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Resumo

As mitocondrias sdao organelos celulares com tamanhos de 1 micrémetro,
aproximadamente, que podem ser encontradas em grande numero nas células
eucarioticas. Estes pequenos organelos tém um papel crucial na atividade celular, sendo
essenciais em processos de sinalizacdo intracelular, mecanismos de apoptose e producao
de energia, entre outros. As mitocondrias geram 90% de toda a energia consumida nas
células, através do sistema de fosforilacao oxidativa que produz energia sob a forma de
moléculas de adenosina trifosfato (ATP). As mitocondrias, a semelhanca do ntucleo,
possuem o seu proprio genoma, designado &acido desoxirribonucleico mitocondrial
(ADNmt). O ADNmt humano é composto por moléculas de ADN circular de dupla cadeia,
sendo que cada cadeia tem a sua propria composicao e codificam diferentes acidos
ribonucleicos (ARN). A cadeia rica em guanina codifica 14 ARNt, 2 ARNr e 12
polipeptideos, enquanto que a cadeia mais leve tem informacao para transcrever apenas
8 ARNt e um polipeptideo. No total, o ADNmt é constituido apenas por 37 genes que
codificam 13 ARNm, dando origem a 13 proteinas que fazem parte do sistema de
transporte de eletroes e do complexo ATPase. O sistema de fosforilacao oxidativa é
composto por 5 complexos (Complexo NADH-ubiquinona redutase (complexo I);
complexo succinato desidrogenase (complexo II); ubiquinol-citocromo c oxidoredutase
(complexo IIT); complexo citocromo-c oxidase (complexo IV) e complexo ATP sintase

(complexo V)), que formam a cadeia respiratoria.

O ADNmt é muito mais suscetivel a mutacoes quando comparado com o genoma nuclear.
As alteracoes no ADNmt comprometem o normal funcionamento das células, afetando
principalmente tecidos neuronais e musculares. A maior frequéncia de mutagdes no
ADNmt pode ser explicada pelo facto de este nao possuir teldémeros nem intrdes na sua
constituicdo. As disfun¢bes mitocondriais levam ao aparecimento de doencas
multissistémicas, podendo afetar o normal funcionamento da resposta imunoldgica,
funcdo motora e cerebral, regulacao metabolica e levar ao envelhecimento. A grande
maioria das patologias com origem nas mitocondrias sao herdadas do ADNmt materno.
No entanto, fatores ambientais como o stress e a consequente presenca de espécies
reativas de oxigénio contribuem também para o aparecimento de mutacoes no ADNmt.
As doencas mitocondriais mais comuns sao a neuropatia 6tica hereditaria de Leber
(NOHL), encefalomiopatia mitocondrial, Sindrome de Pearson, Parkinson, doenca de

Huntington, Alzheimer e alguns tipos de cancro (mamario, renal e colorretal).
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O complexo I da cadeia respiratéria mitocondrial é o principal ponto de entrada de
eletroes na cadeia de transporte de eletrées. Devido a este facto, este complexo é muito
importante no normal funcionamento da mitocéndria. E no complexo I que ocorre a
transferéncia de eletrdes do Dinucleétido de nicotinamida e adenina + Hidrogénio
(DNAH) para a ubiquinona, o transporte de protoes através da membrana mitocondrial
interna e € a principal fonte de espécies reativas de oxigénio (ERO). Mutagoes nos genes
mitocondriais responsaveis por proteinas estruturais e de montagem deste complexo
levam ao aumento da producao de ERO e a perda de funcoes. Um desses genes é o gene
mitocondrial ND1 (DNAH desidrogenase 1). A proteina mt-ND1 desempenha um papel
crucial na estrutura do complexo I. Mutagoes no mt-ND1 estdo associadas ao
aparecimento de NOHL; miopatia mitocondrial, encefalopatia, acidose latica e episddios
semelhantes a acidente vascular cerebral (“MELAS”); cardiomiopatia progressiva e

alguns tipos de cancro.

Dados de 2020 revelaram que 1 em cada 250 pessoas apresentam mutacoes no ADNmt
e que 1 em cada 5000 apresentam patologias graves associadas a disfuncgoes
mitocondriais. Atualmente os farmacos disponiveis no mercado servem apenas para
mitigar os sintomas. Nenhum medicamento aprovado, pela Administracao Federal de
Alimentos e Medicamentos dos Estados Unidos da América, ou em desenvolvimento
conseguiu curar ou retardar a progressao das doencas mitocondriais. Embora existam
agentes antioxidantes e outras drogas para aliviar os sintomas, a ineficacia dos
medicamentos atuais ressalta a necessidade urgente de tratamentos mais eficientes. A
terapia génica mitocondrial é uma abordagem promissora que pode focar a sua acao
diretamente na causa das doengas mitocondriais e desenvolver terapias ajustadas ao tipo

de mutacao.

A terapia génica consiste na aplicacdo de técnicas de ADN recombinante em que sao
utilizados genes funcionais para substituir genes defeituosos e repor o seu
funcionamento normal. Uma vez que a maioria das doencas mitocondriais tém origem
em mutacoes no ADNmt, a terapia génica mitocondrial aparece como uma estratégia
muito promissora para o tratamento deste tipo de doencas. A terapia génica mitocondrial
foca-se na origem da patologia e permite repor o gene mitocondrial afetado,
reestabelecendo a funcao mitocondrial normal. Este tipo de terapia necessita de sistemas
de entrega que sejam eficazes na protecdo e entrega do material genético as
células/organelos alvo. A principal dificuldade na implementacao da terapia génica tem
sido precisamente desenvolver nanotransportadores eficientes. Para a terapia génica
mitocondrial a dificuldade tem sido ainda maior, uma vez que os sistemas precisam de

atravessar mais barreiras e terem a capacidade de entregar o gene terapéutico
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especificamente naquele organelo. Assim, o principal objetivo desta tese é desenvolver
sistemas de entrega que tenham afinidade pela mitocondria e que consigam entregar
eficazmente genes mitocondriais como abordagem terapéutica de patologias associadas

a mitocondria.

O trabalho realizado consistiu no desenvolvimento de sistemas de entrega a base de
péptidos (péptidos de penetracao celular (PPC)) e de polimeros (polietilenimina (PEI)),
com o objetivo de entregar o gene mitocondrial ND1. Para isso, estes biomateriais foram
funcionalizados com ligandos que permitem o direcionamento especifico para as
mitocondrias. Os ligandos utilizados foram o trifenilfosfonio (TPP) e cloreto de
dequalinio (DQA) para funcionalizar o PEI e para os PPC foi utilizada uma sequéncia de
direcionamento para a mitocondria (MTS). O primeiro passo para o desenvolvimento
dos sistemas poliméricos PEI-TPP/pND1 foi determinar, através de um desenho
experimental, as condicoes 6timas para a formulacao das nanoparticulas. De seguida,
esses sistemas foram caracterizados em termos de tamanho, carga superficial e
morfologia. Estes sistemas de entrega demonstraram capacidade de internalizar em
fibroblastos e células HeLa, e através da microscopia de confocal foi demonstrada a sua
acumulacdo preferencial nas mitocondrias. Para além disso, estes sistemas
demonstraram capacidade de entregar o gene ND1 nas mitocondrias e levar a sua
transcricdo. Os sistemas poliméricos PEI-DQA/pND1 desenvolvidos demonstraram
igualmente excelentes propriedades fisico-quimicas, evidenciando a capacidade de
transfetar e internalizar em células HeLa e fibroblastos. Estes nanotransportadores
entregaram o gene ND1 diretamente nas mitocondrias, levando a transcrigao do gene de
interesse e producdo da proteina ND1. No entanto, os sistemas a base de péptidos que
foram desenvolvidos (MTS-PPC), exibiram um desempenho superior em termos de
internalizacdo celular e direcionamento para a mitocondria. A sua maior capacidade de
complexar o plasmideo (pND1) levou a formulacdo de nanoparticulas com menores
tamanhos e consequentemente uma maior entrega do gene de interesse e da expressao
proteica. Os sistemas MTS-PPC que apresentaram melhores resultados in vitro, foram
testados em modelos in vivo (embrides de peixe-zebra (PZ)). Os sistemas peptidicos
demonstraram capacidade de internalizar e distribuir-se por todo o organismo dos PZ,

sem causar nenhuma toxicidade nestes modelos in vivo.

Em suma, o trabalho desenvolvido durante esta tese de doutoramento procurou
encontrar sistemas de entrega eficazes para aplicacao em terapia génica mitocondrial,
com o intuito de poder tornar esta terapia viavel para o tratamento de doencas
mitocondriais. Os resultados obtidos durante a tese demonstram que os sistemas de

entrega desenvolvidos sao muito promissores para desenvolvimento de protocolos de



terapia génica mitocondrial. Este trabalho contribuiu para o progresso e inovagado numa
area de investigacao ainda pouco explorada como € a terapia génica mitocondrial. Os
sistemas a base de péptidos apresentam potencial para serem considerados em futuras
investigacoes, com o intuito de poder ser avaliada a sua translacao para a clinica. Os
nanotransportadores desenvolvidos durante esta tese foram otimizados para a entrega
do gene mitocondrial ND1, no entanto estes sistemas podem ser facilmente adaptados
para a entrega de quaisquer genes mitocondriais que estejam envolvidos em patologias

associadas a mutacoes no ADNmt.
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Abstract

Mitochondria are cellular organelles measuring approximately 1 micron that can be
found in large numbers in eukaryotic cells. These small organelles play a crucial role in
cellular activity, being essential in intracellular signaling processes, apoptosis
mechanisms, and energy production, among others. Mitochondria generate 90% of all
energy consumed in cells, through the oxidative phosphorylation system that produces
energy in the form of adenosine triphosphate (ATP) molecules. Mitochondria, similar to
the nucleus, have their own genome, called mitochondrial DNA (mtDNA). Human
mtDNA is composed of double-stranded circular DNA molecules, with each strand
having its own composition and encoding different ribonucleic acids (RNA). The
guanine-rich strand encodes 14 tRNAs, 2 rRNAs, and 12 polypeptides, while the lighter
strand has information to transcribe only 8 tRNAs and one polypeptide. In total, mtDNA
consists of just 37 genes that encode 13 mRNA, giving rise to 13 proteins that are part of
the electron transport system and the ATPase complex. The oxidative phosphorylation
system is composed of 5 complexes (NADH-ubiquinone reductase complex (complex I);
succinate dehydrogenase complex (complex IT); ubiquinol-cytochrome ¢ oxidoreductase
(complex III); cytochrome-C oxidase complex (complex IV) and ATP synthase (complex
V)), which form the respiratory chain.

mtDNA is much more susceptible to mutations when compared to the nuclear genome.
Changes in mtDNA compromise the normal functioning of cells, mainly affecting
neuronal and muscle tissues. The higher frequency of mutations in mtDNA can be
explained by the fact that it does not have telomeres or introns in its constitution.
Mitochondrial dysfunctions lead to the emergence of multisystem diseases, which can
affect the normal functioning of the immune response, motor and brain function, and
metabolic regulation and lead to aging. The vast majority of pathologies originating from
mitochondria are inherited from maternal mtDNA. However, environmental factors
such as stress and the consequent presence of reactive oxygen species, also contribute to
the emergence of mutations in mtDNA. The most common mitochondrial diseases are
Leber's hereditary optic neuropathy (LHON), mitochondrial encephalomyopathy,
Pearson's syndrome, Parkinson's, Huntington's disease, Alzheimer's, and some types of

cancer (breast, kidney, and colorectal).

Complex I of the mitochondrial respiratory chain is the main entry point for electrons
into the electron transport chain. Due to this fact, this complex is very important in the

normal functioning of mitochondria. It is in complex I that the transfer of electrons from
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Nicotinamide Adenine Dinucleotide + Hydrogen (NADH) to ubiquinone occurs, the
transport of protons across the inner mitochondrial membrane and is the main source of
reactive oxygen species (ROS). Mutations in mitochondrial genes responsible for
structural and assembly proteins of this complex lead to increased ROS production and
loss of functions. One of these genes is the mitochondrial gene ND1 (NADH
dehydrogenase 1). The mt-ND1 protein plays a crucial role in the structure of complex I.
Mutations in mt-ND1 are associated with the emergence of LHON; Mitochondrial
myopathy, encephalopathy, lactic acidosis, and stroke-like episodes (MELAS);

progressive cardiomyopathy, and some types of cancer.

Data from 2020 revealed that 1 in every 250 people have mutations in mtDNA and that
1 in every 5,000 have serious pathologies associated with mitochondrial dysfunction.
However, currently, the medications available on the market only serve to mitigate the
symptoms. No drug approved by the FDA or in development has been able to cure or
slow the progression of mitochondrial diseases. Although there are approaches such as
the use of antioxidant agents and other drugs to alleviate symptoms, the ineffectiveness
of current medications highlights the urgent need for more effective treatments.
Mitochondrial gene therapy is a promising approach that can focus its action directly on
the cause of mitochondrial diseases and develop therapies tailored to the type of

mutation.

Gene therapy consists of the application of recombinant DNA techniques in which
functional genes are used to replace defective genes and restore their normal functioning.
As most mitochondrial diseases originate from mutations in mtDNA, mitochondrial gene
therapy appears as a very promising strategy for treating this type of disease.
Mitochondrial gene therapy makes it possible to attack the problem at its source and
restore normal function to the affected mitochondrial gene. However, this type of therapy
needs delivery systems that are effective in protecting and delivering genetic material to
target cells/organelles. The greatest difficulty in applying gene therapy has been the
development of nanocarriers that can effectively deliver genetic material. For
mitochondrial gene therapy, the difficulty has been even greater, as the systems need to
cross more barriers and be able to deliver only to that organelle. Thus, the main objective
of this thesis is to develop delivery systems that have an affinity for mitochondria and
can effectively deliver mitochondrial genes for the treatment of mitochondria-associated

pathologies.

The work carried out consisted of the development of delivery systems based on peptides

(cell-penetrating peptides (CPP)) and polymers (polyethylenimine (PEI)), to deliver the
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mitochondrially encoded NADH dehydrogenase 1 protein (ND1) gene. To achieve this,
these delivery systems were functionalized with ligands that allow specific targeting of
mitochondria. The ligands used were triphenylphosphonium (TPP) and dequalinium
chloride (DQA) to functionalize PEI and for CPP a mitochondrial targeting sequence
(MTS) was used. The first step for the PEI-TPP/pND1 polymeric systems was to evaluate,
through an experimental design, the optimal conditions for the formulation of
nanoparticles. These systems were then characterized in terms of size, surface charge,
and morphology. These delivery systems demonstrated the ability to internalize into cells
and, through confocal microscopy, their preferential accumulation in mitochondria was
demonstrated. Furthermore, these systems have demonstrated the ability to deliver the
ND1 gene to mitochondria and lead to its transcription. The PEI-DQA/pND1 polymeric
systems developed also demonstrated excellent physicochemical properties, showing the
ability to transfect and internalize into cells. These nanocarriers delivered the ND1 gene
directly into the mitochondria, leading to transcription of the gene of interest and
production of the ND1 protein. However, the peptide-based systems (MTS-CPP)
exhibited superior performance in terms of cellular internalization and targeting to
mitochondria. Its greater ability to complex pND1 led to the formulation of nanoparticles
with smaller sizes and consequently greater delivery of the gene of interest and protein
expression. Showing better in vitro results, the MTS-CPP systems were tested in in vivo
models (zebrafish embryos (ZF)). The peptide systems demonstrate the ability to
internalize and distribute throughout the ZF organism, without causing any toxicity in

these in vivo models.

In short, the work carried out during this doctoral thesis sought to find solutions to the
lack of effective delivery systems in mitochondrial gene therapy, to make this therapy
viable for the treatment of mitochondrial diseases. The results obtained during the thesis
demonstrate that the delivery systems developed are very promising for the development
of mitochondrial gene therapy protocols. This work contributed to progress and
innovation in an area of research that is still little explored, such as mitochondrial gene
therapy. In the case of peptide-based systems, these systems have the potential to be
considered in future investigations, to evaluate their translation to the clinic. The
nanocarriers developed during this thesis were optimized for the delivery of the
mitochondrial ND1 gene, however, these systems can be easily adapted for the delivery
of any mitochondrial genes that are involved in pathologies associated with mtDNA

mutations.
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Chapter 1

This chapter was partly published in:
Rtben Faria, Prisca Boisguérin, Angela Sousa, and Diana Costa. 2023. 'Delivery Systems for
Mitochondrial Gene Therapy: A Review', Pharmaceutics, 15

https://doi.org/10.3390/pharmaceutics15020572

Introduction

1.1 Mitochondria
Mitochondria are small organelles present in eukaryotic cells that play a key role in maintaining

cellular activity through intracellular signaling and energy production processes. These
multifunctional organelles adapt their role depending on the cells in which they are present,
having specific functions in different cell types[1]. Mitochondria are the engines of cells, as they
are responsible for about 90% of the energy that is produced in each cell. Through the
mitochondrial oxidative phosphorylation system (OXPHOS), the oxidative phosphorylation of
glucose occurs in the mitochondria, which gives rise to energy in the form of adenosine
triphosphate (ATP) molecules[2]. In addition to its energetic function, mitochondria are involved
in a wide range of biological processes within the cell, namely in amino acid metabolism, protein
synthesis, gluconeogenesis, fatty acid oxidation, generation of reactive oxygen species (ROS), ions
and calcium homeostasis and initiation of apoptotic cascade[3-5]. In addition, mitochondria play
a fundamental role in oxidative stress situations, endoplasmic reticulum stress, and stress due to
the lack of nutrients that are involved in the origin of DNA and RNA molecules and the processes
of transcription correction[6]. These organelles, with a size of around 1 micron, can be found in
large numbers (1,000 to 2,000) in the cytoplasm of eukaryotic cells[7].

Mitochondria have their own DNA allowing their reproduction without the need for outside
stimuli. These unique characteristics tend to prove the bacterial origin of this cell organelle.
Despite having their own genome, many of the mitochondrial genes were passed to the nucleus,
still maintaining a small number of genes that encode essential and exclusive proteins. Among
these proteins expressed, only in the mitochondrial matrix, are the four enzymes of the OXPHOS
complex: NADH-ubiquinone reductase complex (complex I); succinate dehydrogenase complex
(complex II); ubiquinol—cytochrome ¢ oxidoreductase (complex III) and cytochrome-C oxidase
complex (complex IV)[8].

Mitochondria are formed by an outer and an inner membrane in which the two membranes are
composed of phospholipids where several proteins and enzymes are found[g]. The outer
membrane is formed by a lipid bilayer that allows the passage of small molecules and ions, due to
the presence of porins[10]. This membrane has the function of maintaining the structural

integrity of mitochondria and providing protection. Furthermore, it is involved in the import of
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proteins encoded in the nucleus through its protein translocator complexes and has an important
role in the regulation of apoptosis, becoming permeable to apoptotic factors such as cytochrome
¢, which is released into the cytosol of cells and initiates the apoptotic cascade[11, 12]. The inner
mitochondrial membrane is made up of numerous folds, called cristae, where the electron
transport chain is located and where oxidative phosphorylation occurs. The inner membrane is
impermeable to ions and small molecules, being essential to maintain the electrochemical proton
gradient[13].

The mitochondrial membrane potential (AWm) generated in the inner of the mitochondrial
membrane results from the action of proton pumps in complexes I, III, and IV of the electron
transport chain, which transport protons (H+) from the interior of the mitochondria
(mitochondrial matrix) to the intermembrane space[14]. The electrical potential that is
established in the mitochondrial membrane has implications in the process of oxidative
phosphorylation and the respective production of energy in the form of ATP molecules. The
electrical potential is also important in the maintenance of mitochondrial and cellular
homeostasis and in the transport of ions and proteins essential to the normal functioning of this
organelle[15]. The constant and/or permanent changes in AWm can lead to the appearance of
neurodegenerative and metabolic diseases and cancer, being one of the essential parameters for
identifying dysfunctional mitochondria that are eliminated through a process called

mitophagy[16, 17].

1.2 Mitochondrial genome
The mitochondrial genome consists of circular double-stranded deoxyribonucleic acid

(mitochondrial DNA, mtDNA), a structural feature shared with bacterial plasmids, providing
evidence of the bacterial origin of mitochondria [18]. Mitochondria evolved from proteobacteria,
and throughout this evolution, these organelles had significant changes in their genome, where
there was a significant gain of new genes and the loss and transfer of others to the nuclear genome.
This transition led to changes in the mitochondrial proteome and the development of additional
roles in both the metabolism and biosynthetic pathways, forming a specialized organelle for ATP
production[19, 20].

The human mitochondrial genome is made up of only 37 genes that encode 13 messenger
ribonucleic acids (mRNAs), which in turn are translated into 13 proteins. It also presents 22
transfer ribonucleic acid (tRNA) and 2 ribosomal ribonucleic acid (rRNA) molecules (12S and
16S) in its constitution[21]. However, to control the expression of mitochondrial genes, the
intervention of proteins originating in the nucleus is also necessary, which causes this regulation
to have two origins, namely mitochondrial RNAs and nucleus proteins. Most of the proteins
necessary for the role of the mitochondria are encoded by the nucleus, being later synthesized in
the cytoplasm, and imported into the mitochondria. To control their energy metabolism,
mitochondria regulate the synthesis of their RNAs, which in turn determine the steady state of
mitochondrial proteins[22, 23].

Each strand of double-stranded mtDNA has a different composition. The lighter chain only

contains the information to transcribe 8 tRNAs and a polypeptide, while the guanine-rich chain



contains information to encode 14 tRNAs, 2 rRNAs, and 12 polypeptides[24]. The 13 polypeptides
encoded by mtDNA give rise to 11 polypeptide constituents of the electron transport system (ETS)
and 2 polypeptides of the ATPase complex. [22, 25]. In the NADH-ubiquinone reductase complex
(complex I), there are 7 polypeptides encoded by the mitochondrial genome (subunits ND1, ND2,
ND3, ND4, ND4L, ND5, and ND6). In the succinate dehydrogenase complex (complex II) there
are 4 subunits encoded by nuclear genes (SDHA, SDHB, SDHC, and SDHD). In the ubiquinol—
cytochrome c oxidoreductase (complex III), only cytochrome b is encoded by mtDNA[25]. The
cytochrome-C oxidase complex (complex IV) consists of three mtDNA encoded subunits (MT-
CO1, MT-CO2, and MT-CO3)[26]. The ATP synthase complex (complex V) has two subunits
(ATP6, ATPS8) issued from mitochondrial genes[27]. The OXPHOS system has ATP and water as
final products, where the oxidation of NADH and FADH2 will generate electrons that are
transferred through the respiratory chain (complexes I-IV) to oxygen. This transfer creates an
electrochemical gradient that is used by ATP synthase to generate ATP molecules[28]. The
OXPHOS system is represented in Figure 1.1.

Mitochondrial oxidative phosphorylation system

Cytoplasm

Outer membrane

Intermembrane space

4H* 4H*

Inner membrane

Mitochondrial matrix

NADH  NAD* FADH,  FAD ;
g o I:ZH +1/20,+@—» H20:|X2

ADP ATP

Figure 1.1 - Schematic representation of the OXPHOS system composed of five large complexes
and functional proteins such as CoQ and Cyt c located in the inner mitochondrial membrane,
where the flow of electrons and protons through the respiratory chain is observed and where
ATP synthesis occurs. ADP: adenosine diphosphate; Cyt: cytochrome c oxidase; CoQ: Coenzyme
Q; NADH: nicotinamide adenine dinucleotide (NAD) + hydrogen (H); FADH2: Flavin adenine

dinucleotide. Image created at BioRender.com.



The mtDNA also has a region called the regulatory region, a non-coding region that is essential
for the transcription of the genome and its replication. In this non-coding part, L-and-H strand
promoters (light-strand transcription initiation site (ITL) and heavy-strand transcription
initiation site (ITH), respectively) and 2 putative origins of replication (origins of leading (Ou)
and lagging (O1) strand replication) are present, from which mitochondrial transcription is
initiated. This transcription process is carried out by the DNA-dependent RNA polymerase where
the respective cofactors must be present[29].

The fact that mtDNA lacks both telomeres and introns makes it more susceptible to mutations
when compared to the nuclear genome[18]. Alterations that compromise the normal expression
of mtDNA can result in a multisystemic disease phenotype derived from the disturbance of the
respiratory chain, mainly affecting neuronal and muscular tissues[22]. In recent years, several
studies have shown that biochemical and genetic changes in mitochondria lead to the emergence
of multisystemic diseases[30]. Research in animals has revealed that mitochondrial mutations
have a direct influence on the immune response[31], metabolic regulation[32], brain

function[33], and the aging rate and lifespan[34, 35].

1.3 Mitochondrial mutations and associated diseases

The full understanding of the origin of many mitochondrial diseases remains a mystery today.
However, it is known that deregulated mechanisms and interactions will unbalance normal
mitochondrial functioning. The maintenance of mitochondrial function depends on several
processes, namely the correct assembly of the OXPHOS system as well as the regulation and
control of protein importation and degradation in general. The coordinated interaction between
the mitochondrial and the nuclear genome, the mechanisms for controlling replication,
transcription, translation, and the correct functioning of DNA repair systems are other essential
processes. Thus, these mechanisms are potential targets for understanding the origin of unknown
mitochondrial dysfunctions[36].

Metabolic disorders resulting from changes that occur in genes regulating mitochondrial function
are called primary mitochondrial diseases (PMDs)[37]. These types of diseases are characterized
by having different origins and depending on the affected gene can result in multiple metabolic
disorders. These disturbances in mitochondrial function and structure will compromise its
normal activity, namely the processes of oxidative phosphorylation, mitochondrial fission and
fusion, and the process of ion transport across the mitochondrial membrane. Both mtDNA and
nuclear DNA mutations can give rise to PMDs and cause mitochondria-associated metabolic
changes[38]. Due to the presence of mitochondria in almost every type of organ in the human
body, PMDs rarely involve just a single tissue. PMDs can affect many organs and the age factor
does not seem to have an influence [39].

Mutations in mtDNA occur at a much higher frequency than mutations in nuclear DNA. These
mutations result from errors during the replication, and these errors often remain uncorrected.
Mutations in mtDNA can also be transmitted by maternal mtDNA, arise from antecedent

mutations in nuclear DNA, or result from environmental factors[40]. One of the cases of



environmental factors is stress, which causes overexpression of reactive oxygen species (ROS).
ROS are produced during the process of oxidative phosphorylation by the OXPHOS system.
However, their production is at low levels and their presence is fundamental in physiological
functions. Increased ROS levels can cause numerous mutations in mtDNA since they are
produced within the mitochondria with high proximity to the genetic material [41]. The fact that
mtDNA lacks protective histones, also makes it more susceptible to mutations caused by ROS[42].
Elevated levels of ROS in situations where antioxidant enzymes are reduced can result in changes
in both proteins and lipids and in the mtDNA itself, leading to the appearance of mitochondrial
dysfunction. In extreme cases, mutations caused by ROS can alter the OXPHOS system and lead
to the production of even more ROS, causing successive changes in mitochondrial metabolism
and inducing a decrease in ATP production, loss of cell communication, rupture of the
mitochondrial membrane, and consequent apoptosis[43].

