at different days and temperatures
of storage revealed more oscillations in the case of niosome formulations than their counterparts
(Figure 2B). The mean zeta potential value of freshly prepared nanodiasomes at day 0 was 35.2 £
0.3 mV and presented a statistically relevant increase (P< 0.05) after 30 days of storage at both
4°C and 25°C. On the other hand, niosome formulations showed a mean zeta potential value of
20.2 £ 2.5 mV at day 0, which significantly increased after 15 days of storage at 25°C (P< 0.05)
and decreased after 30 days of storage at 4°C (P< 0.05) and 25°C (P< 0.01). Dispersity values of
nanodiasomes were lower than niosomes and remained stable with little oscillations at all
conditions tested, while niosome formulations showed higher values and more variations,
especially after being stored during 15 days at 25°C (Figure 2C). Nanodiasomes under cryo-TEM
(Figure 2D) showed a spherical shape, with the NDs integrated in the lipid layer (Figure 2D, white

arrow).
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Figure 2. Physicochemical characterization and stability of formulations at different days and
storage temperature. A. Mean particle size. B. Zeta potential. C. Dispersity. Each value shows the
mean + SD of 3 readings. Blue and orange stripes represent +10% deviation respect to
nanodiasomes and niosomes parameters at day 0, respectively. D. Cryo-electron tomogram slice
of a nanodiasome; asterisk indicates the aqueous phase; white arrow indicates the lipid layer of the
nanodiasome with nanodiamonds integrated in the lipid structure; black arrow indicates higher
densities of the tomogram (more electron-dense material), which correspond to gold nanoparticles
added to the sample for tilt series alignment. Scale bar: 100 nm.
2.2.  Gene delivery efficiency and toxicity of nioplexes and nanodiaplexes

The comparative evaluation of cell viability and gene delivery fficiency in cells between
nanodiaplexes and nioplexes at different days and storage temperature showed that nanodiaplexes
were better tolerated by cells and achieved significantly higher transfection rates at all conditions.
The mean percentage of live cells exposed to freshly prepared nanodiaplexes was 90.79 £ 2.5%,
while this value was significantly lower (P< 0.001) for nioplexes which presented a mean
percentage of live cells of 78.8 + 5.8% (Figure 3A, lines). These values remained relatively stable
over time and different storage temperatures, with little oscillations but no statistically relevant
differences compared to the values of day O in both formulations. Regarding transfection

efficiency, the percentage of EGFP expressing live cells exposed to freshly prepared nanodiaplexes
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and nioplexes were, respectively, 89.8 + 3.4% and 23.3 £ 1.1% (Figure 3A, bars). These values
remained stable for both formulations over time and storage conditions, always maintaining
significantly higher transfection percentages in cells treated with nanodiaplexes than with
nioplexes (P< 0.001).

In addition, the MFI data (Figure 3B) corroborated the advantage of nanodiaplexes over
nioplexes, with significantly higher MFI values obtained in cells exposed to nanodiaplexes at all
days and storage conditions tested (P< 0.001). Figures 3C and 3D show representative
fluorescence microscopy images of HEK-239 cells transfected with both formulations at day 0 and
after 30 days of storage at 4°C, respectively.
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Nanodiaplexes (Day 0) Nioplexes (Day 0) Nanodlaplexes (Day 30,4°C) Nioplexes (Day 30, 4°C)

Figure 3. Gene delivery efficiency and toxicity of formulations in HEK-293 cells 48 hours after
transfection with nanodiaplexes and nioplexes at 5/1 cationic lipid/DNA ratio (w/w) over time at
4°C and 25°C. A. Normalized percentages of EGFP positive live cells (bars) and cell viability
(dots). B. Mean fluorescence intensity values. Each value represents the mean + SD of 3
measurements. C-D. Merged images showing EGFP signal in HEK-293 cells transfected with both
complexes at 5/1 lipid/DNA ratio (w/w) at day 0 (C) and after 30 days of storage at 4°C (D). Scale
bars: 200 um. *** P< 0.001; ** P< 0.01 for nanodiaplexes vs nioplexes, no negative significant
differences in term of live cells (%) for nioplexes between day O and the rest of days and
temperatures; # P< 0.05 for nioplexes between day 0 and the rest of days and temperatures; $ P<

0.05 for nanodiaplexes at day 30 compared with the rest of days and temperatures.
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2.3.  Cellular uptake of nioplexes and nanodiaplexes

The analysis of cellular uptake in HEK-293 cells 4 hours after exposure to freshly prepared
and 30 days at 4°C stored nanodiaplexes and nioplexes revealed significantly higher (P < 0.05)
cell internalization percentages for ND based formulations, both at day 0 and after 30 days being
stored at 4°C (Figure 4A). These cell uptake percentages remained stable over time for both
formulations, with statistically relevant differences. Figure 4B shows representative images of
cellular uptake in HEK-293 cells exposed to both formulations at days 0 and 30.

A B
150 -

Nanodiaplexes (Day 0) Nioplexes (Day 0)

mNanodiaplexes ONioplexes

120 -

Positive cells
[+2] [
o o

Normalized percentages of FITC-pEGFP
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Figure 4. Cellular uptake in HEK-293 cells 4 h after exposure to nanodiaplexes and nioplexes at
5/1 lipid/DNA ratio (w/w) at day 0 and after 30 days of storage at 4°C. A. Normalized percentages
of FITC-pEGFP positive live cells after the exposure to these complexes. Each value represents
the mean + SD of 3 measurements. B. Confocal microscopy images. Cell nuclei were colored in
blue (DAPI); F-actin in red (Phalloidin); nanodiaplexes and nioplexes in green (FITC). Scale bars:

50 um.* P< 0.05 for nanodiaplexes vs nioplexes.

2.4.  Gene delivery efficiency of nanodiaplexes in rat primary cell cultures

The transfection assay in rat primary retinal cells with freshly prepared (Figure 5A) and 30 days
stored nanodiaplexes at 4°C (Figure 5B) showed similar EGFP expression, indicating that the
transfection efficiency of that formulation maintained stable over a month. Additionally, the
transfection efficiency of fresh and 30 days stored nanodiasomes was also evaluated in another

CNS cell type, specifically in rat primary neuronal cell culture, which clearly corroborated the high
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gene delivery capacity, by means of EGFP expression, of stored formulations over a month and

even 3 moths (Supplementary Figure S1).

Figure 5. EGFP signal in primary culture of rat retinal cells transfected with freshly prepared (A)
and 30 days stored at 4 °C (B) nanodiasomes at 5/1 lipid/DNA ratio (w/w). Scale bar: 40 um. Blue:
Hoechst 33,342 (cell nuclei); Green: EGFP. Scale bars: 40 um.

2.5.  Invivo transfection efficiency of nanodiaplexes

Freshly and stored nanodiaplexes were administered to the mouse eye through intravitreal (Figure
6A and 6C) and subretinal injections (Figure 6B and 6D), and fluorescence signal was detected in
different retinal cell layers after one week. Both subretinally and intravitreally administered
nanodiaplexes showed that EGFP expression colocalized mainly with microglial marker Iba-1 and
was also located in the ganglion cell layer (GCL), as well as in the inner nuclear layer (INL) with
some diffused fluorescence signal in the outer nuclear layer (ONL), and even the retinal pigment
epithelial cell layer (RPE) after subretinal injections (Figure 6B and 6D). Results also showed that
the intensity of the fluorescence signal was comparable in both transfections with freshly prepared
and 30 days stored formulations. Additionally, mouse retinal cells tolerated well the exposition to

nanodiaplexes, in terms of cell viability, considering the results reported in the qualitative analysis.
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Figure 6. In vivo assays showing EGFP signal in rat retina after intravitreal (IV) (A-C) and
subretinal (SR) (B-D) administration of freshly prepared (A-B) and 30 days stored (C-D)
nanodiaplexes vectoring EGFP plasmid at 5/1 lipid/DNA ratio (w/w). Blue: Hoechst 33,342 (cell
nuclei); Green: EGFP; Red: Iba-1. OS: outer segments; ONL: outer nuclear layer; INL; inner

nuclear layer; GCL: ganglion cell layer. Scale bar: 20 pum.
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3. Discussion