Other recurrent factors for mitochondrial deregulation are the mutations that occur
simultaneously in the mitochondrial genome, and in genes of nuclear origin that influence
mitochondrial metabolism. These mutations, when they appear in genes encoding proteins
essential for the synthesis of ATP molecules, lead to the degradation of cells due to lack of energy
and, consequently, contribute to the appearance of diseases of mitochondrial origin in the various
organs of the human body. These mutations can also interfere with the normal functioning of the
OXPHOS system, alter tissue specificities of different organs and alter metabolite
homeostasis[44].

The heteroplasmy occurs with high frequency in mitochondria and plays a crucial role in the
heterogeneity of clinical manifestations that mtDNA mutations can cause. Mitochondrial
heteroplasmy is the name given to the coexistence of mutated mtDNA with wild-type mtDNA in
the same cell[45]. This coexistence arises due to the high rate of mutations that occur during
mtDNA replication, which together with the fact that mtDNA replicates independently of the cell
cycle, leads to the replication of thousands of mtDNA molecules with somatic changes. As mtDNA
can be segregated during replication also contributes to mitochondrial heteroplasmy, causing
levels of heteroplasmy that change from cell to cell and throughout the lifespan in mitotic and
post-mitotic cells[46]. Heteroplasmy levels are critical for maintaining homeostasis in
mitochondria. Increased heteroplasmy leads to the onset and worsening of mitochondrial
dysfunction, contributing to the loss of regulatory mechanisms present in mitochondria that
interfere with cell metabolism and signaling pathways. Furthermore, high levels of heteroplasmy
lead to the accumulation of dysfunctional mitochondria with a loss of membrane potential,
resulting in increased reactive oxygen species (ROS) production [47]. Thus, it can be stated that
the onset and/or severity of mitochondrial diseases is dependent on the type and number of
mutations and the rate of heteroplasmy present in the cells. For many mitochondrial diseases,
clinical manifestations appear when a certain percentage of mutated mtDNA (typically between
60% and 90%) is reached. However, this threshold can vary depending on the cell type, tissue
energy demand, and mutation type, and some mitochondrial disorders do not strictly follow this

threshold rule. Mitotic and meiotic cell division can also alter the levels of heteroplasmy in cells,



which means that the speed with which phenotypic changes appear depends on the ability of the
cell or tissue to replicate[46].

Pathologies originating in the mitochondria arise, in most cases, from mutations that are
inherited from the mother, resulting in dysfunctions in oxidative energy metabolism. However,
there are also somatic mutations in mtDNA, and these modifications in the mitochondrial genome
are at the origin of aging, neurodegenerative diseases, and cancer[48]. One of the changes that
most contributes to the appearance of disturbances in the normal functioning of mitochondria
are point mutations. This type of mutation consists of alterations of nitrogenous bases in mtDNA
genes (tRNALeu(UUR), tRNALys, and ATP6 are the most common) and gives rise to diseases
such as mitochondrial encephalopathy, stroke-like episodes (MELAS), myoclonus epilepsy and
ragged red fibers (MERRF) syndrome[48]. Beyond point mutations, mtDNA deletions can occur,
which result in a loss of part of the mitochondrial genome. The elimination of essential genetic
information leads to the appearance of Pearson's syndrome, Kearns Sayre syndrome, and chronic
progressive external ophthalmoplegia. This type of mtDNA change has no maternal origin and
appears randomly in mtDNA molecules, which means that the mutation occurs in early
embryogenesis or the germ line of the mother. The incidence of point mutations in mtDNA occurs
more frequently in mitotic cells, whereas deletion mutations appear to a greater extent in
postmitotic cells[49].

Several mutations in mitochondrial genes trigger the appearance of pathologies (Figure 1.2). In
the case of type II diabetes, mutations in the mitochondrial genes ND1, ND3, and ATP6 are
reported to be associated with this disease[50-52]. Mutations in the ND1 gene are also associated
with the onset of Leber's hereditary optic neuropathy (LHON) syndrome[53, 54]. In the work
published by Smolina and coworkers, 6 mutations in the Desmin gene (DES) that are associated
with skeletal and Desmin myopathies were identified[55]. Mitochondrial encephalomyopathies
are also associated with a mutation in the ATP6 gene[56]. In neurodegenerative diseases,
mitochondrial mutations are also found to contribute to the onset of diseases. For example, in
amyotrophic lateral sclerosis and associated frontotemporal dementia, mutations in the
Coorf72/TARDBP genes have been identified[57]. Huntington's, Alzheimer's, and Parkinson's
diseases are other neurodegenerative pathologies associated with mitochondrial dysfunction[58].
In the case of Parkinson's, a mutation (A10398G) was identified in the ND3 gene, while in
Alzheimer's disease, there is a mutation in the mitochondrial ATP6 gene[59, 60]. Mutations in
mtDNA can also cause myoclonic epilepsy with irregular red fibers (MERRF)[61], strokes and
encephalopathies (MELAS syndrome)[62], obesity[63], and are also involved in the onset of

cancer[64].
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Figure 1.2 - Illustration of the mitochondrial genome with a focus on the mitochondrial genes
that suffer the greatest number of mutations (ND1, ND3, and ATP6) and the organs/tissues

affected by these mutations and their associated diseases. Image created at BioRender.com.

In recent years, a huge number of mutations in mtDNA have been discovered that are associated
with the appearance of different types of cancer. For example, Ganly et al. reported mutations in
virtually every mtDNA protein-coding gene, mutations identified in patients with Hurthle cell
carcinoma[65]. Hurthle cell carcinoma is a type of tumor within the thyroid gland, and its
appearance is associated with mutations in mtDNA, namely mutations in the ATP6 gene (Atp6-
K9oE) and deletions in several genes of complex I of the respiratory chain[66, 67]. In cancers of
the digestive system, four mutations were identified in the mtDNA genome
(11719A/12705T/15043A/15301A)[68], while in invasive lobular breast carcinoma, a mutation
was identified in the mitochondrial gene COX3[69] and in breast cancer, the mutation
"8584G>A" was identified in the gene ATP6[70]. The mitochondrial gene ND1 is involved in
several types of cancer when it undergoes a mutation identified as "C3572ins", namely in renal
cancer, thyroid carcinoma, oncocytic pituitary adenoma, and invasive ductal breast
carcinoma[64, 69, 71, 72]. The mutated mitochondrial genes and their associated diseases are

summarized in Table 1.1.



Table 1.1 - Summary of mitochondrial genes affected by mutations and the associated diseases.

Mutated mitochondrial gene | Associated disease Reference
Type II diabetes [51]
Leber's hereditary optic neuropathy (LHON) [53]
Leigh's syndrome [73]
Progressive cardiomyopathy [74]

Neurodevelopmental delay
ND1 i i [75]
Sensorineural hearing loss

Renal cancer [64]
Thyroid carcinoma [69]
Oncocytic pituitary adenoma [71]
Breast carcinoma [72]
ND3 Type II diabetes [52]
Parkinson’s disease [59]
NDs5 Invasive ductal breast carcinoma [69]
Type II diabetes [50]
Mitochondrial encephalomyopathies [56]
ATP6 Alzheimer's disease [60]
Hurthle cell thyroid carcinoma [65]
Breast cancer [70]
Desmin Desmin myopathies (551

Skeletal myopathy

Frontotemporal dementia
Coorf72/TARDBP i i [57]
Amyotrophic lateral sclerosis

COXIII Invasive lobular breast carcinoma [69]

1.4 Mutations of the mitochondrial ND1 gene and associated
diseases
Complex I is the major entry point for electrons to the electron transport chain, being considered

as a limiting step in overall respiration and energy production. In mitochondria, it catalyzes the
transfer of electrons from NADH (ubiquinone oxidoreductase chain) to ubiquinone and
translocates protons across the inner mitochondrial membrane. Along with complex I11, it is also
regarded as the main source of reactive oxygen species[76]. A deficiency in this complex can be
attributed to a mutation affecting either a structural subunit or an assembly protein, to an increase
in its ROS production, or both[77]. Mitochondrial DNA encodes 7 subunits of this enzyme
complex, which are involved in proton translocation and ubiquinone binding. This represents
roughly half of all mitochondrial genomes. Thus, it is expected that the activity of Complex I would

be the most affected between other mitochondrial enzyme complexes.



Among these, the mt-ND1 (NADH-1) (Figure 1.3) has been shown to play a crucial role in the
assembly of subunits in complex I[78]. Mitochondrial point mutations in ND1 have first been
described in association with two distinct clinical phenotypes, LHON and MELAS[79-81]. Indeed,
different point mutations occurring in mitochondrial genes might have variable phenotypes,
which clinically can be difficult to diagnose. Moreover, mt-ND1 mutations have been associated
with a few cases of adult-onset dystonia[82], hearing loss[83], fatal infantile mitochondrial
encephalopathies such as Leigh's syndrome[73], progressive cardiomyopathy[74], among others.
More recently, some studies have indicated a correlation between some mutations in the mtDNA
and cancer states[64, 70].

Conventional clinical practices regarding mitochondrial respiratory chain dysfunction are sparse
and very limited. Current treatment includes symptom-based management options, such as
energy fuel supplements, oxidants, cofactors, and vitamins[84]. These focus on improving quality
of life and mitigating the set of symptoms, being largely supportive rather than curative.

Therefore, there is a clear requirement for innovative therapeutics.
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1.5 Conventional treatments for  mitochondrial
dysfunctions

Recent research has shown that mtDNA mutations are present in one in 250 people with at least
one in 5,000 suffering from severe disease. Currently, the drugs available on the market for
mitochondrial diseases are very limited and only serve to mitigate the symptoms[85]. Of all the
FDA-approved options and the multiple strategies that have been studied in recent years, no drug
has managed to provide a cure or slow the progression of mitochondrial diseases. Clinical trials
in recent years aimed at the development of new drugs for the treatment of mitochondrial diseases
do not exceed 100 and very few reach Phase III. The ones reaching stage III demonstrate the
potential to improve patient's quality of life by relieving symptoms caused by changes in
mitochondria, but none can provide an effective cure[86].

The complexity of mitochondrial disorders and the heterogeneity of clinical manifestations lead
to several approaches for the development of new mitochondrial therapies. One of the strategies
studied is the use of antioxidants to reduce the toxicity caused by high levels of ROS formed in
certain mitochondrial diseases. Among these, lipoic acid is particularly notable, as it acts as a
cofactor in several dehydrogenases, including pyruvate dehydrogenase, branched-chain amino
acid dehydrogenase, and a-ketoglutarate dehydrogenase[87]. Lipoic acid is administered
together with other antioxidants, such as CoQ10 and creatine monohydrate, demonstrating the
ability to decrease the levels of oxidative stress markers and muscle strength restoration in
individuals diagnosed with mitochondrial diseases[88, 89]. Regulation of ROS levels can also be
achieved indirectly, by administering cysteine to patients in whom glutathione levels are
decreased due to mitochondrial disturbances. Glutathione is an antioxidant present inside cells
whose synthesis depends on the presence of cysteine[90]. Another approach using vitamins C and
E as antioxidants was tested in combination with other drugs but did not show promising
results[90].

In patients with myopathy and mitochondrial encephalopathy, creatine monohydrate is
administered to improve their quality of life. Creatine in the presence of phosphate creates
phosphocreatine, which is essential in the process of releasing energy in tissues that need high
amounts of energy such as the brain and muscles. In these patients, phosphocreatine levels are
compromised, and the administration of creatine monohydrate improves motor skills and brain
function[91, 92]. In patients diagnosed with dilated cardiomyopathy and skeletal myopathy, there
is a change in the functioning of the mitochondrial respiratory chain and consequently in the
production of ATP[93]. In these cases, the use of the synthetic peptide MTP-131 makes it possible
to regulate the functioning of cardiolipin, a phospholipid essential for the structure of the inner
membrane of the mitochondria and the correct functioning of the respiratory system[94, 95]. The
binding of MTP-131 to cardiolipin improves the flow of electrons in the electron transport chain,
which could lead to an increase in ATP production in these patients[96]. The benzoquinone
idebenone compound (2,3-dimethoxy-5-methyl-6-(10-hydroxydecyl)-1,4-benzoquinone) was

used in LHON patients and its administration was shown to be effective in protecting patient's
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eyesight. The use of idebenone prevented the development of dyschromatopsia and the loss of the
ability to see colors in patients with LHON[97].

The presented examples, among others available in the literature[98-100], demonstrate the
inefficacy of the currently available drugs for the treatment of mitochondrial diseases. Therefore,
there is an urgent need for more effective treatments/approaches that may solve the problem at
the root, bringing hope to the millions of patients worldwide suffering from mitochondrial
disorders. One of the approaches that can be explored is the use of mitochondrial gene therapy
since it allows us to act directly on the origin of the problem and develop new personalized

therapies for each case, using therapeutic genetic material.

1.6 Nanotechnology in mitochondrial gene therapy

1.6.1 Mitochondrial gene therapy

The development of nanotechnology has allowed the conception/emergence of new therapies, one
of them being gene therapy. Gene therapy is based on the use of recombinant DNA techniques
with functional genes to replace defective genes and consequently treat associated diseases[101].
This type of therapy can be used to especially treat diseases originating in monogenetic changes
or when mutations are well identified[102]. Many dysfunctions that occur in mitochondria come
from mutations in their genome, thus gene therapy emerges as a very promising approach to the
treatment of mitochondrial diseases. Mitochondrial gene therapy arises from the need to find
treatments for mitochondrial dysfunctions, as the solutions available on the market only serve to
alleviate the symptoms and do not provide an effective cure[103]. The main advantage of this
approach, to conventional treatments, is that it focuses the problem on its origin replacing the
mutated mitochondrial gene and restoring mitochondria function. In addition, mitochondrial
gene therapy is a technique with reduced costs that can provide continuous treatment in time on
target cells[104].

Although most mitochondrial diseases in adults result from mtDNA mutations, alterations in
nuclear genes that directly affect mitochondrial metabolism are the primary cause of
mitochondrial dysfunction in children [37, 105]. Thus, nucleus targeting has been explored to
correct mitochondrial disorders. The application of indirect mitochondrial gene therapy aims at
the translation of a protein originating from the genes transferred to the nucleus that is later
imported into the mitochondria, reestablishing its normal function. One example is
mitochondrial dysfunction cardiomyopathy, where a mutation in the adenine nucleotide
translocator 1 gene alters a protein in the inner membrane of the mitochondria and affects the
exchange of adenosine diphosphate (ADP) and ATP[106]. Reyes et al. demonstrated that a
mutation in the RNASEH1 gene compromises mtDNA replication, affecting several complexes of
the respiratory chain, and consequently the metabolic activity of mitochondria. This mutation
affects mtDNA integrity and can lead to chronic progressive external ophthalmoplegia[107].
Gene therapy requires exogenous DNA to reach target cells. Physical, chemical, and biological

methods have been explored in recent years to assess which approach is more convenient for each
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situation. Physical methods were the first approaches considered for the delivery of genetic
material. These methods do not use carrier molecules for gene delivery. The advantages of these
techniques are that transfection is not dependent on the ability of transporters to internalize cells
and, therefore, there are no biocompatibility concerns related to the materials used in the
conception of the delivery vectors. Despite this, physical methods can destroy the membrane of
target cells as they are more invasive[108]. In this regard, the most used techniques are
microinjections and bioballistics. Microinjections consist of introducing genetic material with the
help of a micropipette. However, this procedure requires a lot of experience and technique to
avoid the bursting of the cell membrane. The bioballistic technique uses air pressure to project
complexes of nucleic acids that are normally coated with metals[109]. Other physical methods are
emerging to overcome the disadvantages of these invasive techniques, which are the case of
electroporation[110], optoporation[111], sonoporation[112], and magnetoporation techniques
[113]. These techniques aim to internalize the exogenous genetic material in cells through physical
forces, being much less invasive and for many of them, there is no contact with the cell
membrane[108].

Physical methods have been used for mitochondrial gene therapy as described by Bonnefoy and
Fox[114]. These researchers demonstrated the use of a helium shock wave to accelerate metal
particles coated with DNA for the internalization in Saccharomyces cerevisiae cells. A low
percentage of cells that survived this bioballistic technique was shown to have taken up exogenous
DNA[114]. The use of injections as a technique for mitochondrial gene therapy was analyzed by
Yasuzaki et al.[115]. By creating an artificial mitochondrial DNA vector with a mitochondrial
promoter and a reporter gene, Yasuzaki demonstrated the possibility of delivering genes without
the interference of any carrier molecule. The plasmid was injected directly into rat liver
mitochondria in vivo by hydrodynamic injection and the exogenous mRNA was identified by
polymerase chain reaction (PCR) technique. Afterward, the corresponding reporter protein was
expressed in the liver and skeletal muscle[115].

Although physical methods have some ability to internalize DNA into mitochondria, the success
rate is limited. This fact instigates the development of other approaches that could bypass
mitochondrial membranes. The most promising and most explored method is the chemical one,
since it meets the characteristics of mitochondrial and cell membranes. This method requires a
cationic carrier that allows exogenous DNA to pass through the membranes, as both entities are
negatively charged and would repel each other (Figure 1.4). Before reaching the outer membrane
of the mitochondria, the developed systems must be able to bypass the cell membrane and/or the
endosomes after an endocytosis-dependent internalization. Another aspect to consider is that
mitochondrial membranes are hydrophobic, so the carrier molecules must have amphiphilic

properties to penetrate membranes[116].
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Figure 1.4 - Representative illustration of the application of chemical methods in the delivery of
genetic material to the mitochondria, based on the use of a cationic nanotransporter that through
electrostatic interactions manages to penetrate both the cell membrane and the mitochondrial

membranes. pDNA — Plasmid DNA.

One of the fundamental steps for this therapy is the choice of the nanocarrier that enables the
delivery of therapeutic DNA. The characteristics to consider when choosing the vector are, mainly,
its production on a large scale, its biocompatibility, and the ability to carry DNA. Since
mitochondria have specific receptors and have a double membrane that is impermeable to
hydrophilic molecules, there is a need to create new approaches and specific therapeutic vectors
for mitochondrial gene therapy[104, 116]. Due to the difficulty in targeting delivery systems to
mitochondria, it is convenient to explore their receptors to facilitate their uptake by this organelle.
It was found that mitochondrial proteins that are expressed in the cytosol enter the mitochondria
through the translocase of the mitochondrial outer membrane (TOM) and mitochondrial inner
membrane (TIM) allowing their recognition due to a sequence at the N-terminus of these
proteins[117]. The mitochondrial targeting signal (MTS) peptide sequence allows preferential
recognition of the TOM20-TOM22 receptor and thus facilitates protein translocation across
mitochondrial membranes[118]. Therefore, the MTS sequence has been used as a ligand in
mitochondrial gene therapy, mediated by delivery systems for a targeted delivery [119, 120]. Due
to the unique characteristics of mitochondria, gene therapy targeting this organelle is even more
challenging than nuclear gene therapy, as it involves crossing a double membrane and interacting
with highly specific receptors. In this sense, it is necessary to find delivery systems that can

internalize the cell and, at the same time, provide specificity and targeting to mitochondria after
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they reach the cytoplasm. Nanotechnology has allowed the development of new transporters that

can be used to deliver therapeutic genetic material to mitochondria.

1.6.2 Nanotechnology

Considered one of the most promising technologies of this century, nanotechnology enables the
development of nanoscale materials for diverse applications across society, grounded in the
principles of nanoscience. It allows the creation of technology at the nanometer scale which finds
applications in areas such as engineering, electronics, physics, chemistry, biology, and medicine.
Nanotechnology, by definition, deals with the design/development and application of materials
with sizes between 1 and 100 nm. It also aims to tailor and optimize the physicochemical
properties of these materials, as these characteristics directly influence their interactions with the
surrounding environment and determine their performance in specific applications [121].
Nanotechnology has become a major object of study in the development of diagnostic methods
and new therapies in the field of biomedicine. Its application in biology has enabled advanced
therapeutic strategies, innovative drug delivery systems, and new diagnostic tools based on
molecular imaging [122]. Over the past decades, nanotechnology has given rise to promising and
innovative results, and it is not surprising that numerous nanomaterials have already been
commercialized for medical purposes. The range of commercialized nanopharmaceuticals
includes nanoparticles for the delivery of therapeutic drugs, such as anticancer drugs,
nanostructures for application in bone restructuring and with antibacterial activity, and
nanomaterials for the detection of biomarkers (nanosensors, nanoelectrodes, and
nanochips)[123].

Consequently, nanotechnology has been extensively explored in the field of oncology, where its
assets have been explored to develop new treatment methodologies and to improve the
effectiveness of drugs in conventional chemotherapy. The application of nanoparticles allowed
the development of more targeted therapies for tumors, using functionalized molecules. These
nanoparticles can be used as direct therapeutic agents or to serve as carriers of therapeutic
biomolecules with anticancer activity[124, 125]. Additionally, nanotechnology has been applied
to enable simultaneous diagnosis and therapy. This approach, known as nanotheranostics,
involves the development of a nanosystem designed to deliver a therapeutic effect while also
allowing visualization of the targeted tissue or cells [126]. For example, this technology can be
used to monitor drug release and biodistribution, and simultaneously assess the therapeutic effect
of the delivered drug. These nanoscale systems also ensure targeted delivery to specific cells or
tissues, using ligands that bind to receptors on the target cells, thereby increasing the precision
and effectiveness of the therapy [127].

Nanotechnology can also help identify biomarkers associated with mitochondria and explore
them in detecting mitochondrial disorders for early diagnosis. This technology can use
mitochondrial biomarkers associated with specific mutations and thus combine with gene therapy

to develop new therapeutic strategies[128]. Another approach is the application of mtDNA itself
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as a biomarker to identify possible changes and pathologies and to assess the body's response to
drug dosages, particularly in chemotherapy[129]. The identified mitochondrial biomarkers can
then be used in gene therapy as therapeutic targets of diseases and enable the intervention in
processes such as mitophagy, post-transcriptional regulation, modification of mitochondria, and
interactions of this organelle with other cellular organelles[130].

The ability to use nanomaterials as carriers is also explored for gene delivery. One of the most
explored applications is the combination of nucleic acids with nanotechnology, formulating
nanostructures of reduced size. The use of nanomaterials allows the formulation of nanoparticles
with sizes around 100 nanometers, which confers a fundamental physical property for the delivery
of genetic material since the size of mitochondria varies between 0.5 and 1um in diameter and
ium in length. These nanocarriers are thus an excellent approach for mitochondrial gene
therapy[1, 131]. These DNA or RNA nanostructures can be applied in diagnostic protocols,
determination of the structure of biomolecules, formulation of nanoparticles, and in the areas of
synthetic biology and biophysics. The materials most used in this DNA nanotechnology are
polymers, lipids, and micelles[132]. This technology has led to emergent areas of study, namely

gene therapy.

1.6.3 Delivery systems in mitochondrial gene therapy

1.6.3.1 Lipids

The use of lipids for the creation of gene delivery nanosystems has been extensively explored for
many years due to their properties allowing the formation of a stable gene delivery system due to
the electrostatic interactions between nucleic acids and lipids but also based on a controlled size
of the formed nanoparticles and the protection of the therapeutics inside the core of these
transporters[133]. In recent years, the use of multifunctional envelope-type nanodevices (MEND)
has been widely explored. This type of lipid-based system allows the encapsulation of different
types of molecules such as pDNA, RNA, oligonucleotides, and proteins. Due to the properties of
lipids, they can be functionalized with multiple ligands (Figure 1.5). MEND allows, for example,
to add peptides to its lipid envelope, improving the fusion and internalization of these systems in
cells. Ligands can also be added to provide specific targeting to a certain organelle and PEG
moieties to improve and prolong the circulation of lipid-based nanoparticles in the

bloodstream([134].

15



Multifunctional envelope-type
nanodevices (MEND)

Poly(ethylene glycol) ———————~ E N

Lipid envelope

@ «— Targeting ligand

Cell penetrating peptide —

Complexed/condensed core:
e pDNA
¢ siRNA
¢ Oligonucleotides
¢ Proteins

Cationic polymer

Figure 1.5 - Schematic representation of the morphology and constitution of the multifunctional
envelope-type nanodevice (MEND). MEND consists of a lipid envelope that is modified with cell-
penetrating peptides (CPP), poly(ethylene glycol) (PEG), and ligands that provide specific
targeting. Inside, MEND can encapsulate/condense various therapeutic materials such as DNA,

RNA, proteins, etc.

Khalil et al. managed to develop a MEND system composed of 1,2-dioleoyl-sn-glycero-3-
phosphatidylethanolamine (DOPE) and cholesteryl hemisuccinate (CHEMS) with the CPP octa-
arginine (R8) coupled at the surface. However, this delivery system did not demonstrate a great
capacity to translocate through mitochondrial membranes despite having the ability to transfect
dividing cells [135]. Thus, it became relevant to test new lipid compositions that could have
greater fusion capacity with the mitochondrial membrane. This subject was explored by Yamada
and his coworkers who developed two types of MEND-RS8 systems, one with DOPE/SM/STR-R8
(9/2/1) and the other based on DOPE/PA/STR-R8 (9/2/1). Both compositions showed high
fusogenic activity with the mitochondrial membrane. However, the lipid systems with
sphingomyelin (SM) were considered more suitable for mitochondrial gene therapy because of
their lower cytotoxicity[136]. Other researchers also demonstrated that the use of a tetra-lamellar
MEND (T-MEND) composed of fusogenic lipids allowed the application of a gene therapy
technique directed at mitochondria[137]. A study using two innovative MEND systems, f-MEND
(DC-Chol/EPC/SM [3/4/3]) and RP/B-MEND (DC-Chol/EPC/SM/Chol-RP [3/4/3/0.25]),
demonstrated that these nanocarriers can efficiently deliver genetic material directly into the
mitochondria of Hgc2 cells, a rat cardiomyocyte cell line. These two systems revealed the ability
to target mitochondria and to be suitable for gene delivery, therefore, instigating further studies

concerning mitochondrial gene therapy against cardiomyopathies[138].
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Another type of lipid-based compound widely used for the delivery of nucleic acids to
mitochondria is dequalinium-based liposome-like vesicles (DQAsomes). DQAsomes are
positively charged lipid vesicles that allow the encapsulation of nucleic acids and display an
affinity for binding to the membrane of mitochondria[116]. These complexes can escape from the
endosomes without losing the encapsulated genetic material and carry out the therapeutic
payload next to the mitochondria or even inside the mitochondrial matrix, depending on its
composition[139, 140]. To overcome some difficulties that the DQAsome systems may present
regarding cellular internalization, the incorporation of different lipids forming the DQA8os (a
modified system composed of DOTAP and DOPE) was tested. The DQA80s system has a higher
transfection efficiency when compared to the DQAsome, however, it delivers most of the genes
around the mitochondria and not inside[139].