The high versatility of non-viral vectors relies on the large variety of available nanomaterials
and preparation methods that can be employed. Among the wide plethora, NDs have been
recognized as powerful tools to increase the transfection efficiency of many non-viral vector
systems due to their unique physicochemical properties, including versatile surface chemistry and
ease of functionalization, together with their high biocompatibility and low toxicity (Al Qtaish et
al., 2022). In addition, NDs show a favourable particle distribution, being almost spherical in
shape. Interestingly, they can also be easily functionalized with many chemical compounds, show
a high surface area-to-volume ratio, and their production process can be easily scalable (Kriger et
al., 2006; Liu et al., 2007). As NDs present low stability in suspension, their combination with
niosome formulations could be necessary to provide enhanced stability, which is necessary for
gene delivery applications. Therefore, in this work we combined NDs with a niosome formulation,
based on a cationic lipid and non-ionic surfactant, obtaining a final formulation named
nanodiasome in order to assess over time at several storage temperatures the stability of
nanodiasomes compared with niosomes devoid of NDs. To evaluate the stability of the
formulations, relevant physicochemical parameters that affect to the transfection process, along
with biocompatibility and transfection efficiency studies were performed in in vitro and in vivo

conditions.

The physicochemical characteristics constitute key parameters that determine the biological
behaviour of the formulations, including their cellular internalization process, gene delivery
efficiency and biocompatibility. In the present work, nanodiasomes showed a slightly higher mean
particle size than niosomes at day O, probably due to the incorporation of NDs as additional
elements, which might have affected to the packing of the formulation. The lower dispersity values
observed with nanodiasomes, indicated a more homogeneous particle size distribution for that
formulation compared to the niosome formulation. Both formulations presented statistically
relevant oscillations in their physicochemical parameters, especially after 30 days being stored at
25°C, suggesting that these parameters are better preserved if formulations are kept at 4°C rather
than at higher temperatures. Hence, in general terms, it can be said that nanodiasomes are
physicochemically more stable over time than niosomes. Therefore, NDs integration in the lipid
structure of niosomes is involved in supplying higher stability to the formulation, probably
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providing more rigidity, by affecting the arrangement of the lipid membrane and modifying the

rheological and packing behaviour of the formulation (Sainz-Ramos et al., 2021).

After the evaluation of physicochemical properties, biological in vitro transfection studies were
performed in HEK-293 cells. We found that cells transfected with nanodiaplexes presented higher
cell viability values than the ones transfected with nioplexes, which suggests that the formulations
based on nanodiasomes are better tolerated by these cells. These results are in accordance with the
previously reported high biocompatibility and low toxicity of NDs (Kriger et al., 2006; Liu et al.,
2007; Zhang et al., 2009). In addition, the gene delivery efficiency of nanodiaplexes was
approximately 4-fold superior than the one of nioplexes, and this difference was maintained over
time. The MFI values refer to the quantity of the expressed GFP protein, and also indicated a higher
transfection capacity of nanodiaplexes over nioplexes. In this sense, it is noteworthy that the
number of DNA copies per cell decreased progressively for nioplexes from day 15, while
nanodiaplexes did not suffer any alteration in this parameter until day 30. Taken all together, this
could suggest that the combination of NDs with niosomes enhances the stability of the formulation,
achieving more consistent and successful transfection results over time. To better understand the
differences observed between both formulations, we studied their cellular uptake at 0 and 30 days
after being stored at 4°C. We found statistically relevant differences in the percentage of cellular
uptake between both formulations, obtaining almost 100% of uptake with nanodiasomes and
around 70% with nioplexes at both storage conditions, which could support the idea that NDs
increase the rigidity of the niosome formulation, enhancing the cellular entry (Manzanares and
Cena. 2020). This higher cellular uptake could in part explain the differences in transfection
efficiency between the two formulations, but further aspects need also to be taken into account.
Traditionally, cellular endocytosis of non-viral vectors is mediated through the endosomal
pathway, which eventually leads to endosomal vesicles with an acidic environment and digestive
enzymes (Agirre et al., 2015). In these vesicles, the DNA risks of being degraded before reaching
the nucleus. Therefore, DNA endosomal escape becomes a key step in order to achieve successful
gene delivery. In this sense, it has been reported that NDs are able to escape the endosome
confinement by rupturing the vesicle membrane shortly after their cellular uptake (Chu et al.,
2015), which would also contribute to justify the higher gene delivery efficiency of nanodiaplexes
compared to nioplexes counterparts. In addition, further transfection assays in CNS cells, both
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retinal and neuronal primary cells, confirmed effective transgene expression after transfection with

both freshly prepared and 30 days stored nanodiaplexes.

Therefore, based on these results, we performed an in vivo assay in order to determine the gene
delivery efficiency of fresh and 30 days stored nanodiaplexes in rat retina. Formulations were
injected through intravitreal and subretinal routes, which are widely used into the clinic for the
treatment of genetically based retinal disorders (Conley and Naash. 2010). In most cases, after
intravitreal injection, ganglion cell layer of the retina shows high transgene expression levels
(Farjo etal., 2006), which, for instance, could be interesting for the treatment of glaucoma, a highly
prevalent inherited retinal disorder that causes blindness (Almasieh et al., 2012; Kachi et al., 2005).
On the other hand, the more invasive subretinal route is useful for transfecting the outer layer of
the retina (Almasieh et al., 2012; Kachi et al., 2005), which would be interesting to face retinal
diseases related to mutations at the photoreceptors and the retinal pigment epithelium level, such
as Leber's congenital amaurosis, Stagardt's disease or retinitis pigmentosa (Lipinski et al., 2013).
In the present study, EGFP signal was found mainly in microglial cells. Such expression was also
located in both, the inner and outer layers of the retina both after intravitreal and subretinal
injection of nanodiaplexes, which suggest that this formulation is able to efficiently diffuse along
the different retinal layers achieving high transgene expression at different levels, which would be
relevant from the therapeutic point of view. In addition, results revealed high EGFP expression in
vivo after the administration of 30 days stored formulation, indicating that the storage of the

formulation at 4°C for 30 days does not affect its transfection efficiency.

4. Conclusions

Taken together, the main conclusions of the present work are that (i) nanodiasomes present
higher mean particle size, lower dispersity and higher zeta potential values than niosomes, (ii)
nanodiasomes preserve more constant their physicochemical parameters over time than niosomes
and both formulations prefer low temperatures for storage, (iii) nanodiaplexes present an around
4-fold superior transfection efficiency than nioplexes, in terms of percentage of live transfected
cells, although both maintain their transfection efficiency over time, (iv) nanodiaplexes are more
efficiently uptaken by HEK-293 cells than nioplexes, (v) high gene delivery efficiency of
nanodiaplexes is maintained over time in rat central nervous primary cell cultures and (vi) also in

vivo after subretinal and intravitreal injection of nanodiaplexes in rat retina.
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La terapia genica comenzo en la década de 1980, debido al conocimiento de que la funcion
de los organismos esta controlada por la informacién transportada por los genes. La terapia génica
es un procedimiento médico que tiene como objetivo agregar, eliminar o modificar genes para
tratar enfermedades. De hecho, los defectos genéticos pueden producir enfermedades y cambiar
los genes, cambia la forma en que una célula produce proteinas. En otras palabras, la terapia génica
le da a la célula nuevo conjunto de instrucciones para cambiar la cantidad o el tipo de proteina que
produce. Las categorias de terapia génica se pueden dividir en dos grupos: terapia génica de linea
germinal; y terapia génica somaética. La diferencia entre estas dos categorias es que los genes de
terapia génica somatica se insertan en células diana, pero el cambio no se transmite a la siguiente
generacion, en el tratamiento de los genes de terapia génica de linea germinal, se transmite su
cambio a la proxima generacion. Mediante el uso de la terapia génica, los cientificos pueden hacer
una de varias cosas, dependiendo del problema que se encuentra. La modificacion genética puede
incluir: adicion, delecidn, reemplazamiento y reparacién o regulacién de un gen en una persona,

con fines de alterar las propiedades biol6gicas de células vivas para su uso terapéutico.

La terapia génica se puede utilizar para modificar células dentro o fuera del cuerpo. Cuando
esto se hace dentro del cuerpo, el médico inyecta el vector portador del gen directamente en la
parte del cuerpo donde se encuentran las células defectuosas (in vivo), donde la edicion de genes
de las células del paciente se realiza mediante la introduccion de genes terapéuticos directamente
en el 6rgano defectuoso. La terapia génica, que se utiliza para modificar células fuera del cuerpo
(ex vivo), implica la transferencia de genes a células viables que se remueven temporalmente del
cuerpo, que luego se reintroducen en el cuerpo. Se puede obtener sangre, médula 6sea u otros
tejidos del paciente y se pueden aislar tipos especificos de células en un laboratorio. El vector que
contiene el gen deseado se introduce en estas células, se permite que las células se multipliquen en
el laboratorio y luego se vuelven a inyectar en el paciente para que continien multiplicandose,

produciendo finalmente el efecto deseado.