MITO-Porters are liposome-based delivery systems capable of transporting various types of
encapsulated materials to mitochondria, regardless of their properties or size. Its membrane
fusion mechanism responsible for the targeted delivery to mitochondria is divided into 3 phases.
In the first phase, the systems must enter the cytosol, then they are targeted to the mitochondria
and the pathway inside the cell has to be regulated, and finally the regulation of membrane fusion
for delivery to the mitochondria[141]. In this sense, Yamada and Harashima created a high-
density octa-arginine (R8)-modified MITO-Porter and demonstrated the ability of these systems
to internalize into mitochondria. The presence of the cationic peptide R8 not only allowed binding
to mitochondria, which are negatively charged in their membrane but also facilitated the
internalization of these systems via macropinocytosis in the cytoplasm. These systems have
demonstrated the capacity to deliver macromolecules such as nucleic acids and proteins directly
to mitochondria[142]. In 2008, Yamada et al. coated the MITO-Porter surface with high-density
octa-arginine (R8) to deliver green fluorescence protein (GFP) to rat-liver mitochondria[141].
Membrane fusion occurs by two extremely fusogenic lipid compositions: sphingomyelin (SM) and
phosphatidic acid (PA) resulting in macropinocytosis instead of clathrin-mediated endocytosis,
which allows particles to enter the cell without being damaged. The MITO-Porter was further
optimized by the S2 peptide (Dmt-d-Arg-FK-Dmt-d-Arg-FK-NH2) instead of the R8 showing a
high mitochondrial targeting activity with less cellular toxicity[143]. Another study demonstrated
interesting results when using a MITO-Porter nanosystem that demonstrated the ability to
encapsulate and deliver the antioxidant Coenzyme Q10 (CoQ10) in the liver tissues of mouse
models. By confocal laser scanning microscopy, they confirmed the accumulation of this
antioxidant in the mitochondria of liver cells from the transfected mice. They also verified that
the presence of CoQ10 led to a decrease in ROS, which was confirmed by the decrease in Alanine
Aminotransferase (ALT) levels in transfected hepatic tissues[144]. Kawamura et al. developed a
MITO-Porter capable of delivering nucleic acids to mitochondria with its functioning altered by a
heteroplasmic G625A mutation in mtDNA tRNAPhe[145]. Once again, the MITO-Porter has been
modified on its surface with R8, which makes it possible to escape from the macropinosomes to
the cytosol. Once in the cytosol, MITO-Porter binds by electrostatic interactions to the
mitochondrial membrane and fusion occurs between the delivery system and the mitochondria.

The transfection capacity of this system was demonstrated by the PCR technique, where cells
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transfected with MITO-Porter led to pre-WT-tRNAFhe, Moreover, researchers observed that this
effect lasted up to 8 days after the transfection. Furthermore, cells transfected with this liposome-
based system demonstrated a replenishment of cellular respiration levels[145]. Another work also
demonstrated the use of a MITO-Porter (ASO[COX2]/PEI) that managed to encapsulate and
deliver an antisense RNA oligonucleotide (ASO) to the mitochondria, leading to the silencing of
the target gene, and consequently, to the reduction of corresponding mRNA levels within the
mitochondria[146]. An interesting study used a MITO-Porter in which the surface was modified
with a mitochondrial RNA aptamer and the KALA peptide and inside it was encapsulated a DNA
vector (pCMV-mtLuc (CGG)), specific to be transcribed in the mitochondria. Fibroblasts from a
patient with mitochondrial dysfunction were transfected with the developed system and the
transfected cells were found to have higher mitochondrial luciferase levels compared to

untransfected cells[147].

1.6.3.2 Inorganic nanoparticles

Santos and his team developed calcium carbonate nanoparticles loaded with plasmid DNA and
labeled with rhodamine, using CaCl2, Na2CO3, and cellulose in a co-precipitation method. The
inorganic compounds were able to promote the encapsulation of three different plasmids and
internalize them in several types of cell lines, also demonstrating the ability to target
mitochondria, confirmed by confocal microscopy[148]. Rhodamine is a fluorescent compound
with affinity to mitochondria, which facilitates the tracking of internalization into cells, and it has
been applied as a probe for mitochondrial membrane potential[149]. This property of rhodamine
has been explored for the targeting and gene delivery to mitochondria[148]. The team of D. Costa
formulated CaCO5;-pDNA-Rho123 nanoparticles using the same co-precipitation method [150].
The vectors demonstrated the ability to encapsulate a plasmid containing the GFP gene,
formulating stable nanoparticles of suitable size and surface charge for cell transfection. These
delivery systems have demonstrated transfection capability into both normal and tumoral cells.
Images obtained by two- and three-dimensional fluorescence confocal microscopy confirmed the
targeting of these vectors to mitochondria in both fibroblasts and HeLa cells. This targeting was
demonstrated by rhodamine fluorescence and by the expression of the GFP protein. To confirm
the affinity of the systems for mitochondria, after cellular transfection, mitochondria were
separated from the cytosolic fraction, verifying greater accumulation of nanoparticles in isolated
mitochondria compared to the cytosol fraction, through quantification of rhodamine
fluorescence[150]. Costa et al. also created calcium carbonate delivery systems capable of
encapsulating p53 and ND1-GFP plasmids[151]. The nanoparticles formulated with the
compound [16]phenN, showed an affinity for mitochondria. The fluorescence of [16]phenN, in
isolated mitochondria was quite high when compared to the fluorescence of this compound in the
cytosol or in lysosomes, where fluorescence was residual. Mitochondrial targeting of systems with
[16]phenN, was further reinforced when plasmids were replaced by BSA, which resulted in an
accumulation of BSA within the mitochondria of cells transfected with these nanoparticles, while

this accumulation did not occur in the cytosol or the lysosome [151].
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1.6.3.3 Polymers

Polymers are one of the most used materials to formulate nanocarriers. Their properties, such as
easy manipulation of their structure and composition, ability to incorporate ligands, fast and
economical production, and biocompatibility, make this type of material one of the most explored
in gene therapy[152]. One of the polymers used in gene therapy is Poly (lactic-co-glycolic acid)
(PLGA). PLGA is an FDA-approved biodegradable synthetic polymer that is used to formulate
nanosystems and deliver nucleic acids and drugs to target cells[153]. Frede et al. used siRNA-
loaded CaP/PLGA nanoparticles for the treatment of intestinal inflammation, obtaining good
results in cell uptake and target gene silencing efficacy in vitro[154]. In another study using
PLGA-based delivery systems, they demonstrated that the developed system (PLGA-PEG/PBAE)
had better results in terms of transfection efficiency and target gene delivery compared to the
commercial transfection reagent lipofectamine[155]. Chitosan is another polymer widely explored
for gene therapy. This natural cationic polymer can bind to negatively charged molecules such as
nucleic acids and drugs and form stable complexes that protect the therapeutic cargo from
degradation by nucleases. Because it becomes protonated at acidic pH levels, this biomaterial has
been used in gene therapy strategies against various types of cancer[156]. Raja and his group
developed chitosan systems in which they tested 3 cross-linkers to improve the effectiveness and
stability of the systems. The formulated nanoparticles chitosan-tripolyphosphate/dextran
sulphate/poly-D-glutamic acid (CS-TPP/DS/PGA) demonstrated sizes between 100 and 400nm
and zeta potentials of +25 to +40 mV. The formulated systems demonstrated reduced cytotoxicity
and the ability to deliver siRNA into human colorectal cancer cells[157]. Robles-Planells et al.
demonstrated that using chitosan-based nanoparticles, they were able to deliver and express the
ARV-p10 gene in vitro in murine melanoma cells and consequently produce the protein. The use
of these systems allowed to cause a slight cytotoxic effect on melanoma cells, associated with their
cellular fusion and also delayed tumor growth[158]. In addition to the polymers mentioned above,
others are used for gene therapy: dextran[159], gelatin[160], various types of polyesters[161-163],
polycarbonates[164, 165], among others[166].

In addition to being used as carriers, polymers have also been explored as active agents in
mitochondrial gene therapy. However, polymeric systems targeting mitochondria must overcome
more barriers than those designed solely to cross the cell membrane. Therefore, these
transporters must be supplemented with ligands that allow mitochondria targeting. To this goal,
the most commonly applied ligands are lipophilic cations (e.g.: Triphenylphosphonium, TPP+;
Dequalinium, DQA; Rhodamine), Mitochondria-targeting sequence (MTS)/ Mitochondrial
Penetrating Peptide (MPP) (Figure 1.6), and DNA and RNA aptamers. These ligands are

intended to confer mitochondriotropic properties on polyplexes[152, 167].
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Figure 1.6 - Chemical structures of the main ligands (TPP+, rhodamine, DQA, and MPP) used

in the development of delivery systems to confer targeting to the mitochondria.

The lipophilic cation ligands are frequently employed due to their positive charge that facilitates
the penetration of polymeric systems through the mitochondrial double membrane. TPP+ is one
of the most used because of its easy incorporation into polymers[168, 169]. Marrache et al.
demonstrated that systems with TPP+ were effective in delivering genetic material to
mitochondria[170-172]. These investigators created a PLGA-PEG-TPP+ system, with PLGA-PEG-
OH or PLGA-COOH and demonstrated the internalization of the systems in mitochondria. With
this mitochondria-targeted polyplex, they demonstrated the ability to induce immunotherapy by
increasing interferon-gamma (IFN-y) in tumor -cells[170-172]. Chitosan/sodium alginate
nanoparticles to which a TPP+-g-CS polymer was added were developed by Arafa et al[173]. These
SAL/TPP+-g-CS vectors demonstrated the ability to encapsulate therapeutic material through
electrostatic interactions, forming stable nanoparticles with reduced and homogeneous size. Due
to the presence of TPP+ in the polymer used in the outer coating, these nanocarriers demonstrated
targeting to the mitochondria. In vitro studies have shown that these mitotropic systems have low
toxicity and induce a therapeutic response in tumor cells. These results were proven in vivo, where
the profile of reduced toxicity and increased antitumor activity in tissues transfected with these
systems was demonstrated[173].

DQA is another group of lipophilic cations explored for the development of polymer-based
carriers toward mitochondria targeting/delivery. The use of DQA in delivery systems has already
demonstrated the ability to accumulate in the mitochondrial matrix[174, 175]. Mallick and his
group created a delivery system based on glycol chitosan in which DQA was added to provide
targeting to the mitochondria. The formed polyplexes did not show toxicity in cancer cells or non-

cancerous cells. The authors of this study also demonstrated that these systems can be
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internalized in cells and mitochondria. Co-localization in mitochondria was confirmed by

confocal microscopy and cellular uptake by flow cytometry[175].

1.6.3.3.1 Polyethylenimine

One of the most used polymers is polyethylenimine (PEI). PEI is a cationic polymer widely used
in gene therapy, enabling the formulation of gene delivery systems. Its wide use is due to its
versatility, solubility in various solvents, and ability to encapsulate large amounts of genetic
material[176, 177]. Through electrostatic bonds between their positive charges and the negative
charges of nucleic acids, PEI-based nanoparticles are stable and have adequate physicochemical
properties to be excellent vehicles for delivering genetic material[178]. The PEI polymer consists
of a repetition of amino group units and can have a linear or branched structure: primary amine
end groups (NH2), secondary amine linear units (NH) and tertiary amine branched[179]. Linear
PEIs have a lower capacity to encapsulate genetic material, forming larger delivery systems, while
branched PEIs have greater chemical reactivity, forming smaller and more stable nanoparticles.
However, branched PEI presents greater cytotoxicity when compared to linear PEI[180].
Furthermore, PEI can be synthesized with a molecular weight range from 700Da to
1000kDa[181].

The molecular weight of PEI and the type of structure they present have a great influence not only
on toxicity but also on the efficiency of transfection and gene delivery. The PEI polymers that
show greater performance in terms of gene transfer are those with a molecular weight between 5
and 25 kDa, with the branched structure being more effective than the linear one[176]. PEIs above
this molecular weight range have greater associated toxicity, while those of 2 kDa prove to be safer
but with lower transfection capacity[182]. A study revealed that the cytotoxicity of PEI polymers
is associated with the damage they cause to the cell membrane, inducing a process of hydrolysis
of cellular phospholipids. It was demonstrated that this toxicity is directly proportional to the
dose administered and the molecular weight of the PEI used. Therefore, PEIs with higher
molecular weight, branched, and more cationic induce greater toxicity[183].

Due to the toxicity associated with the use of high molecular weight PEI, several strategies have
been tested to minimize this adverse effect. One of the solutions that demonstrated efficacy was
the use of lower molecular weight PEI, resulting in less toxic systems but with the capacity to
deliver genetic material[184-186]. Another strategy to circumvent toxicity was the conjugation of
PEI with chitosan, which made the systems more stable and safer, with good capacity for gene
delivery[187-189]. One of the most used approaches to reduce the cytotoxicity of PEI-based
systems is the incorporation of PEG. The addition of PEG to the systems reduces the surface

charge and increases the solubility of the nanoparticles, which reduces the toxic effects[190-193].

1.6.3.4 Dendrimers

Dendrimers are highly branched polymer-based nanostructures, consisting of a core, branches,

and surface groups[194]. The structure and synthesis of dendrimers make this type of delivery
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system very dynamic and capable of being molded to the intended use. The core—shell structure
that characterizes dendrimers allows for the controlled creation of branch points during synthesis,
radiating from a central core molecule. The outer shell can be functionalized with ligands to confer
specificity, while the internal architecture - including the core - facilitates the encapsulation of
therapeutic or diagnostic agents [195, 196].

Mitochondrial-targeted gene therapy using dendrimers as delivery systems was studied by Wang
et all197]. An ethylenediamine-cored and amine-terminated generation 5 (G5) PAMAM
dendrimer to which TPP was added, was synthesized, and tested in HeLa and COS-7 cells. The
dendrimers under study showed reduced cytotoxicity in both cell lines and demonstrated
transfection capacity similar to the commercial transfection reagent Lipofectamine 2000.
Functionalization with TPP allowed the transfection of mitochondria, confirmed by the co-
localization of the G5-TPP/DNA complexes (FITC-labeled G5-TPP) in the mitochondria, while
this co-localization was not shown for the naked G5/DNA systems[197]. Biswas et al. studied a
similar system, in which the ligand used was again TPP in combination with the generation 5
poly(amidoamine) (G(5)-D) PAMAM dendrimer. The TPP-modified dendrimers had less
cytotoxicity than the TPP-free dendrimers in normal mouse fibroblasts (NIH-3T3). Furthermore,
the TPP systems demonstrated specificity for mitochondria and a good ability to internalize into
cells. In the work carried out, no molecule was encapsulated, however, the authors report that this
system can be exploited for gene delivery into the mitochondria[198].

Biocompatible dendritic poly(L-lysine) (DGL) is a promising carrier for targeted drug/DNA
delivery[199]. DGL is becoming one of the most versatile nanoscale drug/DNA carriers due to its
highly branched 3D architecture containing an initiator core, several inner layers composed of
repeating units, and many outer amino groups[200]. Compared with traditional nanocarriers,
self-organized DGL nanoparticles are vastly superior in targeted therapy at the subcellular level
due to their small size and their surface modifications (PEGylation and targeted ligands). In
particular, DGL nanoparticles (DGL NPs) have a greater ability to facilitate intracellular
internalization via endocytosis, and then in the endosomes, they act as proton-sponges to induce
endo-lysosomal escape by osmotic swelling[201]. These properties of DGL NPs make them
attractive nanocarriers for the construction of targeted drug delivery systems to mitochondria.
Chen et al. synthesized a delivery system based on dendrigraft poly-L-lysines (DGL) with
incorporated doxorubicin (Dox) that was intercalated into a DNA duplex containing an ATP
aptamer. In addition, a Cytochrome C aptamer, and a nucleolin-specific binding aptamer, AS1411,
were added to the nanoparticles (Dox/Mito-DGL). This study demonstrated that this dual system
displayed targeting and accumulation in the mitochondria, the therapeutic agent was released

and allowed to improve the therapeutic efficacy in multidrug-resistant cancer cells[202].

1.6.3.5 Cell-penetrating peptides
Cell-penetrating peptides are a set of peptides that range in size from 5 to 30 amino acids. CPP's
main characteristics are their biocompatibility, ability to cross tissues and cell membranes, and

serve as transporters of therapeutic agents such as proteins, nucleic acids, and drugs[203]. The
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connection of CPPs with genetic material can be done through covalent and non-covalent bonds.
Covalent bonds are used to deliver small drug and protein molecules, peptides, and peptide
nucleic acids (PNAs)[204]. Covalent bonds are made through chemical bonds or the addition of
the therapeutic agent to the CPP during its synthesis. However, this approach can affect the
biological activity of the CPP and the therapeutic agents that are intended to be delivered. Non-
covalent bonds are made through hydrophobic or electrostatic interactions between the opposite
charges of the CPP and the therapeutic agent to be encapsulated. This approach protects the cargo
from degradation by proteases and nucleases and ensures its delivery to the site of interest[204-
206]. There are 3 types of CPP, cationic, hydrophobic, and amphipathic. Cationic CPPs are
arginine-rich peptides. Amphipathic CPPs have both hydrophilic and hydrophobic domains, with
the degree of amphipathicity defined by the lysine residues in their sequence. Hydrophobic CPPs
are peptides that have only hydrophobic motifs/non-polar sequences in their structure[207].

Recently, amphipathic CPPs rich in tryptophan and arginine with a size between 15 and 16 amino
acids, called WRAP, were developed[208]. The WRAP peptides revealed great stability, acquiring
an amphipathic helical conformation. The WRAP1 and WRAP5 peptides (Figure 1.7) have only
3 amino acids in their sequence (tryptophan, arginine, and leucine), the difference being the
position of the tryptophan amino acids in the peptide sequence. These two CPPs demonstrated
the ability to encapsulate nucleic acids. Delivery systems based on these CPPs demonstrated a

high capacity for cellular internalization without associated cytotoxicity[209-211].

WRAP 1 WRAP 5

a-helix a-helix

Figure 1.7 - Sequence of WRAP1 and WRAPj5 peptides and respective 3D structure predicted by
PEPstrMOD in a hydrophilic environment. Image adapted from[209].
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1.7 In vivo studies to test the viability/efficacy of delivery
systems

In vivo assays are essential for assessing the toxicity of biomaterials or medical devices intended
for use in medicine. Although some in vitro assays are able to determine the cytotoxicity of
materials, these results are very preliminary and require confirmation by in vivo assays. In vivo
tests allow a more in-depth determination of the toxicity of a component, and acute, sub-acute,
chronic and sub-chronic toxicity can be assessed[212-214]. These tests are essential in the
investigation of new delivery systems for gene therapy, as they allow the assessment of systemic
toxicity, possible adverse reactions and the determination of the affected tissues in animal
models[215, 216]. Through animal models, the behavior of delivery systems can be evaluated in a
much more complex environment, being able to determine pharmacokinetic parameters,
circulation time in the blood and tissues where there is accumulation of delivery systems[217-
219].

Another parameter that in vivo assays allow to assess is the transfection and biodistribution
capacity of the delivery systems[220-223]. Compared to studies using cells alone, studies using
animal models help determine the true transfection and cellular internalization capacity of the
delivery systems, since they have to overcome numerous biological barriers and not just cell
membranes. Furthermore, by considering animal tests, the effect of the interaction of
nanosystems with the immune system, their distribution throughout the body and the
metabolization of the therapeutic agent can be deeply investigated[224, 225].

Despite ethical issues, the advantages of using animal models in the development of new therapies
and drugs are enormous and essential to ensure safety and efficacy[226]. Various types of
mammalian animal models have been used over time, however, in recent decades new animal
models have emerged. The use of zebrafish models in in vivo assays has grown exponentially in
recent years, more specifically in toxicity assays. Due to its characteristics, this in vivo model can

also be used for other types of studies[227-229].

1.7.1 Zebrafish (Danio rerio)

Zebrafish (Danio rerio) are small (2 to 5 ecm) striped fish that can be found in the wild rivers in
southern Asia[230]. Zebrafish (ZF) are vertebrate animal models increasingly used in scientific
studies since their characteristics allow the evaluation of a series of parameters in a short period.
One of the main advantages of using zebrafish (ZF) is that its life cycle is short, with high
reproduction (females can produce between 200 and 300 eggs per week) and their embryonic
development is fast (main organs formed within 48 hours after fertilization)[231]. Transparency
in its embryonic phase makes it possible to monitor the development of various organs over time
and evaluate possible therapeutic methods. The fact that it is a small animal model in adulthood
facilitates its use and maintenance in the laboratory. ZF has a genome similarity of around 70%
to human genes and since its genome has already been fully sequenced, it allows genetic studies

and gene manipulation using advanced genetic tools such as CRISPR-Cas9[232, 233]. All these
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properties of ZF have enhanced their application for scientific studies, particularly the ones
focused on embryonic development, processes of cell division, migration, and differentiation,
identification of genes involved in the appearance of a disease, toxicology studies, screening of
chemical compounds and studies of effects and mechanisms of action of a drug. Following this,
the ZF model has been widely considered in pre-clinical trials in the most varied toxicological

studies[230, 234, 235].
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Chapter 2

Aims of the Thesis

Mitochondrial DNA is very vulnerable to mutations and a quite frequent cause of mitochondrial
cytopathy, resulting in a huge variety of clinical phenotypes. In terms of clinical relevance, mtDNA
disorders are among the most prevalent of all genetic disorders, with approximately 1 in 8000
individuals affected. While there is no satisfactory treatment for these patients than the
administration of a set of drugs, gene therapy emerges as an exciting approach and a valuable
option for mitochondrial diseases due to mtDNA mutations. Despite the advances in the
mitochondrial gene therapy field, researchers still seek the conception of an advanced and
innovative vector for therapeutic applications. In this context, the main goal of this doctoral thesis
is the design and development of delivery systems targeting mitochondria to contribute to the
advancement of mitochondrial gene therapy. To achieve this, the present work was dedicated to
create delivery systems based on polymers and peptides, in which ligands were added, that allow

specific targeting to mitochondria and the delivery of mitochondrial ND1 gene.

To achieve the main objective, this doctoral thesis was divided into four big goals:

1. To design and synthesize delivery systems based on peptides and polymers, incorporating
ligands in their constitution that allow targeting to the mitochondria;

2. The physicochemical and morphological characterization of the polymeric and peptide
nanoparticles developed throughout this doctoral thesis;

3. Invitro studies on different types of cells to evaluate the efficiency of developed systems
in terms of cytotoxicity, cellular uptake capacity, targeting to mitochondria, transcription
of the mitochondrial ND1 gene, and translation of the respective protein;

4. Studies in ZF to determine the toxicity of formulated nanoparticles in animal models and
verify their capacity for internalization and distribution throughout the body of this in

vivo model.

In this way, this doctoral thesis was organized in 8 chapters:
Chapter 1 presents a general introduction to mitochondria, the mitochondrial genome, mtDNA
mutations, mitochondrial diseases, and current treatments on the market. It also contains an

introduction to mitochondrial gene therapy and the different systems used for this type therapy.

Chapter 2 presents the objectives of this doctoral thesis and a brief description of the content of

each chapter.

Chapter 3 depicts the objective of the design and synthesis of PEI-based polymeric systems, in

which TPP was added to confer affinity for mitochondria. Through the design of experiments, the
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goal was to determine the best conditions for formulating nanoparticles with as few tests as
possible. Chapter 4 follows the previous chapter, intending to characterize the developed
delivery systems and evaluate their in vitro efficiency, namely targeting mitochondria and

production of the ND1 protein.

Chapter 5 describes the synthesis steps of several CPPs to which the MTS sequence was added
to confer affinity for mitochondria. After the synthesis of the peptides and the formulation of the
CPP-based systems, the nanoparticles were characterized in terms of size, surface charge,
morphology, and encapsulation capacity of pND1. Having demonstrated that the vectors
developed have suitable properties for the delivery of pND1, their specific targeting to the

mitochondria was evaluated.

In Chapter 6, a comparison was made between the PEI/pND1 systems and the CPP/pND1
systems. To this end, PEI-based systems were developed in which DQA molecules were used as a
ligand to confer affinity for mitochondria. After characterization of the PEI-DQA/pND1 systems,
these systems were compared with the MTS-CPP/pND1 systems. The comparison was made in
terms of cellular internalization, mitochondria targeting, delivery of the mitochondrial ND1 gene
within mitochondria, and production of the ND1 protein. This chapter aimed to determine the

most suitable delivery system developed during this doctoral thesis, to proceed to in vivo trials.

Chapter 7 demonstrates that the MTS-CPP/pND1 systems can be modified with the addition of
PEG without altering their physicochemical properties. Furthermore, it has been demonstrated
that these systems do not present toxicity in ZF embryos, which remain stable and do not induce
changes in the growth of these living beings. Finally, it was also demonstrated that CPP-based
systems can be internalized in ZF embryos and distributed evenly throughout the body of these

organisms.

Chapter 8 presents the conclusions of the main results obtained in this doctoral thesis and future

perspectives.
Fulfillment of these objectives allows for progress in mitochondrial gene therapy field, more

specifically in the creation of efficient delivery systems that allow targeted gene delivery to

mitochondria.

44



45



Chapter 3

Design of experiments to select
triphenylphosphonium-polyplexes with
suitable physicochemical properties for

mitochondrial gene therapy
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3.1 Abstract

Mitochondrial gene therapy can be seen as a promising tool and a revolutionary approach toward
mitochondrial diseases arising from mitochondrial DNA mutations. The conception of a viable
and suitable mitochondrial targeted vector is imperative to turn this therapy clinically feasible.
To accomplish this goal, different molecular weight polyethylenimine (PEI) have been conjugated
with the mitochondriotropic agent triphenylphosphonium (TPP) and the interaction of this
polycation with the ND1 (mitochondrially encoded NADH dehydrogenase 1 protein) plasmid DNA
has been explored for the formation of nanometer complexes. To quickly, easily, and with reduced
costs find out the most adequate gene delivery vector, a design of experiments (DoE) tool has been
explored. For each different molecular weight PEI delivery system, the nitrogen to phosphate
groups' ratio (N/P) and the pDNA volume were selected as DoE inputs and the pDNA
complexation capacity (CC), surface charge, and polyplexes size were considered DoE outputs.
The study revealed that the combination of high N/P ratios with lower pDNA volume of the inputs
favors the formulation of optimal carriers after the output maximization of pDNA CC and positive
surface charge and output minimization of the particle sizes. Moreover, it was demonstrated that
the N/P ratio greatly influences its capacity to condense NDi-based pDNA along with PEI
molecular weight. This work allows for the selection of the gene delivery vector possessing the

most convenient physicochemical properties for further studies of mitochondrial gene therapy.

3.2 Introduction

The mitochondrion is a cellular organelle composed of four enzymatic complexes and responsible
for the production of chemical energy (ATP). It also has important functions in several cellular
processes, such as ion homeostasis and cellular signaling, and in the control of both cell cycle and
cell growth [1—3]. Besides, mitochondria play a determining role in apoptosis [4,5]. Similar to the
nucleus, the mitochondrion has its own genome, the mitochondrial DNA (mtDNA). This is a
double-stranded and circular molecule (16 kbp) encoding 13 polypeptides exhibiting relevant
roles in the oxidative phosphorylation chain, 2 rRNAs, and 22 tRNAs, all exclusive to the
mitochondria. In the nucleus is encoded genetic information related to the control of
mitochondria. Mutations in mtDNA originate a variety of severe metabolic and neuromuscular
degenerative syndromes and/or pathologies, particularly affecting vital organs such as the heart
and the brain, as well as the nervous and endocrine systems [6—8]. Specifically, mutations in
complex I genes have been associated with Parkinson’s and Alzheimer's diseases, diabetes, and a
major tendency for cancer development [9—11]. Currently, the treatment of mtDNA-based
disorders is focused on the administration of a set of pharmaceutics with the main aim of
alleviating the various symptoms; a therapy largely supportive rather than curative, being
ineffective. In this context and to properly address this gap, mitochondrial gene therapy emerges
as an exciting and powerful technology to correct mtDNA mutations, by replacing the mutated
genes, therefore restoring the normal mitochondrial function. To consider this therapy feasible

and viable in a clinical setting, the conception of a suitable mitochondrial gene-based vector is
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mandatory. Pursuing this challenge, several researchers have worked on the design and
development of such delivery systems and relevant progress has been made [12—16]. Among
them, Lyrawati et al. and Cardoso et al. greatly contributed to the mitochondrial gene therapy
field through the creation of an artificial mini-mitochondrial genome and the application of
gemini surfactants for gene delivery into mitochondria, respectively [17,18]. Recently, our team
also added a crucial contribution to this area through the cloning, for the first time, of the
mitochondrial gene ND1 in E. coli, which was maintained in a plasmid [19]. Following this, ND1
plasmid-based nanoparticles were produced and mitochondria targeting of these nano-systems,
coupled with rhodamine 123, has been reported [19]. The strategy of using mitochondriotropic
molecules, which exhibit a considerable degree of lipophilicity and have delocalized charges
accumulating in the mitochondria in virtue of the mitochondrial membrane potential, appears as
a great asset in the direct transfection of mitochondria [20,21]. In particular,
triphenylphosphonium (TPP), a lipophilic cation, revealed a high affinity for mitochondria.
Mitochondrial membrane potential is recognized to be approximately —180 mV, which ensures a
TPP accumulation in this organelle in the range of 1000-fold [22]. The conjugation of TPP with
therapeutic molecules or delivery systems promotes mitochondria targeting and enhancing
therapeutic efficacy [23—28]. Unlike nuclear gene therapy, to date, few studies have demonstrated
effective gene delivery and protein expression in mitochondria and this topic remains a great
challenge [29]. Therefore, our research team has used their vast background in the development
of synthetic carriers for biomedical applications in the conception of a promising mitochondrial
gene delivery system. In this work, PEI was linked with polyethylene glycol (PEG) to reduce its
toxicity, and the polycation PEG-PEI at different molecular weights was conjugated with TPP.
PEG-PEI-TPP was used to condense the ND1-based plasmid. PEI can efficiently condense DNA
into nanometer complexes due to its high cationic charge density, which favors its interaction
with the negative phosphate groups of DNA [30,31]. Additionally, PEI possesses an impressive
endosomolytic activity [32]. For gene therapy purposes, PEG-PEI-TPP/pDNA nano-systems
should present a size below 200 nm for easy cellular uptake and internalization, a positive surface
charge to facilitate the interaction with the negatively charged proteoglycans in the cellular
membrane and pDNA must be efficiently complexed. In line with this, the formulation of the most
suitable PEG-PEI-TPP/pDNA-based delivery system from different PEI molecular weights can be
costly and a time-consuming task. Design of experiments (DoE) is an efficient tool to optimize the
polyplexes formation in order to reveal the most appropriate carriers to be further explored in
mitochondrial gene therapy. In this report, Central Composite Design (CCD) was applied to
unravel the set of conditions, at the vector preparation step, that originate the most promising
PEG-PEI-TPP/pDNA vehicles. DoE, with a reduced number of experiments relative to random
strategy, allows for a wider understanding of complex formulation by systematically and

simultaneously varying and combining different parameters [33—35].
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3.3 Materials and Methods

3.3.1 Materials

Methoxy-polyethyleneglycol-Succinimidyl Carboxymethyl Ester (mPEG-SCM ester, MW2000
Da) was purchased from Jenkem Technology (Plano, TX). Branched polyethylenimine (PEI)
(M.W.:1800 Da and 10,000 Da) was from Polysciences, Inc. (Warrington, PA, USA). Another
Branched polyethylenimine (PEI) (M.W.:25,000 Da) was purchased from Sigma Aldrich (St.
Louis, MO). 3-Carboxypropyltriphenylphosphonium bromide (TPP), N-ethyldiisopropylamine
(DIPEA), N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC. HCl, 98%)
and NHS (98%) were purchased from Sigma-Aldrich Chemicals (St. Louis, MO). Regenerated
cellulose dialysis membrane (molecular weight-cutoff (MWCO) 1 kDa, 3.5 kDa, and 14 kDa,
respectively) was obtained from Spectrum Laboratories, Inc. (Dominguez, CA). All chemicals
were of analytical grade. All solutions were freshly prepared using ultra-pure grade water, purified
with a Milli-Q system from Millipore (Billerica, MA, USA).

3.3.2 Plasmid

The pCAG-GFP-ND1 plasmid, developed by our research group, was used in this study [19]. In a
previous work, for the first time, the mitochondrially NADH dehydrogenase 1 protein encoded
gene (mtND1) was successfully cloned in E. coli and it remained stable in multi-copy pCAG-GFP

plasmid. Full details from gene cloning and plasmid production are described elsewhere [19].

3.3.3 Synthesis of mPEG-PEI-TPP polymer

3.3.3.1 Synthesis of mPEG-SCM ester and PEI (mPEG-PEI)

To the solution of mPEG-SCM ester (50 mg) in chloroform (CHCI3) (1 mL) in a round bottom
flask, PEI (MW 1.8 kDa, 10 kDa, or 25 kDa) was added dropwise at a molar ratio of 1:1. DIPEA
(20 pL) was added as a base to the reaction mixture. The reaction was continued overnight, the
solvent was evaporated under vacuum, and the reaction mixture containing mPEG-PEI
constituting of PEI (MW 1.8, 10, and 25 kDa) was dialyzed for 48 h using the dialysis membranes
of 1, 3.5, and 12—14 kDa MWCO cellulose ester membranes, respectively. Solid mPEG-PEI was
obtained after lyophilization of the dialysate. The attachment of mPEG to PEI was characterized
and confirmed by 'H, and 3'P nuclear magnetic resonance (NMR), Fourier-transform infrared

spectroscopy (FTIR), and gel permeation chromatography.

3.3.3.2 Synthesis of mPEG-PEI and TPP (mPEG-PEI-TPP)

TPP was dissolved into 1 mL Dimethylsulphoxide (DMSO) in a round bottom flask. Carboxy
terminal of TPP was activated using EDC/NHS and was reacted with a molar ratio of 3:1in DMSO
for 4 h. The previously synthesized mPEG-PEI was also dissolved in 2 mL DMSO and added
dropwise into the activated TPP solution. DIPEA (20 mL) was added as a base to the reaction
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mixture. The reaction was continued overnight and DMSO was evaporated under high vacuum.
The final conjugate mPEG-PEI-TPP was collected as a solid after freeze-drying following dialysis
of the product after the reaction. Solid mPEG-PEI-TPP was obtained after lyophilization. The final
products were characterized by 'H and 3:P nuclear magnetic resonance (NMR), Fourier-transform

infrared spectroscopy (FTIR), and gel permeation chromatography.

3.3.4 Characterization of synthesized PEG-PEI-TPP conjugate

3.3.4.1 Fourier-transform infrared spectroscopy

FTIR analysis was carried out by the KBr method. PEG, PEI (1.8 kDa, 10 kDa, 25 kDa), TPP, and
lyophilized PEG-PEI-TPP conjugates were mixed individually with KBr approximately at a ratio
of 1:50. The FTIR spectrum was recorded from 4000 to 400 cm-! using FTIR spectrometer
(FT/IR-4200, Jasco Inc., MD, USA). The obtained spectrums of PEG-PEI-TPP conjugates were
compared with PEG, PEI, and TPP to observe any formation of the bonds.

3.3.4.2 *H NMR and 31P NMR of synthesized conjugates
The tH NMR and 3:P NMR for the synthesized PEG-PEI-TPP conjugates were performed using an
NMR spectrometer (500 MHz, Bruker, USA) using Deuterated chloroform (CDCl,) as the solvent.

3.3.4.3 Size exclusion chromatography (SEC)

The SEC was performed to estimate the molecular weight of the synthesized PEG-PEI-TPP
conjugates. The samples were eluted through the SEC column, Ultrahydrogel™linear (7.8mmx
3o00mm) in the SEC system (Waters Corporation, MO, USA). Milli-Q water was used as a mobile
phase with a flow rate of 0.7 mL/min. The SEC standards were run before analyzing the
conjugates. The data of relative molecular weight obtained from the SEC was represented in

Table S3.1, available in the Supplementary material.

3.3.4.4 Preparation of pDNA-based polyplexes

Different molecular weight PEG-PEI-TPP polymers (1.8 kDa, 10 kDa, and 25 kDa) and plasmid
DNA stock solutions were prepared in sodium acetate buffer (0.1 mM sodium acetate/0.1 M acetic
acid, pH 4.5). PEG-PEI-TPP/pDNA complexes were prepared at various nitrogen/phosphate
(N/P) ratios, considering the mass per charge ratio of DNA (330 gmol-, relative to one phosphate
group) and PEI (44 gmol-, correspondent to one amine group), and the pKa value of the polymer.
Variable concentrations of PEI (100 pL) were added to a fixed volume of pDNA (50 pL, 275 pL or
500 uL), vortex mixed for 15 s, and left for equilibration for 30 min at 4 °C before use. The
complexes were centrifuged at 10,000g for 20 min and the pellet contained the pDNA-based
nanoparticles. The amount of non-bound pDNA was determined spectrophotometrically by
measuring the absorbance of the supernatant at 260 nm using a NanoPhotometer™ (Implen, Inc.;

CA, USA). The pDNA complexation capacity was obtained from the equation:

50



CC (%) = [(pDNAr — pDNAF)/pDNAr] x 100 (1)

where pPDNAr stands for the total amount of pDNA and pDNAgr is the non-bound fraction of pDNA

found free in the supernatant.

3.3.4.5 Determination of size and zeta potential values

The average particle size and the zeta potential of pDNA-based vectors have been determined by
Dynamic Light Scattering (DLS), at 25 °C, using a Zetasizer nano ZS. The pellet containing the
particles was suspended in 5% glucose with 1 mM NaCl. Dynamic light scattering (DLS) using a
He-Ne laser 633 nm with non-invasive backscatter optics (NIBS) and electrophoretic light
scattering using M3-PALS laser technique (Phase Analysis Light Scattering) were applied for
systems size and charge investigation, respectively. The Malvern zetasizer software v 6.34 was

used.

3.3.4.6 Design of experiments

To optimize the formulation of PEG-PEI-TPP/pDNA polyplexes minimizing the size of the vectors
and maximizing both positive surface charges and pDNA CC, a Response Surface Quadratic Model
was explored with the CCD tool. Following this, the volume of added pDNA solution (maintaining
the 20 pug of pDNA) and N/P ratio factors were considered as DoE inputs. These inputs were
studied at three levels (-1; 0; +1). The pDNA volume range was set to 50—500 pL for both
modified PEI polymers but the N/P ratio range was adapted to each polymer, being 5—35 for PEG-
PEL skpa-TPP, 2—10 for PEG-PEILckpa-TPP and 1—5 for PEG-PEIskpa-TPP. The complexes size,
zeta potential, and pDNA CC parameters were the evaluated responses (outputs); the vector size
was minimized and both the positive surface charges and pDNA CC were maximized. Statistical
analysis was performed through the use of Design-Expert version 7.0.0 trial software. The
generalized second-order polynomial model equation used in the response surface analysis is

shown below (Eq. (2)):

Y = fo + P1X1 + f2X2 + f11X2 + f22X2, + f12X1X2 (2)

3.3.4.7 Analysis of complexes biocompatibility

The biocompatibility of the developed PEG-PEI-TPP/pDNA complexes, at optimal points, was
evaluated on fibroblast cells by 3-[4,5-dimethyl-thiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) assay. Additionally, and for comparison purposes, the cytotoxic profile of correspondent
pDNA/PEI nanoparticles was also studied. Primary Normal Human Dermal Fibroblasts (NHDF),
Ref. C-12302, isolated from adult skin and cryopreserved, from Promocell, were used. Fibroblast
cells, passage number of 20, were grown in Dulbecco's Modified Eagle's Medium with High
Glucose (DMEM-HG) supplemented with 10% heat-inactivated fetal bovine serum, 0.5 g/L
sodium bicarbonate, 1.10 g/L. HEPES and 100 units/mL of penicillin. Before cell seeding, the 96-
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well plates were ultraviolet irradiated for 30 min. Fibroblasts were plated at a density of 3 x 105
cells per well and grown at 37 °C in a 95% air/5% CO2 humidified atmosphere. The vectors were
formulated, as described, resuspended in serum-free DMEM medium and without antibiotics,
and applied to the well plates. After one and two days of incubation, the redox activity was
assessed through the reduction of the MTT. The relative cell viability (%) related to control wells
was calculated by [Altest/[Alcontrol X 100, where [Alist is the absorbance of the test sample and
[A]control is the absorbance of the control sample. All the experiments were repeated in triplicate.

The results were presented as mean + standard deviation.

3.3.5 Confocal fluorescence microscopy

Cancer HeLa cells were grown in 75 cm3 T-flasks with Dulbecco's Modified Eagle's Medium with
High Glucose (DMEM-HG) (Sigma) supplemented with 10% heat-inactivated fetal calf serum, 0.5
g/ L sodium bicarbonate, 1.10 g HEPES L-* and 100 pg mL-! of streptomycin and 100 units/ mL
of penicillin (Sigma), at 37 °C in a humidified atmosphere, until confluence was attained. For
transfection studies, cells were seeded at a density of 2 x 105 cells/well onto the poly-L-lysine
coverslip 12-well plate and grown in 1.5 mL complete medium. After 24 h and before transfection
occurs, the complete medium was replaced by medium supplemented with 10% FBS and without
antibiotic, to promote transfection. At confluency (50-60%), the medium was removed and
washed with PBS. HeLa cells were transfected with different nanosystems (150 pL of vectors were
added to each well). Cells were stained with 150 nM of MitoTracker Orange CMTMRos for a
period of 60 min at 37 °C. These probes can only accumulate in active mitochondria. Once the
mitochondria are labeled, the cells can be fixed. Cells were incubated with 4% paraformaldehyde
(PFA) for a period of 10 min. To stain the nucleus, they were incubated with DAPI for 10 min.
Cells were then mounted by placing the round-shaped lamellas in a lamina with the help of
Entellan solution and visualized through confocal microscopy (Carl ZEISS LSM 710, Oberkochen,
Germany). Between any incubation period, cells were always washed with PBS solution. All
procedures were performed at room temperature and in the dark to ensure probe efficacy. All
images were acquired under a 63x oil immersion objective, with the laser and the filters
corresponding to the respective DAPI (445/450 nm), FITC (525/550 nm) and MitoTracker
(555/580 nm) dyes. At the end, images was analyzed with the LSM software (Carl Zeiss SMT, Inc.,
Oberkochen, Germany).

3.4 Results and discussion

3.4.1 Synthesis of mPEG-PEI-TPP polymer

In general, PEI polymers exhibit some toxicity, and in particular as molecular weight increases or
molecular architecture changes from linear to branched structure. PEI 25 kDa due to its high
charge density exhibits a strong ability for the formation of PEI/pDNA complexes that can

penetrate and accumulate into cellular membranes with, however, an associated toxic effect. In
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some human cell lines, this polymer can lead to significant cell membrane damage and it, even,
promotes apoptosis [36]. In the present work, a pegylation strategy has been employed to reduce
the cytotoxicity of branched PEIs. The scheme for the synthesis of the polymer, mPEG-PEI-TPP
is represented in Figure 3.1. The primary amine in PEI reacted freely with the active acid group
of mPEG-SCM in the presence of a base to form mPEG-PEI. The purified conjugate was further
reacted with the activated acid group of 3-Carboxypropyltriphenylphosphonium bromide to form
the final polymer conjugate, mPEG-PEI-TPP. The :H NMR spectra from the produced polymer
are represented in Figure 3.2. The chemical shift § (ppm) at 3.5—-3.9, 7.3, and 2.0—2.5 showed
the protons of PEG chains, the aromatic protons of TPP and PEI protons, respectively. The
aromatic protons are from the triphenylphosphonium group, and the —-N-CH2-CH2-N- protons
from PEI have been observed in 7.75 and 2.6 ppm, respectively. Figure S3.1, included in
Supplementary material (SM), showed the phosphorous NMR of the PEG-PEI-TPP conjugates.
The observed signal at 6 (ppm) 23—24 is ascribed to the tri-phenyl phosphonium (P+-Ph3) ligand
present in TPP. Moreover, the FTIR spectrum of PEG-PEIL, skp.-TPP conjugate showed the C=0
stretching at 1646 cm-1, N-H bending at 1566 cm-t and N-H stretching at 3445 cm-1, as presented
in Figure 3.3(A). The FTIR spectrum of PEG-PEILkpa-TPP conjugate showed the C=0
stretching at 1653 cm-1, N-H bending at 1567 cm—1 and N-H stretching at 3425 cm-* as shown in
Figure 3.3(B). The FTIR spectrum of PEG-PELsp.-TPP conjugate showed the C=0 stretching
at 1649 cm1, N-H bending at 1569 cm~* and N-H stretching at 3449 cm-, as can be observed in
Figure 3.3(C). These wavenumbers of conjugates confirmed the successful formation of an
amide bond between PEG, PEI, and TPP to form the PEG-PEI-TPP conjugates. Additionally, SEC
chromatograms of PEG-PEI, gkpa-TPP, PEG-PEI,ckpa-TPP, and PEG-PELskpa-TPP were depicted
in Fig. S2, available in SM. SEC results proved the successful conjugation of PEG-PEI-TPP
conjugates. The relative molecular weights of each PEG-PEI-TPP conjugate with varied PEI

molecular weights are mentioned in Table S3.1.
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Figure 3.1 - Scheme illustrating the synthesis of mPEG-PEI-TPP polymer.
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3.4.1.1 The choice of DoE inputs

The DNA condensation by PEI has been well studied for some decades and it is based on a strong
electrostatic interaction between the two molecules, originating nanometer polyplexes with
potential application in the gene delivery field [30,31,37—42]. The extent of this phenomenon is
dependent on the intrinsic characteristics of both DNA and polymer, as well as it is intimately
related to the N/P ratio considered [36,39,40—42]. This parameter can be viewed as the main key
factor in tailoring polyplexes properties, such as size, surface charges, gene loading, complexation
capacity, gene release profile, and therefore therapy efficacy [39—42]. Following this, finding the
appropriate N/P ratio range for each PEI/DNA delivery system is an important step when dealing
with the conception of such vectors for biomedical applications. Not only N/P ratio influence the
properties of formulated vectors, but also PEI molecular weight plays a relevant role in this issue
[39,43]. High molecular weight PEIs interact strongly with DNA and complex it to a high extent,
leading to smaller-sized complexes presenting higher positive charges. On the other hand, it is
known that the cytotoxicity of branched PEI polymers increases when considering a higher
molecular weight and by incrementing N/P ratio [39,42]. Based on the discussed considerations
and in order to ensure an efficient pDNA complexation while avoiding cytotoxicity and
unnecessary use of PEI, the N/P ratio interval for each PEG-PEI-TPP/pDNA system has been
selected. The appropriate N/P ratios were, thus, considered for the inputs (starting points) when
applying the DoE tool. Furthermore, the pDNA volume used when formulating PEG-PEI-
TPP/pDNA vectors was also revealed, in a preliminary study, to influence pDNA CC (data not
shown). Varying pDNA volume induces changes in the pDNA complexation profile. From this
observation, pDNA volume was also chosen as DoE input and the respective range was selected

based on the information from the screening study (data not shown).

3.4.2 Model application and analysis

In order to predict the smallest nanosystem size, maximizing the pDNA CC and positive charge,
a DoE was implemented by combining the N/P ratio with the pDNA volume inputs. The Response
Surface Quadratic Model of the CCD was considered a good tool to reach the best formulations of
PEI-modified polymers with different molecular weights to efficiently encapsulate the pCAG-
GFP-ND1 plasmid in fewer experiments than the random approach. Besides this statistical design
extremely reduces the number of experiments needed to attain the intended formulation, it
contains combinations where all the factors are at their higher or lower levels [44—46], revealing
to be more adequate taking into consideration the defined input ranges. These conditions offer a
significant advantage for the present work, as it was not necessary to explore conditions outside
the defined ranges, which, according to the literature, are expected to yield unsatisfactory results.
Thus, eleven experiments designed by the Design Expert software for each modified polymer were
accomplished and the resultant formulations were characterized by DLS to assess the average
particle size and the zeta potential of pPDNA-based vectors and by spectrophotometrically for the
pDNA CC quantification. In addition, to evaluate the model reproducibility, three central points,

marked grey, were tested in the same conditions. The respective outputs are presented in Table
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3.1. The data demonstrate that there is a variation on pDNA CC with the N/P ratio considered,
for all delivery systems. An increase in the N/P ratio means a high content of nitrogen-positive
charges available to neutralize the negatively charged pDNA, promoting its complexation.
Therefore, by increasing the N/P ratio, higher pDNA CC can be achieved (Table 3.1). Moreover,
as polymer molecular weight increases, pDNA can be condensed at lower N/P ratios. A significant
difference can be observed between the lower and higher molecular weight PEI-based vectors.
The increase in PEI molecular weight confers to the polymer a high charge density and, thus,
strengthens its electrostatic interaction with pDNA, leading to a more efficient pDNA
complexation [47]. Additionally, for each developed vector, we investigated the pDNA CC
achieved considering N/P ratios higher than the maximum value in the selected range for the DoE
study. The pDNA CC values obtained can be consulted in SM, Table S3.2. For all PEG-PEI-
TPP/pDNA formulations a plateau phenomenon can be found at a certain N/P ratio, from which
further increments on this parameter become irrelevant, with no clear effect on pDNA CC. Thus,
for each studied delivery system, it is evident there is no significant advantage in increasing the
N/P ratio beyond a certain value. Furthermore, these data strongly support the N/P ratio range
that was chosen to perform the experimental design.

Considering the other parameters under study, it can be mentioned that the zeta potential and
the particle size are both also affected by the N/P ratio and polymer molecular weight. Following
the arguments of the discussion presented above, as a higher N/P ratio induces a strong
interaction between polymer and pDNA, smaller-sized vectors are formed and display higher
positive charges. Although minor compared with the N/P ratio, the effect of PEI molecular weight
accompanies the tendency and cannot be neglected. For all PEG-PEI-TPP/pDNA carriers, as
molecular weight increases, smaller nanoparticles are obtained, and more positive zeta potential
values are achieved. The data presented in Table 3.1 demonstrate the great differences in vector
properties among the developed systems and support the evidence that both N/P ratio and PEI
molecular weight strongly tailor the pDNA CC, size, and zeta potential.
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Table 3.1 — Experiments designed by the Response Surface Quadratic Model of CCD and the

respective reached outputs for the three synthesized polymers.

pDNA volume pDMA Zeta potential

Polymer Run N/P ratio ) Size (nm)
{pL) CC (%a) (mV)
1 20 500 39.6 13 36
2 20 275 65.9 18.1 270.3
3 5 50 5579 16 3384
4 5 275 50.7 10.8 370.8
5 33 50 BB.3 32 145.3
PEG-PEI sepe-
6 35 500 75.7 18.8 211.2
TPP
7 3 300 459 i9 401.3
8 33 275 8.6 6.6 178.8
9 20 275 65.6 19 270.9
1] 20 50 718 234 240.1
11 20 275 635.8 18.1 271
1 50 45.6 18.9 358.8
2 10 50 84.2 392 132.2
3 275 398 14.1 369
4 500 343 9.7 3783
5 ] 275 60.4 242 255.3
PEG-PELkns-
6 6 50 63.2 28.1 24501
TPP
T f 275 60.7 24 255.6
8 6 275 60.4 239 255.9
9 10 500 74.9 29 151.9
10 il 300 543 19.2 2649
11 10 275 79.4 34.1 142.6
1 3 275 838 30 109.3
2 5 50 886 352 103.2
3 3 275 591 14.1 276.8
4 3 275 59 14.2 276.7
5 5 300 79 247 115.2
PEG-PEL:skns-
& 1 500 294 -6.6 449.9
TPP
7 3 275 59.2 14.1 276.8
8 3 300 54.6 0.8 2824
9 3 50 639 18.8 2709
1] l 50 39 2.2 438.2
11 l 275 342 -2.2 444

The multiple regression equations, schematized in Table 3.2, are resultant of the Design Expert

analysis and provide the level of the outputs as a function of different inputs, where the signal of
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each factor designates a positive or negative effect in the outputs [46]. In general, the equation
indicates that the factor A (N/P ratio) has a positive effect on the pDNA CC and zeta potential of
formulations obtained with modified PEI polymers. This influence can be explained by the amine
increment that the N/P ratio induces in the nanosystem structure. As discussed before, the
increase of positive-charged groups contributes to higher complexation of negatively charged
pDNA through electrostatic interactions with the phosphate groups, and consequently, to the
positive surface charge of the formulations [39,42,43]. However, this input has a negative
influence on the size of all nanosystems, probably due to the higher condensation of pDNA
obtained with the increase of N/P ratio, thus resulting in smaller sizes. On the other hand, the
PDNA volume has a positive effect mainly in the size output resultant from all modified polymers.
This influence can be explained by the fact that a higher reaction volume allows the pDNA and
polymers to be more dispersed, which may result in a less compact system with a higher size. In
addition, this dispersion phenomenon consequently disfavors the pDNA CC and potential zeta
outputs, such it is reflected by the negative signal in the multiple regression equations of Table
3.2. The reduction of pDNA volume implies an increment of the pDNA concentration, although
the pDNA mass is kept constant, which can favor the molecule's organization and electrostatic
interactions established between the pDNA and PEI polymers and consequently the nanosystems
formulation. As already discussed in other works, high concentrations of cross-linking agents, for

instance, result in more stable formulations with lower sizes [48,49].

Table 3.2 - Coded multiple regression equations for each output assessed in the nanosystems
formulation of pDNA/PEG-PEL gkpa-TPP, pDNA/PEG-PEIckpa-TPP and pDNA/PEG-PELskpa-
TPP. A — N/P ratio; B — pDNA volume.

Polymer QOutput Multiple regression equations

PEG-PEl1skpa-TPP  pDNA CC +65.81+15.72 A-5.77 B-0.7 AB+0.79 A2-0.16 B2
Zeta potential ~ +18.59+7.78 A-5.98 B-0.28 AB-0.19 A2-0.59 B2
Size +270.81-95.87 A+31.55 B+0.75 AB+3.87 A2-0.58 B2

PEG-PEljokns-TPP  pDNA CC +60.31+19.80 A-5.25 B+0.5 AB-0.43 A2-0.28 B2
Zeta potential  +23.93+9.93 A-4.72 B-0.25 AB+0.32 A>-0.13 B2
Size +255.58-113.23 A+9.83 B+0.05 AB+0.25 A2-0.55 B?

PEG-PElskpa-TPP  pDNA CC +50.16+24.80 A-4.75 B+0 AB-0.19 A2+0.055 B>
Zeta potential  +14.17+16.08 A-4.72 B-0.43 AB-0.33 A2+0.066 B2

Size +276.75-167.4 A+5.87 B+0.075 AB-0.068 A2-0.068 B2
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Nonetheless, the effect of the input combination is revealed to be more marked in the size than
the zeta potential outputs and less significant for pDNA CC, although both factors are
fundamental for the formulation of these complexes.