Para insertar nuevos genes directamente en las células, los cientificos utilizan una
herramienta conocida como vector disefiado para expresar el gen. Los vectores son responsables
de asegurar la estabilidad de los genes y de superar todas las barreras bioldgicas hasta llegar a su
destino: el nucleo de la célula, donde tiene lugar la regulacion génica. Existen dos grandes grupos

de vectores: virales y no virales. Los virus tienen la capacidad inherente de transferir genes a las
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células, por lo que pueden usarse como vectores. Sin embargo, antes de que el virus pueda usarse
para administrar terapia génica en células humanas, debe modificarse para eliminar su capacidad
de causar enfermedades infecciosas. Debido a los riesgos que plantean los vectores virales, se han
desarrollado otras estrategias. Los métodos fisicoquimicos no tienen limitaciones en el tamafio del
transgén y no presentan riesgo bioldgico, aunque son menos efectivos. Sin embargo, el vector no
viral més utilizado para el desarrollo de nuevas estrategias terapéuticas. Los vectores no virales
utilizan métodos fisicos o quimicos para introducir material genético en las células. Los métodos
comunes de transfeccion fisica incluyen electroforesis, hidroporacion, ultrasonido, biotecnologia,
micro/nanoinyeccién y laser/optoinyeccion. Estos métodos suelen utilizar la fuerza fisica para
cruzar la barrera de la membrana celular y asi facilitar el transporte de acidos nucleicos al interior
de la célula. Los métodos quimicos utilizan materiales naturales o sintéticos que son compatibles
con el cuerpo humano, por lo que la capacidad de generar una respuesta inmunitaria es baja. Estos

incluyen moléculas de lipidos, polimeros y nanoparticulas.

Los sistemas de administracion de genes deben ser capaces de superar las barreras
bioldgicas para estar activos en el sitio de accion. Para los sistemas de administracion de genes ex
vivo, solo los obstaculos intracelulares pueden limitar su rendimiento final. Mientras que en el caso
de la experimentacion in vivo, el proceso de entrega al sitio de accion también puede verse afectado
por barreras extracelulares adicionales. La via de administracion y el 6rgano a tratar pueden tener
un gran impacto en la eficacia del tratamiento. Para que los vectores lleguen a su objetivo, deben
superar los obstaculos de las barreras biol6gicas que se interponen en su camino. Las primeras
barreras son extracelulares como aclaramientos rapidos, interacciones no especificas con proteinas
y células y degradacion por parte de enzimas. Por otra parte, las plaquetas tienen cargas
superficiales negativas, lo que permite interacciones electrostaticas con vectores cationicos. La
activacion del sistema inmunitario es otra barrera extracelular mas a tener en cuenta. Aunque la
activacion inmunitaria se ha relacionado en comun con los vectores virales, se ha demostrado que
algunos vectores no virales también pueden producir una respuesta inmunologica. Ademas, el
tiempo necesario para alcanzar concentraciones terapéuticas mediante el proceso de transfeccion
puede ser aln mas dificil si el objetivo es 6rgano inmunoprivilegiado como el cerebro o los 0jos.
Las nanoparticulas deben cruzar de manera eficiente la barrera hematoencefélica y la barrera

hematorretiniana para llegar a las células diana en el cerebro y el ojo, respectivamente.
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Una vez se han cruzado las barreras extracelulares, las biomacromoléculas necesitan alcanzar a
nivel citoplasmatico o incluso nuclear. Las nanoparticulas deben tener caracteristicas biologicas y
fisicas apropiadas para mejorar la captacion celular por las membranas citoplasmaticas. Durante
la internalizacion celular, se pueden destacar cuatro vias principales: endocitosis mediada por
clatrina (CME), endocitosis mediada por caveolas (CvME), macropinocitosis y fagocitosis.
Después de la internalizacion celular, el escape endosomal es esencial, antes de la fusion de los

endosomas con los lisosomas, para evitar la degradacién de los vectores.

Comprender las unidades estructurales basicas de los niosomas puede ayudar a determinar qué
sustancias pueden formar niosomas y cémo se pueden cargar los farmacos en los niosomas. Los
niosomas son nanotransportadores vesiculares con capacidad de autoensamblaje y estructura en
bicapa, las cabezas hidrofilicas estan orientadas hacia una solucién acuosa, mientras que las
cabezas hidrofébicas estan orientadas hacia una solucién organica, por lo tanto, las niosomas
pueden administrar farmacos tanto hidrofébicos como hidrofilicos. Los niosomas son una
alternativa adecuada a los liposomas. La estructura quimica de los niosomas ofrece ventajas frente
a los ampliamente utilizados liposomas, dando lugar a la generacion de formulaciones mas
estables, menos citotdxicas y con menor coste de produccion. Los niosomas estan compuestos por
tres componentes principales: un lipido cationico, un surfactante no i6nico y un componente

auxiliary (Figura 1).
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Figura 1. Esquema general de la estructura de los niosomas.