The goodness of fit is given by statistical coefficients (Table 3.3) and through analysis of the
variance (ANOVA) (Table 3.4). These parameters allow us to evaluate the significance and
adequacy of the models used [50] and to understand if the statistical models generated from these
experiments are valid and fit the data. To consider a model with high significance, the coefficient
of determination (R2) should vary between 0 and 1, being desirable close to 1 [33]. The results
presented in Table 3.3 indicate that the model fits the data, for all outputs. Furthermore, all
outputs are well adjusted to the number of terms/inputs in the model, since the values of the
Adjusted R2 are near 1. The ability of the model to predict new data depends on the predicted
value variation (Predicted R2). The model has no predictive power if this parameter is negative.
However, in the present work, the Predicted R2 results are all positive and higher than 0.96, which
indicates the models can predict new data. Moreover, the Adequate Precision measures the signal
due to the noise ratio and this parameter should be higher than 4 to consider that models provide
an adequate signal [45]. As highlighted in Table 3.3, all models present an Adequate Precision
higher than 52, confirming an adequate signal-to-noise ratio, thus suggesting this model can be
used to navigate the design space. In line with this, the overall analysis of all these coefficients
indicates that the chosen quadratic model was suitable for the output statistical analysis. By the
Model F-value presented in Table 3.4, which was achieved by comparing the variability of the
current model residuals with the variability between observations and replicate settings of the
factors, it is perceivable that models are significant for the outputs. There is only a 0.01% chance
that a “Model F-value” this large could occur due to noise. Finally, to prove the validity of the DoE,
an ANOVA analysis should be performed and the results must present a significant value for the
models and a non-significant value for the lack of fit [51]. According to the results shown in Table
3.4, the model data are statistically significant for the outputs, since the probability values (p-
value) were lower than 0.05 for all outputs, and the lack of fit p-values was not significant (>0.05).
Overall, regarding the presented results, the DoE models fitted the data and, among the

independent test variables, a quadratic interaction was highly significant.
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Table 3.3 - Summary of the statistical coefficients obtained by the DoE for all modified PEI

polymers. R2 - coefficient of determination.

Polymer Qutput R2 Adjusted Predicted Adequate

R2 R? precision
PEG- pDNACC  0.9997 0.9993  0.9967 173.134
PELskoaTPP 5o 0.9957 0.9913  0.9658 52.491
porential
Size 0.0999 09998  0.9991 320.141
PEG- pDNACC 0.9997 0.9995  0.9981 182.399
PELokoa TP 0.9994 09988  0.9952 136.740
potential
Size 1.0000 1.0000  1.0000 1654.043
PEG- pDNACC 10000 1.0000  0.9999 700.421
PELskoaTPP 5o 0.9999 09998  0.9990 304.104
porential
Size 1.0000 10000  1.0000 4272.350
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Table 3.4 - ANOVA analysis for Response Surface Quadratic Model for the formulation of
pDNA/PEG-PEI skpa-TPP, pDNA/PEG-PElLckpa-TPP and pDNA/PEG-PElskp.-TPP

nanosystems. P-value <0.05 is considered significant.

Qutput Parameters PEG-PElL gxp-TPP  PEG-PEl gkp,-TPP PEG-PEl;54p,-TPP

Maodel Lack of Model Lack of Model Lack of

fit fit fit
EE Sum of 1685.14 0.52 251949 063 3825.71  0.039
squares
df 5 3 5 3 5 3
Mean square  337.03 017 5039 0.21 765.14 0.013
Fvalue 298487 74 3643.1 7.02 58,619.77 0.96
p-Value <0.0001 01214 <0.0001 01273 <0.0001 0.5452
Zeta Sum of 579.78  1.98 726.02 037 1686.53 0.16
potential squares
df 5 3 5 3 5 3
Mean square  115.96 0.66 145.2 012 337.31 0.055
Fvalue 229.88 245 1725.03 535 083198 1649
p-Value <0.0001 0.3033 <0.0001  0.1616 <0.0001  0.0577
Size Sum of 61,155.75 5.21 7751169 0.023 1.68E+05 0.054
squares
df 5 3 5 3 5 3
Mean square  12,231.15 174 15,502.34 0.0077 33,668.62 0.018
Fvalue 11,129.52 12.11 3.819E+05 0.085 279E+06 5.36
p-Value <0.0001 0.0772 <0.0001  0.9619 <0.0001 0.161

After understanding the effect of each input on each output and validating the statistical models
of the DoE, the optimal points to maximize the pDNA CC and the positive surface charge and to
minimize the nanoformulations size were predicted by the Design Expert software (Table 3.5)
for each modified PEI polymer. Thus, by using the predicted inputs of N/P ratio 35 for the PEG-
PEI skpa-TPP polymer, 10 for the PEG-PEIckpa-TPP polymer, and 5 for the PEG-PEIskp.-TPP
polymer, and a pPDNA volume of 50 pL in all formulations, it should be obtained the best results
of the predicted outputs indicated in Table 3.5. The mean of each obtained output, resultant
from 3 experiments, was validated according to the data expected by Design-Expert software. For
PDNA/PEG-PEI, skpa-TPP nanosystems, the optimal point allowed a pDNA CC of 88.33%, a zeta
potential of 31.33 mV, and a size of 145 nm. For pDNA/PEG-PEIkp.-TPP vectors, the optimal

61



point provided a pDNA CC of 84.75%, a zeta potential of +39.5 mV, and a size of 132.25 nm. For
PDNA/PEG-PEL;kpa-TPP carriers, the optimal point provided a pDNA CC of 88.67%, a zeta
potential of +35.177 mV, and a size of 103.33 nm. All these results are within the confidence
interval of 95% generated by the Design-Expert software where the outputs are considered valid.
The obtained optimal points for each system revealed the significant impact of the N/P ratio and
polymer molecular weight on the properties of PEG-PEI-TPP/pDNA complexes. It seems that a
much higher N/P ratio has to be considered in order to a lower molecular weight PEI/pDNA
system to present suitable properties for gene delivery. The reduction of the N/P ratio from 35 to
5 when considering the pDNA/PEG-PEI, gkpa-TPP and pDNA/PEG-PEILskp.-TPP nanoparticles,
respectively, illustrates this phenomenon. By using a higher molecular weight PEI, much less
PEG-PEI-TPP polymer is needed to efficiently condense pDNA and formulate vectors with
adequate size and charge for mitochondrial gene therapy applications. Moreover, a cytotoxicity
analysis for PEG-PEI-TPP/pDNA complexes at optimal points, presented in Table S3.3 (SM),
confirmed that pegylation drastically reduces the toxicity of high molecular weight PEI polymers.
For comparison purposes, the cytotoxic profile of PEI/pDNA vectors at the same N/P ratios was
also evaluated (Table S3.3). The incorporation of PEG turned the complexes more
biocompatible allowing for safe and promising in vitro applications of high molecular weight PEI-
based nanoparticles. In this sense, and to further evolve on in vitro studies, PEG-PEIskpa-
TPP/pDNA conquered special interest due to its size close to 100 nm and highest pDNA CC
besides its positive surface charge and biocompatibility. Based on the information provided by
the reported experimental design study, ongoing work is focused on the mitochondria targeting
ability of pPDNA/PEG-PEL;kp.-TPP and its capacity to mediate efficient in vitro transfection with
concomitant gene and ND1 protein expression into mitochondria. Some evidence of mitochondria
targeting can already be anticipated. A fluorescence confocal microscopy study performed on
HeLa cells to monitor the transfection capacity of PEG-PEIuskpa-TPP-pND1-FITC carriers
illustrates cellular uptake, internalization, and the mitochondria ability of the developed
complexes. A summary of the study can be found in Figure 3.4. The figure presents confocal
microscopy images at 24 h of transfection mediated by PEG-PEIs;kpa-TPP-pND1-FITC vectors at
N/P ratios of 5 and 10. The merged images (C and D) show the co-localization of pND1 with
mitochondria. This analysis seems to demonstrate that the complexes are efficiently targeted to

the site of mitochondria.
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Table 3.5 - Inputs predicted by the design of experiments to reach the optimal point for the
formulation of pDNA nanosystems with each polymer, as well as the respective predicted and

obtained outputs.

Polymer  Predicted Output Predicted 95% CI 95% Cl Obtained

input mean low for  high mean
mean for
mean
PEG- A=35 EE (%) 88.61 87.84 89.38 88.33
PEligkpa  B=50 Zeta 31.86 3024 3349 31.33
TPP .
potential
(mV)
Size (nm) 14594 143.54 148.34 145
PEG- A=10 EE (%) 84.16 83.31 85.01 84.75
PEliokpa-  B=50 Zeta 39.02 3836  39.69 39,5
TPP )
potential
(mV)
Size (nm) 13217 131.71 132.63 132.25
PEG- A=5 EE (%) 88.57 88.31 88.83 88.67
PElyskpa-  B=50 Zeta 35.13 3471 35.55 35.17
TPP )
potential
(mV)
Size (nm)  103.27 103.02 103.52 103.33
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Figure 3.4 - Fluorescence confocal microscopy analysis of transfection ability and intracellular
co-localization. In all cases, the nucleus is stained blue by DAPI and green represents the plasmid
DNA labeled with FITC. (A) Mitochondria stained by MitoTracker Orange; (B) FITC labeled
pND1; images of HeLa cells 24 h after transfection mediated by PEG-PEIskpa-TPP-pND1-FITC at
N/P ratio of 5 (C) and 10(D). Scale bar = 10 um.

3.5 Conclusions

Mitochondrial gene therapy can be a valuable and promising tool in the treatment of
mitochondrial DNA disorders. Finding an ideal mitochondrial targeted vector to ensure gene and
protein expression into mitochondria is a crucial step for the evolution of this therapy. In this
work, different molecular weight PEIs were successfully conjugated with mitochondrial-targeted
TPP, and the resultant polycations were used to condense ND1-based pDNA forming nanometer-
sized particles. In the search for the most convenient PEG-PEI-TPP/pDNA vector, the design of
experiments considering N/P ratio and pDNA volume as DoE inputs reveals to be powerful
highlighting, for each system and in a reduced number of assays, the formulation conditions that
gave rise to adequate pDNA complexation capacity, complexes size, and surface charges. For all
systems under study, CCD models were statistically significant (p-value <0.05), fitted the data,
and were validated. By using the predicted inputs of N/P ratio 35 for PEG-PEI, gkp.-TPP, 10 for
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PEG-PELkpa-TPP and 5 for PEG-PEL:;skp.-TPP polymer and a pDNA volume of 50 pL in all
formulations, the optimal point provided a pDNA CC of 88.33%, a zeta potential of +31.33 mV
and a size of 145 nm; a pDNA CC of 84.75%, a zeta potential of +39.5 mV and a size of 132.25 nm
and a pDNA CC of 88.67%, a zeta potential of +35.17 mV and a size of 103.33 nm, for each PEG-
PEI-TPP/pDNA system, respectively. These data demonstrate the strong tailor capacity of both
the N/P ratio and PEI molecular weight in modulating the properties of developed complexes.
Following this, by a fast and easy process, experimental design tools allow for the selection of
PEG-PEL;skp.-TPP/pDNA carriers, as the most suitable, for further studies towards effective
mitochondrial gene delivery. This work represents a great asset for progress in the, yet poorly

explored, field of mitochondrial gene therapy.

3.6 Supplementary Material

Supporting Information for Chapter 3

3.6.1 Synthesis and characterization of PEG-PEI-TPP conjugates
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Figure S3.1 - 31P NMR spectra of final polymers. (A) PEG-PEI, gkpa-TPP; (B) PEG-PEI,okp.-TPP;
(C) PEG-PEL;skpa-TPP.
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3.6.2 Size exclusion chromatography (SEC)
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Figure S3.2 - Size exclusion chromatographic peaks of different polymer conjugates. (A) PEG-
PEI skpa-TPP; (B) PEG-PELokpa-TPP; (C) PEG-PELyskpa-TPP.

Table S3.1 - Molecular weight of each PEG-PEI-TPP conjugate obtained by SEC analysis using

gel permeation chromatography.

Conjugates Observed relative Theoretical Molecular
Molecular weight (Da) weight (Da)
PEG-PEI gkp.-TPP 4209 4229
PEG-PEILokpa-TPP 12402 12429
PEG-PELyskpa-TPP 27395 27429
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Table S3.2 - pDNA complexation capacity (CC) values for the various N/P ratio PEG-PEI, gkpa-
TPP/pDNA (A), PEG-PElLkpa.-TPP/pDNA (B) and PEG-PElskp.-TPP/pDNA (C) based
polyplexes, considering a pDNA volume of 500 pL. The values were calculated with the data

obtained from three independent measurements (mean + SD, n = 3).

A- PEG-PEI, skp.-TPP pDNA CC (%)

N/P 35 76
N/P 40 77
N/P 50 77

B- PEG-PEILckp.-TPP pDNA CC (%)

N/P 10 75
N/P 12 76
N/P 15 77
N/P 20 78

C- PEG-PELge-TPP pDNA CC (%)

N/P5 80
N/P6 80
N/P8 81
N/P 10 82
N/P 12 83
N/P 15 83

Table S3.3 - Cellular viability, 24 h at 48 h, in fibroblast cells after incubation with pDNA/PEI
or pDNA/PEG-PEI-TPP based vectors. The values were calculated with the data obtained from
three independent measurements (mean + SD, n = 3) and analyzed by one-way ANOVA
(GraphPad Software version 7.01, Inc., CA, USA). Statistical significance was accepted at a level

of *p <0.05. For all systems, **p <0.01 relative to control.

System Cellular Viability (%)

24 h 48h
pDNA/PEI, skpa N/P 35 57+4.8 56+6.1
pDNA/PElokpa N/P 10 45+2.9 45+3.6
pDNA/PElsskpa N/P 5 49+ 4.1 47+3.9

pDNA/PEG-PEIL skpa-TPPN/P35 91+3.3 91+3.8
pDNA/PEG-PEILokpa-TPP N/P 10 80+28 88+3.8
pDNA/PEG-PEL;skpa-TPP N/P 5 86+1.9 84+27
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4.1 Abstract

Mitochondrial gene therapy can be seen as a promising tool and a revolutionary approach toward
mitochondrial diseases arising from mitochondrial DNA mutations. To pursue this goal, the
mitochondria-targeted polycation polyethylenimine (PEI)/triphenylphosphonium (TPP)
conjugate has been wused to complex and condense both GFPor ND1i encoded
plasmid DNA (pDNA) aiming at the formation of suitable vectors for mitochondrial gene therapy.
The properties of pDNA-based TPP-polyplexes have been addressed and appear to be valuable for
gene delivery applications. In vitro studies using fluorescent pDNA demonstrated the
internalization of the developed carriers and mitochondria targeting. The evidence of gene
expression into mitochondria are also reported. Following this achievement, significant levels of
both mitochondrial recoded GFP and ND1 proteins were quantified. This work represents a great
step towards effective mitochondria-targeting gene delivery and functional protein expression,

providing a significant contribution to the mitochondrial gene therapy field.

4.2 Introduction

The mitochondrion is the cellular organelle responsible for energy production through the
oxidative phosphorylation system (OXPHOS), involving four enzymatic complexes, which
promote electron transport and generate a proton gradient and whose organization in
supercomplexes in the mitochondrial membrane cristae has been supported by accumulated
evidence [1,2]. The H+-ATP synthase constitutes the fifth complex of OXPHOS and has been
revealed as a rotary motor-molecular machine that uses mitochondrial chemiosmotic gradient for
ATP generation [3]. The mitochondrion is also involved in cellular signaling, ion homeostasis, the
metabolism of amino acids, lipids, cholesterol, steroids, and nucleotides, as well as, in the control
of both cell cycle and cell growth [4,5]. The relevant role of mitochondria in apoptosis, involving
the activation of caspase proteases or a caspase-independent process, is also well documented [6—
8].

As the cell nucleus, the mitochondrion has its own genome: the mitochondrial DNA (mtDNA), a
double-stranded circular molecule with approximately 16 kbp and containing 37 genes that
encode 13 polypeptides that take part in the oxidative phosphorylation chain, 2 rRNAs and 22
tRNAs, all exclusive to the mitochondria. Mutations in mtDNA are based on several metabolic
and neuromuscular degenerative syndromes and/or pathologies especially affecting both the
heart and the brain, are linked with Parkinson's and Alzheimer's diseases, diabetes, and even the
propensity for cancer development [9—18]. The treatment of mtDNA-based diseases has been
largely supportive rather than curative and, in general, ineffective [19]. Mitochondrial gene
therapy opens up the possibility of offering a powerful and therapeutic benefit to affected
individuals, as it addresses the disease at its source. For the direct transfection of mitochondria,
the development of a suitable mitochondrial gene-based vector is a priority and, surely, will unveil
new knowledge and relevant advances in research studies focused on this therapeutic target. To

accomplish this goal, physical methods have been tested [20—22], the potential of peptide nucleic
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acids has been investigated [23], other studies focused on the mitochondrial import pathway
[24,25] while other researchers explore the conjugation between bacteria and mitochondria to
promote DNA transfection into the mitochondrial networks of mammalian tissue culture cells
[26]. A great contribution has been made by Harashima's group with the conception of a
liposome-based vector that targets mitochondria [27,28]. Lyrawati et al. brought innovation with
the expression of recoded GFP in mammalian mitochondria [29]. Taking advantage of this pDNA
specifically expressed in the mitochondria, Cardoso et al. progressed on mitochondria targeting
and gene delivery using gemini-surfactant-based DNA complexes [30]. Pursuing the same goal,
our team cloned, for the first time, the mitochondrial gene ND1 (mitochondrially encoded NADH
dehydrogenase 1 protein) in E. coli, which was maintained in a plasmid [31]. Furthermore,
significant achievements were made by using delivery systems based on mitochondriotropic
compounds highlighting the feasibility of mitochondrial gene therapy [31—34]. Such molecules
present some degree of lipophilicity and have delocalized charges accumulating in the
mitochondria by the mitochondrial membrane potential [35]. Triphenylphosphonium (TPP), a
lipophilic cation, revealed a high affinity for mitochondria and a range of 1000-fold accumulation
in this organelle [36]. The conjugation of TPP with therapeutic molecules has been explored to
ensure mitochondria targeting [33,37—41]. Despite the efforts of many scientists worldwide, to
date, few studies have demonstrated effective gene delivery and protein expression in
mitochondria [42]. Unlike nuclear gene therapy which has been extensively investigated in the
past decades with several ongoing clinical trials, mitochondrial gene therapy has still a large space
for considerable evolution. In order to contribute to this field, we synthesized a polyethyleneimine
(PEI)-based non-viral gene delivery system, by conjugating poly(ethylene glycol) (PEG) and TPP
moiety to PEI of various molecular weights. The polycationic polymers efficiently condensed both
mitochondrial recoded GFP [29] and ND1 [31] based plasmids, which are, by far, the most
advanced non-viral bioengineered reporter vectors to explore mitochondrial transgene
expression. Due to its high cationic charge density, PEI can strongly interact with negatively
charged DNA, condensing it into nanoparticles [43—45]. Besides this asset, PEI also demonstrates
a great endosomolytic activity [46]. In previous work, PEI has been conjugated with TPP to form
a polycation with mitochondria affinity and potential application in mitochondrial gene delivery.
Moreover, the design of experiments (DoE) has been conveniently explored to optimize the PEG-
PEI-TPP/pDNA complexes formation to reveal the most suitable vectors [47]. The study revealed
that the nitrogen-to-phosphate groups (N/P) ratio greatly influences the capacity to condense
NDi1-based pDNA along with PEI molecular weight, favoring the formulation of optimal carriers
exhibiting high positive surface charges and low particle sizes [47]. In the current report, the
capacity of such vectors for cellular uptake, intracellular trafficking, and mitochondria targeting,
as well as, both gene expression and protein production were monitored/quantified. We
demonstrate here that PEG-PEI-TPP/pDNA carriers can be internalized into mammalian cells
and targeted to mitochondria where gene expression can occur with concomitant protein
expression. This achievement can be considered great progress in the challenging issue of
expressing a therapeutic gene within mammalian mitochondria, instigating advances toward

effective treatments for mitochondrial DNA disorders.
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4.3 Materials and methods

4.3.1 Materials

Branched polyethylenimine (PEI) was obtained from Polysciences, Inc., Warrington, PA, USA
(M.W.: 1800 Da and 10,000 Da) and Sigma Aldrich, St. Louis, MO (M.W.: 25,000 Da). 3-
Carboxypropyltriphenylphosphonium bromide (TPP) and fluorescein isothiocyanate (FITC) were
obtained from Sigma Aldrich, diisopropyl ethylamine (DIPEA) from Avra Chemical (Mumbai,
India), DAPI from Invitrogen (Carlsbad, CA) and Mito Tracker Orange CMTMRos from Molecular
Probes. All chemicals were of analytical grade. All solutions were freshly prepared using ultra-
pure grade water, purified with a Milli-Q system from Millipore (Billerica, MA, USA). Cancer

HelLa cells were purchased from Invitrogen.

4.3.2 Plasmids

Two different plasmids have been considered in this study: the recoded plasmid DNA encoding
green fluorescent protein (5.9 kbp) exclusively translated in the mitochondria which was a kind
gift from Dr. Diana Lyrawati [29,30] and a pCAG-GFP-ND1 plasmid (5.4 kbp) developed, for the
first time, by our research group which involved a successful cloning of the mitochondrial NADH
dehydrogenase 1 protein encoded gene (mtND1) in E. coli, the multi-copy pCAG-GFP plasmid
remaining stable. Full details from gene cloning and plasmid production are described in a

previous work [31].

4.3.3 Synthesis of polymer, PEG-PEI-TPP

PEI of different molecular weights (1.8, 10, and 25 kDa) was used and subjected to the same
reaction condition to obtain the TPP and PEG-conjugated PEI The PEI was initially conjugated
with mPEGs, followed by anchoring of the TPP group on PEL Briefly, the reaction procedure is as
follows:

For the synthesis of PEG-PEI, PEI and DIPEA were added into a solution of mPEG-SCM in
chloroform (mol ratio of mPEG-SCM:PEI = 1:1). The reaction took place overnight, under stirring.
The solvent was then evaporated to dryness under vacuum, and the crude reaction mixture was
dialyzed using cellulose ester membranes (1, 3.5, and 12—14 kDa MWCO for 1.8, 10, and 25 KDa
PEI, respectively) and lyophilized. For the synthesis of PEG-PEI-TPP, 3-
carboxypropyltriphenylphosphonium bromide was activated by using the zero-order cross-linker,
EDC/NHS in the presence of DIPEA in DMSO, and mPEG-PEI was added at the mol ratio of
mPEG-PELTPP of 1:1. The reaction was left to occur overnight and the solvent was then
evaporated, the crude material was dialyzed and the dialysate was freeze-dried. In a previous
work, the products were characterized by 'H, and 3!P nuclear magnetic resonance (NMR), Fourier-

transform infrared spectroscopy (FTIR), and size exclusion chromatography [47].
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4.3.4 Preparation of pDNA-based polyplexes

For the preparation of polymer-plasmid DNA systems, PEG-PEI-TPP, PEG-PEI, and pDNA stock
solutions were prepared in sodium acetate buffer (0.1mM sodium acetate/0.1M acetic acid, pH
4.5) with a concentration of 0.5 mg/mL for the polymers and 100 pg/mL for pDNA solutions.
The calculation of the N/P ratio for the polyplexes is defined as the molar relation of amine groups
in the PEI, which represent the positive charges, to phosphate groups in the pDNA which
represent the negative charges. The polymer/pDNA polyplexes were prepared at N/P ratios of 1,
2, 5, and 10 considering the mass per charge ratio of pDNA (330 g/mol, relative to one phosphate
group) and PEI (correspondent to one amine group) [48]. For pDNA, 330 g/mol corresponds to
one phosphate group. 1 ug x 330 g/1 ug = 1 mol phosphate.

1 ug pDNA = 1 mol phosphate x 10-¢/330:

1 ug pDNA = 3.03 x 1079 mol phosphate:

For the PEI, only primary amines have been considered, as both secondary and tertiary amines
exhibit very low pKa values. The number of N atoms in 25 KDa of PEI = 25,000 / 43.1 = 580.0464
~ 580.05. If we intend, for instance, to prepare nanoparticles at N/P ratio of 1, we must consider:

N=1xPand N=1x30.3X1079 =30.3X1079.

To determine the number of moles of PEI correspondent:
30.3 x 1079 / 580.05 = 0.05 x 1079 mol of PEI and the respective mass can be determined by

multiplying the number of moles by 25,000 g/mol.

Following this, for the preparation of polyplexes at various N/P ratios, different concentrations of
PEG-PEI-TPP or PEG-PEI (100 pL) were added to a fixed volume of pDNA (400 pL), vortex mixed
for 15 s, and left for equilibration for 30 min at 4 °C before use. The mixture was then centrifuged
at 10,000 g for 20 min and the pellet containing the PEG-PEI-TPP-pDNA nanoparticles was
recovered. The amount of non-bound pDNA was determined spectrophotometrically by
measuring the absorbance of the supernatant at 260 nm using a NanoPhotometer™ (Implen, Inc.;

CA, USA). The pDNA complexation capacity (CC) was obtained from the equation:
CC (%) = [(pDNA)T — (pDNA)F/(pDNA)T] x 100

where (pDNA)T stands for the total amount of pDNA and (pDNA)F is the non-bound fraction of
pDNA found free in the supernatant.

4.3.5 Determination of morphology, size, and surface charges

Scanning electron microscopy was applied to obtain information regarding the morphology of
PEG-PEI-TPP-pDNA complexes. The various systems were centrifuged (10,000 g, 20 min, 4 °C)
and the pellet was recovered and suspended in an aqueous solution containing 20uL of tungsten

(2%). The solution n was placed in a roundly shaped cover slip and dried overnight at room
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temperature. The samples were sputter coated with gold by using an Emitech K550 (London,
England) sputter coater. A scanning electron microscope, Hitachi S-2700 (Tokyo, Japan) with an
accelerating voltage of 20 kV at various magnifications was used to determine the morphology of
nanoparticles. The mean size has been determined from the observation and counting of
individual particles, using a line measurement tool to determine the diameters of particles within
ImageJ software. Approximately 20 SEM images were acquired for each sample and, on average,
five particles were counted per image, considering 1 pixel=0.95 nm. Particle area was determined
assuming that all particles are spherical, and using the following equation for the determination
of diameter: d = 2 V(A/m)

The average particle size and the zeta potential of pPDNA-based vectors have been determined by
Dynamic Light Scattering (DLS) and Electrophoretic Light Scattering (ELS), at 25 °C, using a
Zetasizer nano ZS. The pellet containing the polyplexes was suspended in 5% glucose with 1 mM
NaCl. DLS using a He-Ne laser 633 nm with non-invasive backscatter optics (NIBS) and ELS using
M3-PALS laser technique (Phase Analysis Light Scattering) were applied for the determination of

polyplex size and charge, respectively. The Malvern Zetasizer software v 6.34 was used.

4.3.6 FITC plasmid staining

The plasmid was labeled with FITC by mixing 8 pL of pDNA, 75 pL of labeling buffer (0.1 M
sodium tetraborate, pH 8.5) and 4 pL of FITC (in sterile anhydrous dimethyl sulfoxide, 500
mg/mL). Samples were placed under constant stirring for 4 h at room temperature and protected
from light. One volume of 3 M NaCl (85 pL) and 2.5 volumes of 100% ethanol (212.5 uL) were
added to the samples containing the labeled pDNA, followed by overnight incubation at —20 °C.
Thereafter, the samples were centrifuged at 4 °C for 30 min and the pellet was washed with 75%

ethanol.

4.3.7 In vitro studies

Cancer HeLa cells were grown in 75 cm3 T-flasks in Dulbecco's Modified Eagle's Medium with
High Glucose (DMEM-HG) (Sigma) supplemented with 10% heat-inactivated fetal calf serum, 0.5
g L-1 sodium bicarbonate, 1.10 g HEPES L-* and 100 pg/mL of streptomycin and 100 units mL-?
of penicillin (Sigma), at 37°C in a humidified atmosphere, until confluence was attained.
Afterward, cells were sub-cultivated to maintain their exponential growth. For transfection
studies, cells were seeded at a density of 2 x 105 cells/well onto the poly-L-lysine coated coverslip
in 12-well plates and grown in 1.5 mL complete medium. After 24 h and before transfection, the
complete medium was replaced by a medium supplemented with 10% FBS and without
antibiotics, in order to promote transfection. At confluency (50-60%), the medium was removed
and the cells were washed with PBS. HeLa cells were transfected with different nanosystems (150

uL of vectors were added to each well) and incubated for various periods.
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4.3.8 Detection of associated/internalized pDNA

Cancer Hela cells were cultured as described above. For transfection, FITC-pDNA-based vectors
(100 puL) were added to each well. Untreated cells were used as control. After different periods,
during 24 h, cells were washed twice with PBS, and pDNA levels were measured in the transfected
cells by fluorescence quantification using a fluorimeter plate reader (excitation and emission
wavelengths at 495 nm and 525 nm, respectively). All the experiments were performed in
triplicate. For each cell line, the protein content of each well was measured with a bicinchoninic
acid (BCA) protein assay kit (BCA1-1KT, Sigma Aldrich Chemicals, St. Louis, MO, USA).
Fluorescence/microgram protein readings were then determined by averaging the background
corrected fluorescence of triplicate wells and dividing by the protein content per well. The use of
this kit aids in correcting for cell density differences between different sets of experiments. The
fluorescence of FITC—pND1 in each organelle sample was normalized with the amount of protein

and expressed as fluorescence/ug protein.

4.3.9 Separation of cellular organelles

After transfection mediated by the developed nanosystems, mitochondria were isolated from the
other cellular fractions through the use of the Mitochondria Isolation Kit for Cultured Cells
(#89874, ThermoFisher Scientific Inc., Rockford, USA), following the manufacturer's
instructions in order to separate essentially the mitochondria and the cytosol. This kit ensures an
efficient isolation of mitochondria with optimized purity along with high and consistent yield. A
full description of this assay is available elsewhere [31]. Summarizing, HeLa cells were transferred
to Falcon tubes, and 800 uL of Mitochondria Isolation Reagent A was added to HeLa cells (4 x
105), followed by incubation on ice for 2 min. Then, 10 uL of Mitochondria Isolation Reagent B
was added and cells were vortexed at maximum speed for 10 s, incubated on ice for 5 min, and
vortexed at maximum speed every minute. Thereafter, Reagent C (800 pL) was added, the
samples were centrifuged at 700 g for 10 min at 4 °C and the supernatant was centrifuged at 3000
g for 10 min at 4 °C. The supernatant contains the cytosol and the pellet consists of the intact
mitochondria. Reagent C (500 uL) was added to the pellet and after centrifugation at 12,000 g for
5 min, the supernatant was discarded. The pellets containing the mitochondria were resuspended
in 50 uL of ice-cold PBS, mixed with 500 pL of carbonate buffer (fresh cold 0.1 M Na,CO,), and

used in the subsequent experiments.

4.3.10 Detection of GFP fluorescent levels

Hela cells were cultured as described before. For transfection, PEG-PEI-TPP-pGFP nanoparticles
(100 pL) were added to each well and after 24 h or 48 h of transfection, cells were washed twice
with PBS. Untreated cells were used as control. The cell-associated GFP fluorescence intensity has
been measured in both cytosolic and mitochondrial fractions. The fluorescence intensity of GFP
was assessed by the use of a microplate reader, at 480 nm and 520 nm as excitation and emission

wavelengths, respectively. The levels of GFP fluorescence in each well were quantified through
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the use of a standard curve. Measurements were performed in triplicate and data were expressed

as Relative Fluorescence Units (RFU).

4.3.11 Reverse transcription polymerase chain reaction (RT-PCR)
RT-PCR was used to detect the mRNA expression of both ND1 and GFP gene. After transfection,
the medium was removed and the cells were washed with PBS. Untreated cells were used as
control. To extract total RNA, the cells were lysed through the addition of TRIzol (Thermo
Scientific, Lisbon, Portugal) (250 pL) and incubated at room temperature for 5 min, followed by
the addition of chloroform and vigorous stirring, according to manufacturer's instructions. The
obtained samples were quantified by using a NanoPhotometer™ and were run on an agarose gel
(1%) and analyzed by electrophoresis to detect possible contaminations with genomic DNA or
RNA degradation. The cDNA synthesis was performed by using the “Xpert cDNA Synthesis Kit”
from Grisp (GRiSP, Porto, Portugal), following the manufacturer's protocol. PCR amplification of
GFP cDNA was performed by adding in each PCR reaction 3.95 pL of RNase-free water, 0.40 pL
of primer reverse (5-CGTTCTTGTACGTAGCCTTC-3’) and primer forward (5'-
CTGCACCACCGGAAAACTCC-3"), 0.5 uL of MgCl2, 6.25 uL of Taq DNA polymerase and 1 pL of
c¢DNA. The samples were homogenized and a mini-spin was performed. Samples were then placed
in a T100™ Thermal Cycler (Bio-Rad Laboratories, Inc., Hercules, California, USA), using the
following reaction conditions: denaturation (95 °C for 40 s), annealing (57 °C for 30 s), and
extension (72 °C for 1 min) for 27 cycles. Assays were performed in triplicate.

PCR products were analyzed by electrophoresis on an agarose gel stained with GreenSafe
Premium (NZYTech, Lda. Lisbon, Portugal), and were visualized in the UVItec Gel documentation
system under UV light (UVItec Limited, Cambridge, United Kingdom).

4.3.12 Quantification of protein

After in vitro transfection with the different PEG-PEI-TPP-pGFP vectors (n = 5), GFP content
was determined using a GFP ELISA kit (MitoSciences, ab 117992, Abcam, United Kingdom). This
method consists of an enzyme immunoassay that allows the sensitive detection and quantification
of GFP. Transfected cell lysates were prepared from detergent lysis (lysis buffer-tissue, 50:50 vol
vol-1) in lysis buffer (1% Triton X-100 and 0.1% SDS in PBS, pH 7.4 and proteinase inhibitor
cocktail) and homogenization. This assay uses a specific GFP antibody coated onto well plate
strips, through which the GFP included in the samples can bind to the wells. The wells were then
washed and a primary anti-GFP detector antibody was added. After a further washing step, HRP
conjugated secondary detector antibody specific to the primary detector antibody was added to
the wells. 3,3’,5,5’-Tetramethylbenzidine (TMB) Substrate was also added to the wells, the
presence of GFP being revealed through the observation of a blue color. The GFP concentration
was determined by measuring the absorbance at 600 nm in a spectrophotometer. Similarly, after
in vitro transfection with the different PEG-PEI-TPP/pND1 vectors (n = 5), ND1 protein has been
quantified by a ND1 ELISA kit (Biomatik, EKL54820, USA), following manufacturer's guidelines.

This sandwich enzyme immunoassay allows for the in vitro quantitative measurement of ND1 in
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human serum, plasma, cell lysates, cell supernatants, or other biological fluids. Transfected HeLa
cells were lysed according to standard procedures. Briefly, cells were detached with trypsin and
collected by centrifugation, washed three times in cold PBS, resuspended in PBS, and
ultrasonicated 4 times. Cells were then centrifuged at 1500 g for 10 min at 4 °C to remove cellular
debris. Reagent solutions were prepared by following the provided instructions. Detection
Reagent A was added to each well, and incubated for 1 h at 37°C, followed by the addition of
Reagent B and incubation step. Thereafter, TMB substrate solution was added to each well, and
the samples were incubated for 15—30 min at 37 °C, protected from light. The Stop solution was
added and yellow colored solution was formed. ND1 protein was immediately quantified in a

microplate reader taking measurements at 450 nm.

4.3.13 Statistical analysis

One-way or two-way analysis of variance (ANOVA), with the Bonferroni test, was used for
comparing data of control and multiple experimental groups. Some specific comparisons between
the two groups were analyzed by t-test. A confidence interval of 95% (p < 0.05) was considered
statistically significant. Data analysis was performed in GraphPad Prism v.6.01 (GraphPad
software Inc., CA, USA).

4.4 Results and discussion

4.4.1 Formation and characterization of TPP-based polyplexes

A significant progress in the development of non-viral vectors for nucleic acid delivery to
mammalian cells, in vitro and in vivo, has been made in recent years [27,29,30,43,44,49]. PEI
possesses a high ability to condense nucleic acids and to act as a possible “proton sponge”, which
may facilitate nucleic acid endosomal escape, being therefore, widely employed in gene delivery
strategies [43—46]. PEI contains primary, secondary, and tertiary amine groups, which contribute
to its high positive charge at physiological pH. The polyplexes were formulated based on the
strong electrostatic interaction between the PEI polycation and pDNA [43,44], at various N/P
ratios (1, 2, 5, and 10) to explore the influence of this parameter on polyplex properties. The effect
of polymer molecular weight has been also evaluated. As evidenced by SEM images, presented in
Figure 4.1, spherical or oval particles at the nanoscale can be formed for both pGFP- and pND1-
PEG-PEI-TPP systems, with size varying with both the PEI molecular weight and N/P ratio used.
Polyplexes with lower size were formed when both higher PEI molecular weight and N/P ratio
were considered. Particle size has been determined using ImageJ software and this tendency has
been confirmed. The data is shown in the Supplementary Material (SM), Table S4.1. Although
valuable information on size can be obtained by using this semi-automated method, a more
accurate particle size measurement can be accomplished by employing automated methods based
on automated software that enables the user to measure and count the constituent particles

through a control interface [50]. Dynamic Light Scattering was employed to further investigate
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the properties of the several PEG-PEI-TPP/pDNA vectors, namely the average size and the surface
charges. The results, for polyplexes formulated with both plasmids, are summarized in Tables
1A and B. For comparison, the zeta potential for both pDNAs and the size displayed by the
various PEI suspensions are also presented. All formed polyplexes were demonstrated to be
monodisperse, with PDI values of approximately 0.4 when formulated with PEI 1.8 kDa and 10
kDa and 0.2 when formulated with PEI 25 kDa. The above-mentioned tendency observed in SEM
images was confirmed by DLS. Thus, the size of the vectors decreases with increased PEI
molecular weight (p < 0.05) and N/P ratio (p < 0.05). For the lowest PEI molecular weight
systems, the resulting complexes exhibit large sizes, especially, for the lower N/P ratios. For the
same N/P ratio, smaller and smaller particles are formed as PEI molecular weight increases. PEI
with a molecular weight of 25 kDa ensures the formation of the lowest size vectors for each N/P
ratio. This fact can be related to a stronger compaction polymer ability as the molecular weight
increases. Despite the PEI molecular weight effect, it seems that the N/P ratio is the most
determining size tailoring parameter as its increment can dramatically reduce the size of the
systems (p < 0.01), even for low PEI molecular weight complexes (Table 1A and B) (p < 0.05). A
comparison of particle size obtained from SEM and DLS exhibits some discrepancy in the size
values. As demonstrated earlier and discussed elsewhere, this fact can be related to the principles,
advantages, and limitations of each technique [51]. Regarding the surface charges of the several
PEG-PEI-TPP-pDNA carriers, both the N/P ratio and polymer molecular weight affect this
parameter. Negative zeta potential values were obtained for all vectors produced at the N/P ratio
of 1. As the N/P ratio increases, more positive polymer charges are available to neutralize the
negative pDNA charges and, therefore the zeta potential of the particles shifts to increasingly high
positive values. Although to a less extent, PEI molecular weight also affects the surface charges
displayed by the different complexes. The lowest molecular weight PEI-based vectors present
negative zeta potential values up to an N/P ratio of 5; however, positive zeta potential values were
determined for all systems for N/P ratios from 2 to 10. The higher PEI positive charge density at
higher molecular weights and, most importantly, a higher N/P ratio induce the observed size and
surface charge characteristics of the developed carriers. As presented in Tables 1A and B, this
profile is common for both pGFP- and pNDi-based polyplexes with small variations between
them, with lower sizes and more positive zeta potential values for PEG-PEI-TPP/pND1 in each
combination of PEI molecular weight and N/P ratio. As the developed polyplexes may exhibit
different sizes and zeta potential values in cell culture medium due to different salt concentrations
and pH conditions, some control experiments have been performed in cell culture medium. For
these experiments, pDNA polyplexes were prepared as described and the pellet containing the
polyplexes was suspended in DMEM-HG, without serum, and both the average particle size and
the zeta potential of the several pDNA-based systems have been determined by DLS and ELS,
respectively. The results are presented in Table S4.2, available in the SM, and show that, for all
the polyplexes studied, the size and the zeta potential increased when the pellet containing the
polyplexes was suspended in DMEM-HG. Concerning the pDNA complexation capacity displayed
by the conceived complexes, a similar pattern was revealed. The results listed in Table 1A and B

for both pDNAs, are consistent with a higher pDNA complexation for vectors with higher
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molecular weight PEI and N/P ratios. Thus, polyplexes made from higher molecular weight PEI
and at higher N/P ratios can efficiently load and condense pDNA to a high extent. It should be
stressed that the N/P ratio parameter becomes extremely relevant in tailoring pDNA CC, as great
differences were found, for each system, when varying N/P ratios. In general, these observations
are in close agreement with findings from previous works on PEI/pDNA systems [47,51]. From
our results, supported by the DoE study previously performed that considered N/P ratio and
PDNA volume as DoE inputs revealing the formulation conditions that gave rise to adequate
pDNA CC, complexes size, and surface charges [47], the most adequate PEG-PEI-TPP/pDNA
formulations for cellular uptake and, consequently, efficient cell transfection were selected.
According to published literature in this field, spherical particles with sizes below 300 nm are
adequate to promote cellular internalization. Moreover, vectors possessing positive charges, and
in particular those showing zeta potential higher than +30 mV, strongly enable the interaction
with the negatively charged proteoglycans present in the cellular membrane, which facilitates
their entry into the cell [52,53]. This process is then followed by vector transportation, possibly
mediated by an endocytosis mechanism, into the organelle of interest. Based on these arguments,
polyplexes synthesized from lower molecular weight PEIs were excluded from subsequent studies,
and further experiments were performed with PEG-PEILsxpa-TPP/pDNA carriers prepared at N/P

ratios of 2, 5, and 10, due to their adequate sizes, surface charges and higher pDNA CCs, which

seem to be promising for in vitro application in the mitochondrial gene therapy field.

Figure 4.1 - Scanning electron micrograph of PEG-PEI-TPP-pGFP nanoparticles formulated with
PEI 1.8 kDa and N/P of 1 (A), PEI 10 kDa and N/P of 5 (B), PEI 25 kDa and N/P of 2 (C) PEI 25
kDa and N/P of 10 (D) and PEG-PEI-TPP-pND1 nanoparticles with PEI 1.8 kDa and N/P of 10
(E), PEI 10 kDa and N/P of 10 (F) PEI 25 kDa and N/P of 2 (G) and PEI 25 kDa and N/P of 10

(H).
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Table 4.1 - Mean size (nm), average zeta potential (mV) and pDNA complexation capacity (CC)
for the different PEI-TPP-PEG/pDNA systems at N/P ratios of 1 to 10. Average zeta potential
values of the pure PEIs and pDNAs were also presented. The values were calculated with the data
obtained from three independent measurements (mean + SD, n=3) and analyzed by one-way or

two-way ANOVA. Statistical significance was accepted at a level of p <0.05.

A. PEG-PEI-TPP-pGFP

N/P PEI 1.8 kDa PEI 10 kDa PEI 25 kDa

Size (nm) Zeta(mV) CC (%) Size (nm) Zeta(mV) CC (%) Size (nm) Zeta (mV) CC (%)
PEI 794 + 6.0 +38 + 3.1 827 + 47 +47 + 54 892 + 7.2 +64 + 6.1
1 766 + 7.7 —37+ 16 9+ 11 522 + 84 —16 + 05 20 + 2.2 456 + 5.9 -84+ 08 40 + 1.9
2 602 + 3.9 —28 + 25 14 + 0.6 408 + 6.8 +5 4+ 0.2 29 + 4.5 268 + 5.3 +9 + 1.3 56 + 3.6
5 434 + 6.2 -24+12 37 + 24 231 + 29 +13 + 2.1 60 + 4.7 197 + 2.5 +21 + 09 78 + 6.1
10 361 + 45 +7 £ 06 49 + 0.7 189 + 6.2 +22 4+ 48 71 £ 2.0 126 + 6.1 +37 £ 34 80 + 4.7
pGFP, §{ = —106 + 39
B. PEG-PEI-TPP-pND1
N/P PEI 1.8 kDa PEI 10 kDa PEI 25 kDa

Size (nm) Zeta(mV) CC (%) Size (nm) Zeta(mV) CC (%) Size (nm) Zeta (mV) CC (%)
1 655 + 8.2 —33 + 08 11 £ 3.0 511 + 39 -84+ 09 23416 421 + 6.1 —6 4+ 05 42 + 37
2 581 + 4.6 —21+19 17 £ 2.1 379 £ 55 +9 £ 13 32+23 215+ 47 +11 £ 3.1 60 £ 2.9
5 401 + 5.7 +3 + 04 44 + 09 280 + 4.7 +18 + 3.0 64 + 4.1 153 + 3.9 +24 + 2.6 80 + 5.0
10 330 + 3.8 +10 + 2.3 57 + 4.2 151 + 3.5 +29 + 2.4 75+ 3.8 101 + 3.6 +42 + 4.2 82 + 49
pND1,{ = —100 £ 2.5

4.4.2 Cellular and mitochondrial uptake of polyplexes

To follow the cellular uptake of TPP-based carriers, which is the first step in pDNA delivery into
mitochondria and subsequent gene expression, a study using FITC-labelled pDNA was
performed. FITC fluorescence intensity in the cytosol and mitochondrial cellular fractions was
quantified after 24 h of transfection mediated by PEG-PEL;skpa-TPP/pGFP-FITC or PEG-PELskpa-
TPP/pND1-FITC nanoparticles. As shown in Figure 4.2, the results obtained for both plasmids
are very similar and consistent with a poor accumulation of pDNA in the cytosolic fraction and an
intense accumulation of labeled pDNA in the mitochondria of HeLa cells, at an extent dependent
on the N/P ratio considered. As shown, a higher N/P ratio leads to an increased FITC fluorescence
intensity in the mitochondria. The difference is more pronounced between the carriers prepared
at the N/P ratio of 2 and N/P of 5 or 10, and it becomes smaller when comparing the highest N/P
ratios, independently of the pDNA system. Moreover, between the two plasmids, small differences
can be observed, with the vectors based on pND1 exhibiting slightly higher FITC fluorescence
levels in the mitochondria of HeLa cells. This result and those presented in the section above,
probably, contribute to the smaller particle size and the more positive zeta potential values found
for the PEG-PEL;spa-TPP/pND1 delivery system, which certainly may improve cellular uptake.
Moreover, for all systems studied, the fluorescence levels found in the cytosol are quite low
(Figure 4.2). These results demonstrate that the formulated particles can be internalized and
efficiently targeted to mitochondria. Furthermore, our data suggest that the N/P ratio used in the
formulation of the vectors can tailor the extent of mitochondria targeting/internalization. To gain
a deeper insight into the mitochondria targeting phenomenon, the FITC fluorescence intensity in
the mitochondria has been monitored as a function of transfection time for both pDNA systems.

The results are presented in Figure 4.3 A and B. As shown, the mitochondria internalization
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profile seems to be quite similar for both pDNAs studied. Independently of the N/P ratio at which
the polyplexes were prepared, lower levels of FITC were detected in the mitochondria of HeLa
cells at early time points, which increased with the time of transfection. After 4 h of transfection,
an intense accumulation of pDNA-FITC into mitochondria can be detected, being more
pronounced for carriers generated at N/P ratios of 5 and 10. Although, particles at the N/P ratio
of 2 seem to ensure mitochondria targeting and pDNA/FITC accumulation into this organelle as
the time of transfection increases, the FITC fluorescence levels are always lower when compared
with those found for the corresponding complexes at higher N/P ratios, especially for the N/P of
10. For vectors formulated at N/P ratios of 5 and 10, FITC levels significantly increase with time
until a plateau is reached after 12 h of transfection. Our results seem to indicate that the N/P ratio
can tailor the pDNA/FITC internalization into mitochondria, as the highest value for the N/P
parameter leads to the highest levels of FITC fluorescence. This assumption is valid for both
pDNA-based systems. To support the evidence of the targeting ability displayed by the PEG-
PELyspa-TPP/pDNA systems, FITC fluorescence intensity in the mitochondria of HeLa cells, as a
function of time, after transfection mediated by PEG-PEL;skpa/pGFP-FITC or PEG-
PELyskpa/pND1-FITC vectors was monitored. The results, available in the Supplementary Material
(Fig. S1), show the poor accumulation of pDNA-FITC into mitochondria, indicating that PEG-
PELxspa/pDNA carriers do not target mitochondria. This deeply confirms that TPP-polymer
conjugation is an efficient strategy to confer mitochondrial targeting ability to PEG-PEI-pDNA
delivery systems. Other authors also successfully developed mitochondria-targeted vectors for
novel therapeutic strategies implementation. These systems were designed for practical
applications such as drug delivery for cancer treatment, eradication of drug resistance, or
mitochondrial gene therapy [54—58]. They also demonstrated that the incorporation of
mitochondriotropic compounds significantly enhances the mitochondria targeting ability,
promoting the delivery of therapeutic cargoes into this organelle [54—58]. In some cases,
fluorometric analysis on isolated mitochondria was also performed to prove the selective and
efficient mitochondria-targeting performance displayed by the nanocarriers [54].

In a previous study, a fluorescence confocal microscopy study was conducted for PEG-PELskpa-
TPP/pND1-FITC vectors and corroborated well with the above results [47]. The confocal
microscopy images, at 24 h of transfection, illustrate the co-localization of pDNA with
mitochondria. Microscopy results confirm the mitochondrial targeting ability of the formulated
particles [47], which seems to be enhanced with the increase of the N/P ratio. Unexpectedly, no
GFP fluorescence was detected in HeLa cells after 24 h transfection mediated by PEG-PELskpa-
TPP-pGFP carriers, as assessed by confocal microscopy. This result was also confirmed by the low
GFP fluorescence levels found when measuring the cell-associated GFP fluorescence 24 h after
transfection with the pGFP-based polyplexes, as shown in Figure 4.4A. However, significant
GFP fluorescence can be found in the mitochondria of HeLa cells 48 h after transfection (p <
0.0001) (Figure 4.4B). This indicates that PEG-PEL:;swp.-TPP/pGFP carriers are being
internalized into the cancer cells, which were successfully transfected, resulting in protein
expression. Once more, the N/P ratio parameter seems to influence this process, in that higher

N/P ratios lead to higher levels of GFP fluorescence in HeLa cells (p < 0.0001). In contrast, the
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GFP fluorescence levels observed in the cytosol are quite low for all N/P ratios assayed (not
significant). Additionally, and as discussed in the following sections, gene expression and the
consequent GFP production in HeLa cells were found. Confocal microscopy and co-localization
studies have also been performed by other researchers to demonstrate cellular uptake and
mitochondrial targeting of the payloads [54,56]. For instance, Ahn et al. when searching for more
effective and selective mitochondria-targeting drug nanocarriers, reported the accumulation of

non-peptidic guanidinium-functionalized silica nanoparticles into mitochondria within only 5

min [54].
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Figure 4.2 - FITC fluorescence intensity ((a.u)/ug Protein) in the cytosol and mitochondria of
HelLa cells after 24 h transfection mediated by PEG-PEI-TPP-pGFP (A) or PEG-PEI-TPP-pND1
(B) systems. Untreated cells were used as control. The data, obtained by calculating the average
of nine independent experiments, are presented as mean + SD and analyzed by two-way ANOVA
followed by the Bonferroni test, *p <0.033, **p <0.002, ***p <0.001 and ****p <0.0001. A
comparison between cytosol and mitochondria for corresponding vectors was performed by two-
way ANOVA followed by the Bonferroni test. For both pDNA-based systems: not significant, for

control and ****p < 0.0001 for all vectors.
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Figure 4.3 - FITC fluorescence intensity ((a.u)/ug Protein) in the mitochondria of HeLa cells as
a function of time after transfection mediated by PEG-PEI-TPP/pGFP (A) or PEG-PEI-
TPP/pND1 (B) systems. The data, obtained by calculating the average of three independent

experiments, are presented as mean + SD.
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Figure 4.4 — GFP fluorescence (relative fluorescence units, RFU) in the cytosol and mitochondria
of HeLa cells 24 h (A) and 48 h (B) after transfection with PEG-PEI-TPP-pGFP vectors at different
N/P ratios. Untreated cells were used as control. Data are presented as mean + SD, n = 9, and
analyzed by two-way ANOVA followed by the Bonferroni test, with statistical significance as

indicated. ****p <0.0001 for all vectors.

4.4.3 Mitochondrial gene and protein expression

After evidencing cellular internalization and mitochondria targeting when transfection was
mediated by the developed polyplexes, GFP gene expression was evaluated. RT-PCR was
performed in RNA samples extracted from mitochondria isolated from untreated cells (control)
and from HelLa cells transfected with the pGFP-based formulations, using specific primers. The
results are summarized in Figure 4.5. Figure 4.5 presents gel electrophoresis of the

amplification products of the mitochondrial GFP gene, with well-resolved bands at expected sites,
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when compared with the control DNA ladder. Considerable levels of GFP mRNA were observed
in cells transfected with all PEG-PEILskpa-TPP/pGFP vectors when compared to the mRNA
content detected in control cells. The intensity of the bands seems to vary with the N/P ratio, with
polyplexes conceived at N/P of 10 leading to a more intense band from GFP transcripts. This
demonstrates their ability to promote efficient mitochondrial gene expression. A similar result
has been achieved by Cardoso et al. when HeLa cells have been transfected by surfactant-pGFP
complexes. Agarose gel electrophoresis also shows the amplification products of the
mitochondrial GFP gene on isolated mitochondria, confirming the efficient mitochondrial gene
expression mediated by the surfactant/pDNA vectors [30]. In a remarkable work, Kawamura et
al. used amplification refractory mutation system (ARMS)-quantitative PCR to examine mutant
levels resulting from the transfection of wild-type mitochondrial pretRNAPhe encapsulated in the
MITO-Porter. Following this approach, they found a significant decrease in the mutant rate of
tRNAPre and showed that the therapeutic effect was sustained [59]. Moreover, Park et al. wisely
reviewed the techniques for investigating mitochondrial gene expression giving a good
perspective of the possibilities and challenges for future research of gene expression into
mitochondria [60]. The ongoing work of our team on this topic will deeply focus on techniques
described in this review article.