El lipido catiénico como el 1,2-di-O-octadecenil-3-trimetilamonio propano (DOTMA) es

el responsable de las interacciones electrostaticas con las cargas negativas de los grupos fosfato
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del material genético, lo que permite que los &cidos nucleicos formen complejos con los niosomas
catiénicos. El surfactante no ionico como el polisorbato 20 es necesario para estabilizar las
emulsiones, evitando la formacién de agregados de particulas. Asi, la sustitucion de los
fosfolipidos por surfactante no ionico en los niosomas, mejora notablemente su estabilidad, al
mismo tiempo que reduce su citotoxicidad. Por ultimo, la incorporacion de un componente auxiliar
como esfingolipidos o nanodiamantes, a la formulacion de niosomas ha demostrado mejorar sus
propiedades fisico-quimicas, aumentan la fluidez y la estabilidad de la membrana y promueven los
procesos de transfeccion. Sin embargo, las diferentes modificaciones quimicas de cada uno de los

componentes influyen en las propiedades fisicoquimicas de los lipidos resultantes.

Los avances en nanomedicina ofrece nuevas oportunidades para el desarrollo y uso de
vectores no virales, como los niosomas, para tratar enfermedades tanto de la retina como del
cerebro. Teniendo en cuenta esta informacion, el objetivo principal de esta tesis doctoral es la
incorporacion de nuevos compuestos como componente "auxiliar* a las formulaciones y la
seleccidon del método mas adecuado para la elaboracion de niosomas, asi como una extensa
caracterizacion biofisica, in vitro e in vivo, lo que permite nuevas posibilidades y oportunidades
para mejorar el tratamiento de diversas enfermedades mediante el uso de una estrategia de terapia
génica. Para la elaboracién de niosomas existen varios métodos. La técnica de emulsidn aceite en

agua (o/w) es uno de los métodos mas utilizados.

Todas las formulaciones de niosomes en el presente trabajo se elaboraron a través de la
técnica de emulsion de aceite en agua (o/w), posteriormente, evaporar el solvente organico y
obtener las nanoparticulas en solucidn acuosa. En esta tesis doctoral se utilizaron los siguientes
reactivos quimicos: El lipido cationico empleado fue DOTMA, el cual se disolvié en la fase
organica. Se eligi¢ el polisorbato 20 como surfactante no iénico. Como componentes "auxiliares",
utilizamos esfingolipidos y nanodiamantes en nuestras formulaciones. La composicion de cada
formulacion en esta tesis se muestra en la tabla 1. EI material genético utilizado en el estudio para
obtener los complejos fue el plasmido reportero codificante para la proteina verde fluorescente
(PEGFP).
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Componentes Lipido catiénico | Sufactante no ionico Componentes "auxiliares"
DOTMA Polisorbato 20 Esfingolipidos Nanodiamantes
Formulaciones
Niosomas v v
Niosphingosomas v v v
Nanodiasomas v v v

Tabla 1: Resumen de los componentes de las formulaciones empleados en los estudios

experimentales.

En el primer trabajo experimental comparamos dos formulaciones de vectores compuestos
por el mismo lipido cationico y surfactante no ionico, pero con o sin esfingolipidos como
componente "auxiliar”, lo que dio como resultado niosfingosomas 0 niosomas, respectivamente.
Es importante evaluar ambas formulaciones para determinar el efecto de la adicion del componente
"auxiliar" en el sistema de administracion de genes. Tanto las formulaciones como los complejos
correspondientes, obtenidos mediante la adicion del plasmido reportero pEGFP, fueron
caracterizadas y evaluadas. En comparacion con las niosomas, las niosfingosomas y los complejos
correspondientes disminuyeron el tamafio de las particulas y aumentaron la carga superficial.
Aunque no hubo diferencias significativas en la captacion celular, la viabilidad celular y la
eficiencia de transfeccion aumentaron cuando las células ARPE-19 se expusieron a
niosfingoplexes. La endocitosis via caveolas disminuy6 en el caso de los niosfingoplexes, que
mostraron una mayor colocalizacion con el compartimento lisosomal y propiedades de escape
endosomal. Ademas, los niosfingoplexes transfectaron no solo células primarias del sistema
nervioso central, sino también diferentes células en la retina del raton y la corteza cerebral. Estos
resultados preliminares sugieren que los nioesfingosomas representan una formulacion de vector

no viral prometedora destinada al tratamiento de enfermedades tanto de la retina como del cerebro.