The expression of mitochondrial recoded GFP and ND1 proteins were evaluated after 48 h cell
transfection by the different nanoparticle formulations. As a control, cells were also transfected
with PEG-PEL;pa/pDNA complexes, and the expression of proteins was evaluated. Proteins were
quantified by using the ELISA immunoassay, as described above, and the results are displayed in
Table 2. Mitochondrial GFP protein (Table 2A) was not detected in control cells nor cells
transfected by PEG-PELgpa/pGFP complexes, demonstrating their inability to target
mitochondria. The PEG-PELyskpa/pGFP complexes should be able to cellular internalization,
promoting gene and protein expression in the cytosol. However, mitochondrial recoded GFP
cannot be expressed in the cytosol due to the different genetic codes exhibited by mitochondrion.
Mitochondrial genetic code is different from the nucleus, therefore, some codons correspond to
different amino acids in mitochondria than in nuclear code [61]. Protein-coding genes are all
components of the respiratory complexes in the mitochondrial matrix (MM). mtDNA-encoded
proteins are synthesized inside the matrix and co-translationally inserted directly into the inner
mitochondrial membrane by the mitochondrial ribosome aided by the insertase Oxa1, the inner
membrane protein Mbai, and a variety of other factors [62].

On the contrary, cellular transfection mediated by the PEG-PEL:sp.-TPP/pGFP vectors leads to
protein expression to an extent dependent on the N/P ratio. HeLa cells transfected with particles
at the N/P ratio of 2 present the lowest GFP amount, while as the N/P ratio increases, significantly
higher protein levels are observed (**p < 0.01). The differences found, in protein expression
following transfection with the TPP polyplexes prepared at higher N/P ratios are small (*p < 0.05).
In the same way, while PEG-PEIspa/pND1 formulations are unable to mediate the ND1 protein
expression in both cytosol and mitochondria, this protein can be produced in HeLa cells after
transfection with PEG-PEI5pa-TPP/pND1 carriers. As ND1 is an endogenous mitochondrial

gene, control cells present significant levels of ND1 protein (Table 4.2B).
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However, this protein content can be incremented upon cell transfection with PEG-PELsipa-
TPP/pNDa1 carriers, as considerable protein levels are produced for all N/P ratios with respect to
control (**p < 0.01). The variation of protein expression with the N/P ratio seems to follow the
same trend observed for GFP production. As the N/P ratio increases, more efficient seems to be
the transfection process and a higher amount of mitochondrial proteins can be produced. The

difference in protein expression obtained with polyplexes at N/P ratios of 2 and 5 (**p < 0.01) or
N/P ratios of 2 and 10 (**p < 0.01) is, however, more significant than the difference observed
when the polyplexes exhibit higher ratios (*p < 0.05), for both pDNAs. This finding on protein

expression agrees well with the results presented earlier in this report, which is consistent with
efficient cellular uptake and mitochondrial internalization for particles with higher N/P ratios

and, therefore, a transfection leading to high levels of produced mitochondrial protein.

Table 4.2 - Quantification of GFP and ND1 protein levels (ng/mL) in the cytosol and
mitochondria of HeLa cells after 48 h of transfection mediated by the formulated PEG-PEI-pGFP,
PEG-PEI-TPP-pGFP, PEG-PEI-pND1 and PEG-PEI-TPP-pND1 vectors, at different N/P ratios.
The values were calculated with the data obtained from three independent measurements
(mean+SD, n=3). Data were analyzed by one-way or two-way ANOVA (GraphPad Software

version 6.01, Inc., CA, USA). Statistical significance was accepted at a level of p < 0.05.

A. GFP (ng/mL)

System Cytosol Mitochondria
Control cells 0 0
PEG-PEI-pGFP N/P 2 0 0
PEG-PEI-pGFP N/P 5 0 0
PEG-PEI-pGFP N/P 10 0 0
PEG-PEI-TPP-pGFP N/P 2 0 210 + 3.8
PEG-PEI-TPP-pGFP N/P 5 0 448 + 6.6
PEG-PEI-TPP-pGFP N/P 10 0 563 4+ 6.4
B.ND1 (ng/mL)

System Cytosol Mitochondria
Control cells 0 98 4+ 4.2
PEG-PEI-pND1 N/P 2 0 98 + 39
PEG-PEI-pND1 N/P 5 0 100 + 5.1
PEG-PEI-pND1 N/P 10 0 100 + 3.8
PEG-PEI-TPP-pND1 N/P 2 0 266 4+ 4.6
PEG-PEI-TPP-pND1 N/P 5 0 420 £+ 5.0
PEG-PEI-TPP-pND1 N/P 10 0 485 4+ 6.9
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148 bp

Figure 4.5 - PCR analysis of GFP mRNA extracted from mitochondria isolated from HeLa cells
after 24 h of transfection mediated by PEG-PEI-TPP-pGFP based polyplexes, at the N/P ratios of
2, 5 and 10 (R2, R5 and R10, respectively). A — negative control, RT-PCR reaction containing all
of the necessary components except cDNA; B — mRNA samples from mitochondria of untreated

cells; C — mRNA from mitochondria of cells transfected with pGFP.

From the above findings, it becomes clear that the N/P ratio appears as a relevant tailoring
parameter for desired mitochondrial targeting and protein expression when using PEG-PEIsskpa-
TPP/pDNA polyplexes in mitochondrial gene therapy. Moreover, research on the
design/formulation of mitochondrial-targeted delivery systems, aiming for long-term expression
of transgenes, will deeply benefit from the conception of disease models covering the wide range
of mitochondrial genetic mutations. Altogether, these efforts will, certainly, make mitochondrial
gene delivery clinically feasible in the near future. Moreover, strategies based on mtDNA editing
via protein-only nucleases or CRISPR/Cas9-based editing have recently been deeply investigated

and show valuable potential for treating mitochondrial disorders [62—64].

4.5 Conclusions

The mitochondrial-targeted PEI/TPP polymer successfully condenses both GFP and ND1i-
encoded plasmid DNA, resulting in the formation of nanometer complexes. It was found that PEI
molecular weight and N/P ratio can deeply tailor the properties exhibited by PEI/TPP/pDNA
carriers. In vitro transfection studies demonstrate that higher molecular weight PEI-based
vectors are able of uptake to be internalized by mammalian cells and target mitochondria, to an

extent dependent on the N/P ratio. Confocal microscopy analysis of transfected HeLa cells
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strongly supports the mitochondrial targeting ability of the developed polyplex formulations.
Importantly, after transfection mediated by the pDNA delivery systems, mitochondrial gene
expression occurred and significant GFP and ND1 protein levels were quantified in cancer cells.
This study represents a great advance in gene delivery into mitochondria and protein expression
to restore mitochondrial function. Therefore, it paves the way for further research into the
challenging topic of long-term mitochondrial transgenes expression, advancing therapeutic

strategies for mitochondrial DNA disorders.

4.6 Supplementary Material

Supporting Information for Chapter 4

Table S4.1 — Mean particle size (nm), determined by SEM analysis and using ImageJ software,
for the different PEG-PEI-TPP/pDNA systems prepared at N/P ratios ranging from 1 to 10.
Approximately 20 SEM images were acquired for each sample and, on average, five particles were

counted per image, considering 1 pixel = 0.95 nm. The data are presented as mean + SD.

,,,,,,,,

PEI1.8kDa ©PEI10kDa PEI25kDa

N/P Size (nm)
1 786 4.1 539438 461 £1.9
2 616 =29 420+£2 8 270437
5 437 2.6 246 4.6 20142
10 370+51 200439 138+£3.0

PEG-PEI-TPP-pND1

N/P Size (nm)
1 659 £33 517+4.8 431439
2 582+16 376 £6 9 223454
5 415+£39 291 +£58 155+£51
10 33048 153 +4 8 116 £2 9
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Fable S4.2 — Mean particle size (nm) and average zeta potential (mV) for the different PEI-TPP-
PEG/pDNA systems at N/P ratios of 1 to 10, in Dulbecco’s Modified Eagle’s Medium with High
Glucose. The values were calculated with the data obtained from three independent
measurements (mean + SD, n = 3) and analyzed by one-way or two-way ANOVA (GraphPad

Software version 6.01, Inc., CA, USA). Statistical significance was accepted at a level of *p <0.05.

PEI1.8kDa PEI 10 kDa PEI 25 kDa

NP Size(nm) Zeta(mV) Size (nm) Zeta (mV) Size (nm) Zeta (mV)

1 79629 -28 =08 545 6.5 -13x19 480 £5.7 -5 =06
2 623 4.7 -22+19 42632 +8=22 284+68 +12+1.1
3 44951 +4=15 26036 +15£30 210£52  +25=x25
10 37859 +9 =28 200£28 +24zx21 14230 +39=18

PEG-PEI-TPP-pND1

PEI 1.§ kDa PEI 10 kDa PEI 25 kDa

NP Size (om) _ Zeta (mV) Size (nm) Zeta (mV) Size (nm) Zeta (mV)

1 668 £7.7 2612 522 6.6 -6 =02 43881 -4 08
2 590£5.1 -17£1.5 38447 +13+£11 231442 14207
5 421 £6.3 +6=1.2 29651 +21+£20 16033 +28£10
10 33946 +13=21 164 =40 +31x19 119 =44 +44 =09
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Chapter 5

Development of Peptide-Based Nanoparticles
for Mitochondrial Plasmid DNA Delivery
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5.1 Abstract

A mitochondrion is a cellular organelle able to produce cellular energy in the form of adenosine
triphosphate (ATP). As in the nucleus, mitochondria contain their own genome: the
mitochondrial DNA (mtDNA). This genome is particularly susceptible to mutations that are at the
basis of a multitude of disorders, especially those affecting the heart, the central nervous system
and muscles. Conventional clinical practice applied to mitochondrial diseases is very limited and
ineffective; a clear need for innovative therapies is demonstrated. Gene therapy seems to be a
promising approach. The use of mitochondrial DNA as a therapeutic, optimized by peptide-based
complexes with mitochondrial targeting, can be seen as a powerful tool in the reestablishment of
normal mitochondrial function. In line with this requirement, in this work and for the first time,
a mitochondrial-targeting sequence (MTS) has been incorporated into previously researched
peptides, to confer on them a targeting ability. These peptides were then considered to complex a
plasmid DNA (pDNA) which contains the mitochondrial gene ND1 (mitochondrially encoded
NADH dehydrogenase 1 protein), aiming at the formation of peptide-based nanoparticles.
Currently, the ND1 plasmid is one of the most advanced bioengineered vectors for researching
mitochondrial gene expression. The formed complexes were characterized in terms of pDNA
complexation capacity, morphology, size, surface charge, and cytotoxic profile. These data
revealed that the developed carriers possess suitable properties for pDNA delivery. Furthermore,
in vitro studies illustrated the mitochondrial targeting ability of the novel peptide/pDNA
complexes. A comparison between the different complexes revealed the most promising ones that
complex pDNA and target mitochondria. This may contribute to the optimization of peptide-
based non-viral systems to target mitochondria, instigating progress in mitochondrial gene

therapy.

Keywords

Cell-penetrating peptides; mitochondrial DNA diseases; mitochondria targeting; nano-delivery

systems; biocompatibility; plasmid DNA

5.2 Introduction

Mitochondria are cytoplasmic organelles responsible for energy production to ensure normal cell
metabolic function. This organelle synthesizes ATP via oxidative phosphorylation, in which four
enzymatic systems are involved to promote electron transport and generate a proton gradient
[1,2]. Mitochondria are also involved in cellular signaling, ion homeostasis, and the metabolism
of amino acids, lipids, cholesterol, steroids, and nucleotides [3,4]. Beyond this, its role in the
regulation of the cell cycle, cell growth, and apoptosis is also reported [5,6]. Along with
chloroplasts, mitochondria emerged from bacterial ancestors, and through evolution, retained
specialized structures and haploid genomes [77]. Much of their genetic content is included in the
nuclear genome, but a significant part remains in mitochondria. The mitochondrial genome,

mtDNA, is a double-stranded molecule, 16 kbp in size, containing 37 genes that encode 13
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polypeptides that take part in the oxidative phosphorylation chain, 2 rRNAs and 22 tRNAs, all
exclusive to the mitochondria [8]. Mutations in mtDNA have been associated with multiple
metabolic and neuromuscular degenerative syndromes, and connected with Parkinson’s and
Alzheimer’s diseases, diabetes, and several types of cancer [9-17]. The therapeutic approaches to
treat mtDNA diseases have been largely ineffective, as they focus on alleviation of the symptoms.
In this sense, mitochondrial gene therapy can be seen as a valuable and powerful tool to deal with
these disorders, as it fights the disease at its source [18-20]. The direct and efficient transfection
of mitochondria, with regard to replacing mutated mitochondrial genes, requires a suitable
delivery system. This vehicle should protect, carry, and target the genetic content to mitochondria,
promoting its efficient release, and thus, ensuring mitochondrial gene and protein expression.
In the last decades, considerable advances have been made in the conception of nucleic acid-based
delivery systems to overcome the major drawbacks of payload delivery to eukaryotic cells, namely,
cellular uptake/internalization, endosomal escape, targeting a specific subcellular compartment,
and ultimately, the induction of therapeutic action [19-24]. In line with this aim, micelles,
polymers, lipid- and peptide-based nanoparticles are among the most studied systems for gene
release [25-28]. In particular, cell-penetrating peptides (CPP) offer exceptional properties to be
explored as gene delivery vehicles for successful gene therapy [28-32]. CPPs are short peptides,
usually of fewer than 30 amino acids, and can be separated into arginine-rich and amphipathic
peptides. The amphipathic ones possess both hydrophilic and hydrophobic domains that confer
on these peptides the ability to interact with the genetic material, promoting its membrane
translocation, followed by cell entry [28-33]. However, the exact mechanism CPPs use to
penetrate cells is still not fully understood, with endocytosis and direct penetration being the most
probable hypothesis [30,33]. Despite this fact, their great potential in conjugation with
therapeutic molecules and their cellular internalization has been well recognized, leading to the
significant participation of CCPs in biomedical applications [31-36].

In this work, a set of CPPs have been designed/synthesized to complex the mitochondrial gene
NDi1-encoded pDNA (pND1) and ensure its targeting of mitochondria. To the best of our
knowledge, to date, this pND1 is by far one of the most advanced bioengineered vectors in research
toward mitochondrial gene expression. It enables us to get close to the concrete reality of
mitochondrial protein expression. The formed nano-complexes were developed at various
nitrogen-to-phosphate group (N/P) ratios and adequately characterized. Their biocompatibility
has been assessed, and in vitro studies have been performed to evaluate the ability of the
developed peptide/pND1 complexes to target mitochondria. The suitable physicochemical
properties of the novel delivery systems, along with their mitochondria-targeting capacity, make
them useful nano-platforms for mitochondrial gene therapy. Furthermore, a comparison between
the various peptide/pND1 complexes revealed differences in their physicochemical properties and
showed the ones with high potential for mitochondria targeting. This work may contribute to
optimizing the conception of novel peptide-based systems for long-term mitochondrial gene

expression.
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5.3 Materials and Methods

5.3.1 Materials

Fmoc-amino acids, dimethylformamide (DMF), trifluoroacetic acid (TFA),
diisopropylcarbodiimide (DIC), diisopropylethylamine (DIEA), dichloromethane (DCM),
piperidine, oxyma, diethyl ether, acetonitrile and fluorescein isothiocyanate (FITC) were all
obtained from Sigma-Aldrich (St Louis, MO, USA). Resin for peptide synthesis (AmphiSpheres
40™) was obtained from Agilent Technologies (Les Ulis, France). The Liberty Blue HT12™
Automated Microwave Peptide Synthesizer was obtained from CEM (NC, USA). The FC 204
Fraction Collector and 321 HPLC Pumps were obtained from Gilson. The Pharmacia LKB-REC
102 was obtained from Pharmacia (Stockholm, Sweden). The Waters Alliance 2695 HPLC System
was obtained from Waters Corporation. DAPI was from Invitrogen (Carlsbad, CA, USA), and
MitoTracker Orange CMTMRos from Molecular Probes (Leiden, The Netherlands). All solutions
were freshly prepared using ultra-pure water, and purified with a Milli-Q system from Millipore
(Billerica, MA, USA).

Normal Human Dermal Fibroblasts (NHDF), Ref. C-12302 (cryopreserved cells), and cancer
HeLa cells were purchased from PromoCell (Heidelberg, Germany) and Invitrogen (Carlsbad, CA,
USA), respectively.

The plasmid pCAG-GFP-ND1 (5.4 kbp) was developed by our research group through the cloning
of the mitochondrial NADH dehydrogenase 1 protein-encoded gene (mtND1) in Escherichia coli.

The full description of gene cloning and plasmid production are described elsewhere [19].

5.3.2 Methods

5.3.2.1 Synthesis of Peptides

Peptide synthesis was performed using the Liberty Blue HT12™ Automated Microwave Peptide
Synthesizer. The peptides were produced by following the Fmoc approach of solid-phase peptide
synthesis (SPPS) methodology. Amino acid-COOH activation was performed using a 1M solution
of DIC (39.4 mL in 250 mL of DMF) and oxyma + DIEA (17.76 g + 6.25 mL in 125 mL of DMF).
After the addition of amino acid, the Fmoc group was removed using a 20% solution of piperidine
in DMF. The peptides were deprotected and cleaved from their respective resins by TFA treatment
(TFA 92.5%, triisopropylsilane 5%, and water 2.5%). Peptides were purified by semi-preparative
HPLC (Waters Corp., Wilmslow, UK), using an octadodecyl carbon chain (C18) column. The
tryptophan-(W) and arginine-(R) rich amphipatic peptides (WRAP) WRAP1, WRAP5 and MTS
peptides were dissolved in H,O + 0.1% TFA, and MTS-WRAP1, MTS-WRAP5, (KH),, MTS-(KH),
and CpMTP were resuspended in H,O + 30% acetonitrile. The purification of all peptides was
carried out using the same gradient (20% to 60% of acetonitrile for 40 min at a flow rate of 5
mL/min). LC/MS analysis was performed to assess the molecular mass of each peptide,

confirming a purity of 295%.
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5.3.2.2 Formulation of Peptide/pND1 Complexes

PND1 stock solution was prepared in sodium acetate buffer (0.1 mM sodium acetate/0.1 M acetic
acid, pH 4.5). Peptide/pND1 complexes were formed at different N/P ratios. The calculation of
the N/P ratio is defined as the molar relation of amine groups in the peptide, which represent the
positive charges, to phosphate groups in the pND1, which represent the negative charges,
considering the mass per charge ratio of pND1 (330 g/mol, relative to one phosphate group) [19].
Therefore, for the preparation of peptide/pND1 complexes at various N/P ratios, different
concentrations of each peptide (50 uL) were added to the pND1 solution at a fixed concentration
of 1.4 nM. The mixture was vortexed for 30s and left for equilibration for 25 min at room
temperature. The complexes were then centrifuged at 13,000x g for 20 min at 4 °C and the pellet,
containing the pND1-based nanoparticles, was recovered.

The presence of pND1 in the supernatant was evaluated by the horizontal electrophoresis
technique for 30 min under 120 V in 1% agarose gel stained with GreenSafe Premium (NZYTech,
Lda. Lisbon, Portugal). The gels were visualized using the Gel documentation system under UV
light (UVItec Limited, Cambridge, UK).

5.3.2.3 Scanning Electron Microscopy (SEM)

The morphology of peptide/pND1 complexes was investigated by scanning electron microscopy
(SEM). Freshly prepared complexes were washed three times with 300 pL of ultra-pure grade
water and centrifuged (13,000x g, 12 min, 4 °C). Then, the pellet was recovered and resuspended
in 40 pL of 2% tungsten solution. The samples were diluted 1:20 in ultra-pure water, 10 pL
pipetted to the roundly shaped coverslip (10 mm), and left to dry overnight at room temperature.
On the following day, the samples were mounted on aluminum supports, fixed with double-sided
adhesive tape, and sputter coated with gold using an Emitech K550 (London, UK) sputter coater.
A scanning electron microscope, Hitachi S-2700 (Tokyo, Japan), with an accelerating voltage of
20 kV at various magnifications, was used to determine the morphology of peptide/pND1

complexes.

5.3.2.4 Particle Size and Zeta Potential Measurements

The average particle size and the zeta potential of peptide/pND1 complexes were determined by
dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern Instruments, Worcestershire,
UK). The pellet containing the complexes was suspended in 5% glucose with 1 mM NaCl. DLS
using a He-Ne laser 633 nm with non-invasive backscatter optics (NIBS) and electrophoretic light
scattering using M3-PALS laser technique (phase analysis light scattering) were applied for size
and charge determination, respectively. The Malvern Zetasizer software v 6.34 (Worcestershire,
UK) was used.
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5.3.2.5 Cell Culture

Cancer HelLa cells and fibroblast cells were grown in Dulbecco’s Modified Eagle”s Medium, high
glucose (DMEM-HG) (Sigma-Aldrich, St. Loius, MO, USA) supplemented with 10% heat-
inactivated bovine fetal serum (FBS), 0.5 g/L sodium bicarbonate, 1.10 g/L. HEPES, 100 pg/mL
of streptomycin and 100 units/mL of penicillin (Sigma-Aldrich, St. Loius, MO, USA). The cells

were kept at 37 °C in a 5% CO, humidified atmosphere until confluence was attained.

5.3.2.6 Cytotoxicity Evaluation

The biocompatibility of the systems was evaluated on HeLa cells using a MTT (3-[4,5dimethyl-
thiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay. MTT assay is a colorimetric method that
quantifies the metabolic active cells. HeLa cells were plated in a 96-well plate, at a density of 1 x
104 cells/well, and grown at 37 °C in a 95% 02/5% CO, humidified atmosphere. The complexes
(50 pL), in serum-free DMEM medium, were applied to the well plates. After 24 h or 48 h
incubation, the redox activity was assessed through the reduction of MTT. Absorbance at 570 nm
was measured using a Biorad Microplate Reader Benchmark. The spectrophotometer was
calibrated to zero absorbance using the culture medium without cells. Non-transfected cells were
used as negative control and ethanol-treated cells were used as positive control. The relative cell
viability (%) related to control wells was calculated by [A]test/[A]control x 100, where [A] test is
the absorbance of the test sample and [A] control is the absorbance of the negative control sample.

All the experiments were repeated three times in triplicate.

5.3.2.7 Detection of Associated/Internalized pND1

pND1 was labeled with FITC by mixing 5 uL of pDNA, 73 pL of labeling buffer (0.1 M Sodium
Tetraborate, pH 8.5) and 2 puL of FITC (in sterile anhydrous dimethyl sulfoxide, 500 mg/mL). The
samples were placed under constant stirring for 4 h at room temperature and protected from light.
One volume of 3 M sodium chloride (85 uL) and 2.5 volumes of 100% ethanol (212.5 uL) were
added, and samples with the stained pND1 were incubated overnight at —20 °C. Thereafter, the
solution was centrifuged at 12,000x g for 30 min at 4 °C, and the pellet was washed with 75%
ethanol.

Cancer HelLa or fibroblast cells were cultured as described, and for transfection, 100 uL of
peptides/FITC-pND1 complexes were added to each well. After 12 h, cells were washed twice with
PBS, and pND1 levels were estimated by measuring FITC fluorescence levels using a fluorimeter
plate reader (excitation and emission wavelengths at 495 nm and 525 nm, respectively). For each
cell line, the protein content of each well was measured with a bicinchoninic acid (BCA) protein
assay kit (BCA1-1KT, Sigma Aldrich Chemicals, St. Louis, MO, USA). Fluorescence/microgram
protein readings were then determined by averaging the background corrected fluorescence of
triplicate wells and dividing by the protein content per well. The use of this kit aids in correcting
for cell density differences between different sets of experiments. The fluorescence of FITC—pND1
in each organelle sample was normalized with the amount of protein and expressed as

fluorescence/ug protein.
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5.3.2.8 Cellular Organelle-Associated Fluorescence

The mitochondrial targeting capacity of the developed peptide/pND1 complexes has been
evaluated by monitoring the associated FITC-pND1 fluorescence. Transfection has been mediated
in HeLa or fibroblast cells by the peptide/pND1 complexes, as described before, and thereafter
mitochondria and cytosol have been separated using the Mitochondria Isolation Kit for Cultured
Cells (#89874, Thermo Fisher Scientific Inc., Rockford, IL, USA). This method leads to the
efficient isolation of mitochondria with optimized purity and high/consistent yield [18] HeLa cells
(1 x 104) or fibroblasts (2 x 104) were transferred to Falcon tubes and 800 uL of mitochondria
isolation reagent A was added to the cells, followed by incubation on ice for 2 min. Afterward,
mitochondria isolation reagent B (10 uL) was added and HeLa or fibroblast cells were vortexed at
maximum speed for 10 sec, incubated on ice for 5 min, and vortexed again at maximum speed
every minute. At this point, 800 uL of Reagent C was then added, the samples were centrifuged
at 800,000x g for 10 min at 4°C and the supernatant was centrifuged at 3000x g for 10 min at
4°C. Following this procedure, the obtained pellet contains the mitochondria, while the
supernatant contains the cytosolic fraction. Reagent C (500 pL) was added to the pellet, new
centrifugation at 12,000x g for 5 min was performed, and the supernatant was discarded. The
pellets consisting of mitochondria were resuspended in 50 uL of ice-cold PBS, mixed with 500 uL
of carbonate buffer (fresh cold 0.1 M Na,COj), and used in the FITC-pND1 fluorescence

quantification experiments.

5.3.2.9 Fluorescence Confocal Microscopy on living cells

The cellular uptake and mitochondria targeting ability of peptide/pND1 complexes were
evaluated by confocal laser scanning microscopy (CLSM). FITC-labeled pDNA was complexed
with the different peptides to form the nanoparticles, as described before. HeLa cells (2 x 103)
were grown in p-slide 8-well until 50-60% confluence was achieved. The nucleus was marked
with DAPI and the mitochondria with MitoTracker Orange dye. The complete medium was
replaced by a serum-free culture medium 12 h before transfection. Labeled FITC at 1 ug pND1
were added to each well. The images of HeLa cells transfected with the different peptide/pDNA
complexes were acquired. Real live transfection was visualized using an LSM 710 confocal
microscope (Carl Zeiss SMT, Inc., Oberkochen, Germany) under a 63x oil immersion objective
and analyzed with the LSM software (Carl Zeiss SMT, Inc., Oberkochen, Germany). During the
experiment, HeLa cells were maintained at 37°C with 5% CO.. All images were acquired with the
laser and the filters corresponding to the respective DAPI (445/450 nm), FITC (525/550 nm),
and MitoTracker (555/580 nm) dyes.