En el segundo experimento, se incorporaron nanodiamantes como componente "auxiliar"
en formulaciones de niosomas para evaluar sus capacidades biofisicas como sistema de
administracion de genes para aplicaciones terapéuticas en enfermedades del sistema nervioso
central. Los nanodiamantes son materiales prometedores para la entrega de genes debido a sus
caracteristicas fisicoquimicas y biologicas Unicas. Las dos formulaciones con o sin nanodiamantes

como componente “auxiliar, que dieron como resultado nanodiasomas 0 niosomas,
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respectivamente fueron evaluadas. Los nanodiasomas, niosomas Yy sus correspondientes
complejos, obtenidos tras la adicion de material, se evaluaron en términos de propiedades
fisicoquimicas, eficiencia de transfeccion en células HEK-293, captacion celular, internalizacion
celular y estudios en células primarias neuronales y retinales. Los nanodiasomas, niosomas y
complejos cumplian las caracteristicas fisicoquimicas para aplicaciones de terapia genica.
Biologicamente, la incorporacion de los nanodiamantes en los niosomas mejoré la eficiencia de
transfeccidn a valores superiores al 90 % de un 75 %, acomparfiada de una mayor captacion celular.
El analisis de internalizacion celular mostré6 una mayor endocitosis a través de clatrinas en
nanodiaplexes en comparacion con nioplexes, seguida de una mayor colocalizacion lisosomal, que
coexistia con propiedades de escape endosomal, mientras que la endocitosis mediada por caveolas
fue la via més eficiente en el caso de nioplexes. Ademas, los estudios en celulas primarias revelaron
que los nanodiaplexes transfectaron con éxito células primarias neuronales y retinales. Este estudio
sefiala que la integracion de los nanodiamantes en niosomas representa una nanoplataforma no

viral para el tratamiento de enfermedades mediante terapia génica.

Por dltimo, los nanodiasomas y los niosomes también se utilizaron en el tercer trabajo
experimental para estudiar su estabilidad durante el tiempo. Se evalud el efecto de la incorporacion
de nanodiamantes en formulaciones de niosomas a lo largo del tiempo (0, 15 y 30 dias) y a
diferentes temperaturas de almacenamiento (4°C y 25°C). Las formulaciones y los compuestos
fueron evaluadas a lo largo del tiempo en términos de caracteristicas fisicoguimicas,
internalizacion celular, viabilidad celular y eficiencia de transfeccion tanto in vitro como in vivo.
Todos estos parametros se analizaron a diferentes temperaturas de almacenamiento durante 30
dias. Los principales descubrimientos revelaron que la incorporacion de nanodiamantes en las
formulaciones de niosomas resulté en un aumento de 4 veces en la eficiencia de la transfeccion in
vitro y que esta diferencia se mantuvo a lo largo del tiempo. Ademas, los nanodiasomas
mantuvieron sus parametros fisicoquimicos mas constantes que los niosomes. Ambas
formulaciones fueron mas estables a bajas temperaturas de almacenamiento. Finalmente, los
nanodiasomas pudieron alcanzar altos niveles de expresidn transgénica en células primarias e in
vivo. La eficiencia de los nanodiaplexes se mantuvo a lo largo del tiempo en cultivos de células
del sistema nervioso central de rata y también in vivo después de la inyeccion subretiniana e

intravitrea de nanodiaplexes en retina de raton.
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En resumen, el desarrollo de la nanomedicina ha abierto oportunidades para el desarrollo
y mejora de vectores no virales como los niosomas, para el tratamiento de varias enfermedades,
utilizando el método basado en la terapia génica. La incorporacion de nuevos compuestos a las
formulaciones y seleccionar el método mas adecuado para la elaboracion de niosomas, con una
extensa caracterizacion biofisica y su evaluacion in vitro e in vivo, pueden abrir nuevas
posibilidades y oportunidades para mejorar el tratamiento de diversas enfermedades mediante el

uso de una estrategia de terapia génica.
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