5.3.2.10 Statistical Analysis

Normality tests (D”Agostino & Pearson omnibus and Kolmogorov—Smirnov) were applied to
determine the normality of the distribution of the sample data. One-way or two-way analysis of
variance (ANOVA), with the Bonferroni test, was used for comparing the data of control and

multiple experimental groups. A confidence interval of 95% (p <0.05) was considered statistically
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significant. Data analysis was performed with GraphPad Prism v.8.01 (GraphPad Software, Inc.,
San Diego, CA, USA).

5.4 Results and Discussion

5.4.1 Synthesis of Peptides

CPPs have been demonstrated to facilitate payload delivery into the cells, especially by forming
nanoparticles. In this study, we were interested in synthesizing peptides with mitochondria-
targeting ability to promote the targeting of peptide/pND1 nanoparticles to this organelle. This is
a crucial step for developing a suitable delivery system for mitochondrial gene therapy. To
accomplish this, we took advantage of the previously developed family of short tryptophan-(W)
and arginine-(R) rich amphipathic peptides (WRAP) [29-31]. WRAP peptides demonstrated the
ability to easily and efficiently encapsulate nucleic acids, including siRNA [30] and pDNA [29],
leading to the conception of stable nano-systems. This asset has been explored to promote the
delivery of genetic material to different cell types; this also contributes to the fact that WRAP-
based nanoparticles enter cells mainly via direct translocation [31]. The peptide (KH), consists of
a lysine—histidine repeats with high cationic charge density, a property that favors its penetration
into cells. The amino acid lysine promotes the condensation of nucleic acids, facilitating their
cellular uptake, while histidine plays a crucial role in avoiding endosomal sequestration, due to
the proton sponge effect, allowing nucleic acids to reach the cytosol [37]. Despite the convenient
properties, displayed by the mentioned peptides for cell uptake and gene delivery, none of the
peptides exhibit mitochondrial affinity. Therefore, in this work, MTS was incorporated into each
peptide. The chosen sequence consists of a 12-residue partial pre-sequence of yeast cytochrome c
oxidase subunit IV, known to grant mitochondrial affinity to CPPs. The addition of MTS to
WRAP1, WRAP5, and (KH), allowed the creation of multifunctional dual-domain peptides,
capable of formulating nanoparticles with a hydrophilic core where pDNA was condensed and
MTS located mostly on the surface, providing targeting to mitochondria [38]. The CpMTP
peptide, which was synthesized based on the signal sequence of human mitochondrial
methionine-R-sulfoxide reductase B2, has a natural affinity for mitochondria [39]. This peptide
can condense and deliver high molecular weight cargo molecules, and bind pDNA.

After synthesis, all peptides were purified by HPLC to obtain >95% purity and their mass and
sequences were confirmed by mass spectrometry. The properties of the peptides, namely,

sequence, total residues, isotopic mass, and positive charges, are presented in Table 5.1.
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Table 5.1 - List of the synthesized peptides and MTS sequence, including information on peptide

sequence, total residues, isotopic mass and positive charges.

Peptide Peptide Sequence Total Residues Isotopic Mass (g/imol) Positive Charges
MTS NH2-MLSLRQSIRFFK-CONH2 12 1523.88 3
WRAP1 NHZ2-LLWRLWRLLWRLWRLL-CONH2 16 2290.42 5
WRAPS NHZ2-LLRLLRWWWRLLRLL-CONH2 15 2104.34 5
{KH)9 NH2-KHKHKHKHKHKHKHKHKH-COMH2 18 2403.41 9
CpMTF NH2-ARLLWLLRGLTLGTAPRRA-CONHZ 19 2132.32 4
MTS-WRAP1 NH2-MLSLROSIRFFK-LLWRLWRLLWRLWRLL-CONH2 28 3797.27 8
MTS-WRAPS NH2-MLSLRQSIRFFE-LLRLLRWWWRLLRLL-CONH2 27 3611.19 8
MTS-(KH)®  NH2-MLSLRQSIRFFK-KHKHKHKHKHKHKHKHKH-COMH2 30 3910.26 12

5.4.2 pND1 Complexation Capacity

Over the past decade, there has been growing interest in the development of nano-delivery
systems capable of transporting genetic material to the vicinity of mitochondria and promoting
its long-term expression - a promising strategy to address diseases associated with mtDNA
mutations [19,20,40-44]. In this work, peptide/pND1 complexes have been developed aiming to
target mitochondria and deliver pND1 plasmid into this organelle, as the first step for efficient
mitochondrial gene expression. In addition, our work also aimed to perform a comparison study
to reveal the most promising peptide/pND1 complexes for subsequent studies on mitochondrial
gene/protein expression. To accomplish this, MTS-peptide/pND1 and CpMTP/pND1 complexes
were formed by a co-precipitation method—an approach used by other authors to encapsulate
DNA and form DNA-based nanoparticles [19,40,44]. For comparison purposes and to unravel the
role of the MTS sequence, WRAP1-, WRAP5-, and (KH), peptides/pND1 complexes were also
formulated. Each peptide interacted, mainly by electrostatic forces, with the negatively charged
pND1 forming nano-sized particles. The extent of this interaction and, therefore, the capacity to
complex pND1, may vary with the peptide and strongly depends on the N/P ratio considered at
the complexes formulation step. The pND1 degree of complexation for the different peptide/pND1
systems and at various N/P ratios has been investigated by agarose gel electrophoresis. The
results are shown in Figure 5.1. For each peptide, a screening study revealed the range of N/P
ratios adequate to promote an efficient pND1 complexation. Although the study demonstrated
that all peptides were able to complex pND1, differences arose concerning the N/P ratio required
to ensure an efficient plasmid complexation. As can be observed in Figure 5.1A, the CpMTP
peptide induced pND1 complexation from an N/P ratio of 0.5. From this N/P, the peptide
efficiently neutralized the charges of pND1 and, thus, could not migrate through the agarose gel.
As the N/P ratio further increases, it is expected that the positive charges from the amines
strengthen the interaction between CpMTP and pND1, increasing the complexation degree of the

latter molecule. Figure 5.1B demonstrated that WRAP1 started to induce pND1 complexation at
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a higher N/P ratio (3). When WRAP5 was considered to complex pND1, a lower N/P ratio (0.5),
the same ratio as for CpMTP, was needed to induce pND1 complexation (Figure 5.1C). On the
other hand, (KH), exhibited a higher ability in condensing pND1, as confirmed in Figure 5.1D.
As observed, from a low N/P ratio of 0.1, (KH), peptide was able to neutralize the negative charges
of the plasmid, and, therefore, no band was visible in the agarose gel. This result has been
confirmed by determining the complexation capacity (CC) of the (KH),/pND1 complexes. CC has

been calculated from the following equation:

CC (%) = [(pND1)T - (pND1)F/(pND1)T] x 100 (€))]

where (pND1)T stands for the total amount of pND1 and (pND1)F is the non-bound fraction of

pND1 found free in the supernatant.
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Figure 5.1 - Analysis of pND1 complexation capacity of CoMTP/pND1 (A); WRAP1/pND1 (B);
WRAP5/pND1 (C); (KH),/pND1 (D); MTS-WRAP1/pND1 (E); MTS-WRAP5/pND1 (F) and MTS-
(KH),/pND1 (G) complexes at various N/P ratios, investigated by agarose gel electrophoresis. The
samples were loaded at the application site at the upper end of the image (anode) and migrated
then to the lower end (cathode).

The CC at the N/P ratio of 0.1 was, approximately, 86%, which was in agreement with the results
obtained from agarose gel electrophoresis (Figure 1D). The great capacity of (KH), peptide to
condense pND1 could be attributed to its high cationic charge density, which is higher than those
of WRAP1, WRAP5, or CpMTP (Table 5.1).

The effect of the addition of the MTS sequence to the peptides did not seem to follow a trend
concerning the pND1 complexation. As illustrated in Figure 5.1E, for MTS-WRAP1, the

incorporation of this sequence into the WRAP1 peptide led to an efficient pND1 complexation at

lower N/P ratios (3->1). The opposite effect was, however, observed for WRAP5, where the
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addition of MTS seemed to hinder the capacity of the peptide for pND1 complexation, as can be
seen in Figure 5.1F (0.5->1). Moreover, the MTS-(KH), peptide greatly promoted pND1
complexation at the investigated N/P ratios (Figure 5.1G) and this capacity was comparable to
the one exhibited by the (KH), peptide.

5.4.3 Physicochemical Properties of Peptide/pND1 Complexes

The morphology of peptide/pND1 complexes has been investigated by SEM. Figure 5.2 shows
the obtained images for all complexes formulated at an N/P ratio of 5. All the particles exhibit a
spherical or oval shape and an apparently homogeneous structure. No relevant differences in
morphology can be ascribed between peptide/pND1 and MTS-peptide/pND1 systems. Further
information on the properties of all the conceived carriers has been evaluated by DLS. The results
can be consulted in Table 5.2. The average size of the formed complexes at different N/P ratios
has been determined. The selection of an N/P ratio for each complex studied was based on the
ratios that can promote efficient pND1 complexation (Figure 5.1). All the nano-systems
presented sizes below 500 nm, and this parameter was shown to be dependent on the N/P ratio
considered at the formulation stage. Independently of the used peptide, there was a visible
tendency for particle size to decrease with the increase of the N/P ratio (**** p <0.0001). The
increment of peptide positive charges intensified the interaction with the plasmid, leading to
pPND1 condensation to a higher extent. This phenomenon creates smaller-sized complexes.
Additionally, for all peptide/pND1 particles and most of the N/P ratios considered, the addition
of the MTS sequence to the peptide led to higher sizes (**** p <0.0001 for WRAP1 versus MTS-
WRAP1; * p <0.05 for WRAP5 versus MTS-WRAP5; *** p <0.001 for (KH), versus MTS-(KH)y).
Moreover, the sizes displayed by the developed delivery systems, and particularly, at higher N/P
ratios such as an N/P of 5, seemed to be adequate for cellular uptake/internalization purposes.
The cellular internalization is clearly influenced by the size, shape, surface charge, and surface
chemistry of the nano-system, and it may also greatly depend on the cell type [45,46]. In general,
spherical complexes displaying a low size (~100—200 nm) are preferentially captured by cells
compared to higher-sized carriers (>200 nm). Optimizing the size of nanoparticles can, thus,

facilitate both cell uptake and payload delivery into the cells.
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Table 5.2 - Average zeta potential, mean size and polydispersity index (PdI) for the various
peptide/pND1 complexes formulated at various N/P ratios. The values were calculated with the
data obtained from six independent measurements (mean + SD, n = 6), and analyzed by one-way
or two-way ANOVA (GraphPad Software version v.8.01, Inc., San Diego, CA, USA). Statistical

significance was accepted at a level of * p <0.05.

Figure 5.2 - Scanning electron micrographs of CpMTP/pND1 (A); WRAP1/pND1 (B);
WRAP5/pND1 (C); (KH),/pND1 (D); MTS-WRAP1/pND1 (E); MTS-WRAP5/pND1 (F) and MTS-
(KH),/pND1 (G) complexes formulated at N/P ratio of 5. Scale bar = 500 nm.

System Zeta (mV) Size (nm) Pdl
CpMTR/pND1 N/P 0.5 -350+0.76 492 00 + 2958 060+01
CpMTR/pND1 N/P 1 +2.00 £ 058 40150 +2512 052+05
CpMTR/pND1 N/P 2 +3.50 £ 0.50 38450+1426 024+004
CpMTR/pND1 N/P 3 +5.83 + 068 313.17 +10.34 0.30+002
CpMTPR/pND1 N/P 5 +12687+0.75 23567 £12.60 0.21+002
WRAP1/pND1 N/P 3 +2517 £+ 0.69 25417 £13.90 0.34+005
WRAP1/pND1 N/P 5 +3267 + 047 161.00 + 8.82 0.30+0.02
WRAPS/pND1 N/P 0.5 +1.17 £ 0.37 401.00 £ 19.15 0.54+01
WRAPS/pND1 N/P 1 +2.00 £ 0.58 388.33+£14.75 0.31+0.02
WRAPS/pND1 N/P 2 +10.83+1.21 29850 +12.96 0.33+0.01
WRAPS/pND1 N/P 3 +14.17 £ 0.90 272.33+£10.70 0.24+£0.02
WRAPS/pND1 N/P 5 +2067 £0.75 186.00 £9.82 0.32+0.03
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(KH)9/pND1 N/FP 0.1 -250=076 48817 £ 22.34 062 +0.05
(KH)9/pND1 N/P 0.2 +1.50 £ 0.50 41267 £18.60 053+01
(KH)9/pND1 N/FP 0.5 +2.87 047 403.33+£15.75 0.41+0.04
(KH)9/pND1 N/P 1 +4.50 £ 0.50 37567 £ 1425 0.24 +0.02
(KH)9/pND1 N/P 2 +6.00 £ 0.58 20967 £ 11.25 0.33+0.02
(KH)9/pND1 N/P 3 +11.83+1.34 260.50 £ 9.76 0.21+0.03
(KH)9/pND1 N/P 5 +2233x0.75 186.33 £9.49 0.34 £0.02
MTS-WRAP1/pND1 N/P 1 -1.83£0.90 406.00 £ 18.63 0.42+0.06
MTS-WRAP1/pND1 N/P 2 +1.33 2075 366.50 £ 14.38 0.30x0.02
MTS-WRAP1/pND1 N/P 3 +65.50£0.76 276.50+13.12 0.21+£0.01
MTS-WRAP1/pND1 N/P & +11.50x0.76 197.33 £8.49 020+0.02
MTS-WRAPS/pND1 N/P 1 -217+£0.90 399.00 £12.41 0.44 £0.04
MTS-WRAPS/pND1 N/P 2 +717£0.90 31617 £10.21 027003
MTS-WRAFS/pND1 N/P 3 +10.83 £ 1.07 2686.50 £ 522 031+002
MTS-WRAFS/pND1 N/P & +19.33 £ 1.60 17517 £ 10.86 032003
MTS-(KH)S/pND1 N/P 0.1 -3.33+£094 47850 £22.43 0.61+0.05
MTS-(KH)9/pND1 N/P 0.2 -1.00 £ 1.00 463.50 + 20.63 063+£003
MTS-(KH)S/pND1 N/P 0.5 +1.83+£037 431.00 £ 18.63 052+0.04
MTS-(KH)S/pND1 N/P 1 +3.17 £ 0.69 400.33 £ 14.25 0.44 £0.03
MTS-(KH)9/pND1 N/P 2 +5.67£0.75 366.67 = 11.49 030003
MTS-(KH)9/pND1 N/P 3 +6.50 £ 0.50 30817 £9.34 022+004
MTS-(KH)9/pND1 N/P & +1467 £ 0.75 22067 £9.29 024001

A comparative analysis of the size displayed by the carriers, obtained from SEM and DLS,
presented some discrepancies in the obtained values. As demonstrated earlier and explained in
detail in another publication, this observation can be related to the principles, advantages, and
limitations of each assay/technique [47].

Furthermore, the polydispersity index (PdI), an indication of size distribution, has been also
determined. The PdI value may vary from 0.01 for monodisperse particles to 0.5-0.7 for
polydisperse ones, and a value higher than 0.7 indicates a broad particle size distribution. The PdI
values, listed in Table 5.2, indicate that peptide/pND1 nanoparticles displaying higher sizes (in
the range of 400—500 nm) were polydisperse. Conversely, complexes with smaller sizes were
quite monodisperse, exhibiting PdI values in the range of 0.2—0.3, which corresponded to the
“expected” PdI values for peptide-based nanoparticles.

Another crucial property of a delivery system is the surface charge they carry. The zeta potential
values of the developed particles have been determined by DLS. The obtained values are included
in Table 5.2. As can be observed, peptide/pND1 systems formulated at lower N/P ratios

presented negative surface charges. For each peptide under study, an increase in N/P ratio
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resulted in more positive zeta potential values due to the increment of amine groups in the
formulation (**** p <0.0001 for the analysis concerning CpMTP and except for the two lower N/P
ratios; **** p <0.0001 for WRAP1; **** p <0.0001 for WRAP5; **** p <0.0001 for the analysis
focused on (KH), and except for the two lower N/P ratios; **** p <0.0001 for MTS-WRAP1; ****
p <0.0001 for MTS-WRAP5; ** p <0.01 for MTS-(KH),. We also detected a decrease in the
positive surface charges of the particles when the MTS sequence was added to the peptides (****
p <0.0001 for WRAP1 versus MTS-WRAP1; *** p <0.0001 for WRAP5 versus MTS-WRAP5; ***
p <0.0001 for (KH), versus MTS-(KH),). As shown in Table 5.2, the magnitude of this effect was
more pronounced for MTS-WRAP1/pND1 carriers (**** p <0.0001). Despite this, all high N/P
ratio peptide/pND1 nanoparticles possessed positive zeta potential values (+10 mV to +35 mV)
that may make them suitable for cellular internalization. Positively charged complexes may
interact favorably with the highly anionic sulfated proteoglycan molecules present at the cell
surface, promoting the uptake [48,49]. Once inside the cell, targeting specific intracellular
organelles can occur due to targeting sequences attached to the translocating peptides.

At this point, it also became clear that the N/P ratio could be used as a tailoring tool to optimize
the properties of peptide/pND1 complexes, enhancing its cellular uptake/internalization and,
therefore, pND1 delivery.

Based on the above-mentioned arguments, peptide/pND1 complexes formulated at lower N/P
ratios were excluded from subsequent studies. In vitro experiments, presented in the next
sections, were performed with complexes prepared at N/P ratios of 3 and 5, or only an N/P ratio
of 5, due to their adequate sizes, surface charges, and higher pDNA CCs. These properties seem

to be promising for in vitro applications in the mitochondrial gene therapy field.

5.4.4 Cytotoxic Profile

The cytotoxicity of the developed peptide/pND1 complexes has been evaluated, on HelLa cells,
using an MTT assay. This colorimetric method is useful in assessing the toxicity/safety of drug or
gene delivery systems. The cellular viability of HeLa cells has been investigated, at 24 h and 48 h,
after incubation with several nano-systems formulated at N/P ratios of 3 and 5. Non-transfected
cells were used as a negative control, and ethanol-treated cells were used as a positive control.
The results are shown in Figures 5.3A and B corresponding to 24 h and 48 h, respectively.
Figure 5.3A shows that none of the developed carriers induce a cytotoxic effect on the cancer
cells at 24 h, with obtained results being statistically not significant (n.s.) in relation to a negative
control. A decrease in biocompatibility can be observed, for all peptide/pND1 nanoparticles, at 48
h. In addition, at this time, the effect of the incorporation of the MTS sequence into the peptides
seemed to influence the cytotoxic profile displayed by the complexes. MTS-peptide/pND1 carriers
exhibited less cellular viability in relation to control, * p <0.05 for MTS-WRAP1/pND1 at both
N/P ratios and MTS-(KH), at N/P ratio of 5 and ** p <0.01 for MTS-WRAP5/pND1 at N/P of 5.
Furthermore, the N/P ratio parameter seemed, additionally, to play a role in the complex”s
biocompatibility. Some of the carriers formed at an N/P ratio of 5 induced a decrease in the
cellular viability to a higher extent when compared to the effect of complexes conceived at an N/P
ratio of 3. This was the case for MTS-WRAP5/pND1 and MTS-(KH),/pND1. At 48 h, the
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comparison between the two N/P ratios was statistically significant, MTS-WRAP5/pND1 (p =
0.0002) and MTS-(KH),/pND1 (**** p <0.0001). Despite these observations, all the developed
peptide/pND1 complexes showed high cellular viability when tested in HeLa cells and, from the

biocompatibility requirement, they could be safely used as gene delivery systems.
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Figure 5.3 - Cellular viability of HeLa cells after 24 h (A) and 48 h (B) of incubation with
WRAP1/pND1, WRAP5/pND1, (KH),/pND1, MTS-WRAP1/pND1, MTS-WRAP5/pND1, MTS-
(KH),/pND1 and CpMTP/pND1 nanoparticles conceived at N/P ratios of 3 and 5. Non-transfected
cells were used as the negative control and ethanol-treated cells were used as a positive control.
A statistically significant difference was noticed between the positive and negative control (**** p
<0.0001). The MTS-WRAP1 N/P ratios of 3 and 5, MTS-(KH), N/P ratio of 5 (* p < 0.05), and
MTS-WRAP5 N/P ratio of 5 (** p <0.01) systems demonstrated a statistical difference compared
to the negative control at 48 h. The viability of cells transfected with the remaining systems did

not show statistically significant differences compared to non-transfected cells (ns).

5.4.5 Mitochondria Targeting Ability

In the past few years, several research studies have demonstrated efficient mitochondria targeting
[19,40,43,44,50-52] The efforts in the development of delivery systems displaying this capacity
have been fruitful, with various reports on biomolecules or gene delivery into mitochondria
[19,39,53-55]. Despite this achieved progress, to date, few works have demonstrated effective
long-term mitochondrial transgene expression [52]. To contribute to this field, we studied the
mitochondria-targeting ability of the conceived peptide/pND1 complexes. Our team also searched
for relevant differences between these delivery systems to select the most promising complexes
for subsequent gene/protein expression studies.

The mitochondria targeting capacity of peptide/pND1 complexes, formulated at an N/P ratio of
5, was first evaluated by monitoring the FITC-pND1 levels present in the mitochondria, after
transfection of HeLa or fibroblast cells. The results of FITC fluorescence intensity, after the

separation of mitochondria from the other cellular organelles, are shown in Figure 5.4 and

114



Figure 5.5, for HeLa and fibroblast cells, respectively. The data correspond to 12 h transfection
mediated by each of the studied peptide/pND1 systems. Untreated cells were used as control. For
both cells, the results demonstrated that all the formed carriers have been internalized by the cells
and can be found in a particular cellular fraction. The detailed analysis of Figure 5.4
demonstrated that high levels of stained pND1 were found in the cytosol for the transfection of
cancer cells by each MTS-free peptide/pND1 complex (**** p <0.0001 versus control), with
WRAP5 and (KH), peptide systems exhibiting slightly higher fluorescence levels relative to
WRAP1/pND1 particles, * p <0.05. When the transfection is mediated by MTS-peptide and
CpMTP/pND1 carriers, a low amount of labeled pND1 is quantified in the cytosolic fraction of
HelLa cells (statistically not significant). Our finding is in agreement with other reports on the
transfection efficiency of WRAP peptides. Previous studies based on WRAP1- and WRAP5-
peptide/siRNA nanoparticles reported on cellular uptake and cytosol delivery, but no
mitochondria targeting has been identified [30,36]. This lack of targeting displayed by MTS-free
peptides was confirmed when mitochondria samples were analyzed. In this organelle, vestigial
amounts of FITC-pND1 fluorescence were quantified for the transfection conducted by WRAP1-,
WRAP5-, or (KH), peptide/pND1 complexes (Figure 5.4). Conversely, when the MTS sequence
was incorporated into these peptides, the complexes were able to target the mitochondria of HeLa
cells as shown by the high fluorescence levels found in this organelle (**** p <0.0001 versus
control). As the results suggest, the MTS sequence incorporated into WRAP1, WRAP5 and (KH),
peptides conferred mitochondrial targeting specificity. It became clear that these peptides per se
do not possess this targeting skill. The mitochondria targeting performance of the CpMTP peptide
was also confirmed, as the transfection by CpMTP/pND1 carriers exhibits higher fluorescence
levels (**** p <0.0001). From Figure 5.4, and between MTS-peptides or CpMTP/pND1
nanoparticles, some differences arose in the obtained FITC-pND1 fluorescence intensity. The
transfection mediated by MTS-WRAP5/pND1 systems showed less fluorescence in comparison
with the one corresponding to transfection by the complexes based on MTS-(KH), and CpMTP
peptides, ** p <0.01. This fact may indicate differences in the transfection efficiency and targeting
capacity between the developed nano-systems. MTS-(KH), and CpMTP peptide/pND1 complexes
seemed to present a higher performance in mediating these processes. Similar results were
obtained for the study performed on fibroblast cells, as can be observed in Figure 5.5. A
comparison between the two cell lines showed no significant difference and proved the
mitochondrial targeting capacity of the developed MTS-peptide/pND1 and CpMTP/pND1

complexes.
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Figure 5.4 - FITC fluorescence intensity ((a.u)/ug Protein) in the cytosol and mitochondria of
HelLa cells after 12 h transfection mediated by WRAP1/pND1, WRAP5/pND1, (KH),/pND1, MTS-
WRAP1/pND1, MTS-WRAP5/pND1, MTS-(KH),/pND1 and CpMTP/pND1 systems conceived at
N/P ratio of 5. Untreated cells were used as control. The data were obtained by calculating the
average of four independent experiments and are presented as mean + SD; not significant (n.s.)
and **** p <0.0001. A comparison between cytosol and mitochondria for corresponding
complexes was performed for all pND1-based systems: not significant for control and **** p

<0.0001 for all systems.
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Figure 5.5 - FITC fluorescence intensity ((a.u)/ug Protein) in the cytosol and mitochondria of
fibroblast cells after 12h transfection mediated by WRAP1/pND1, WRAP5/pND1, (KH),/pND1,
MTS-WRAP1/pND1, MTS-WRAP5/pND1, MTS-(KH),/pND1 and CpMTP/pND1 systems

conceived at N/P ratio of 5. Untreated cells were used as control. The data were obtained by
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calculating the average of four independent experiments and are presented as mean + SD; not

significant (n.s.), *** p <0.001, and **** p <0.0001.

Other authors have reported on the high cell penetration ability of the CpMTP peptide on HeLa
cells and on its capacity to efficiently deliver macromolecules to mitochondria. These researchers
highlighted the potential application of CpMTP in the transduction and transfection of
mitochondria for therapeutics [39].

The cellular uptake and mitochondrial affinity of MTS-peptide/pND1 and CpMTP/pND1
complexes, prepared at an N/P ratio of 5, have been further investigated by fluorescence confocal
microscopy. Real-live transfection of cancer cells mediated by the developed carriers has been
monitored. DAPI and MitoTracker dyes have been used to stain the nuclei and mitochondria,
respectively; pND1 has been labeled with FITC. Images were collected from a series of consecutive
Z-planes (Z-stacks, step size of 0.1 um). Figures 5.6, 5.7, 5.8, and 5.9 summarize the obtained
images, at 6 h of transfection. In all figures, A stands for mitochondria labeled with MitoTracker,
B for peptide/FITC-pND1 nanoparticles, C for nuclei stained with DAPI, and D represents the
merged image. As can be seen from the green fluorescence on the (B) images of all figures,
effective transfection took place and all pND1-loaded carriers were internalized into cells. After
cell uptake, the developed complexes were directed to the site of the mitochondrion. Image D, of
all the figures, presented a significant accumulation of peptide/pND1 nano-systems into this
cellular organelle, as evidenced by the orange color in the merged picture of red-stained
mitochondria and green fluorescence from the pDNA in the same field. This microscopy showed
that the formulated nanoparticles could be successfully targeted at mitochondria, although at this
stage we cannot state if pND1 is, in fact, delivered to mitochondria. The current studies of our
research team are focused on the evaluation of pND1 delivery, gene, and ND1 protein expression.
Further results on this topic are expected to be reported in the near future. Here, we undoubtedly
proved the mitochondria-targeting capacity of the developed complexes. This is a significant step

towards mitochondrial gene therapy feasibility.
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Figure 5.6 - Representative confocal fluorescence image of HeLa cells illustrating the
transfection ability and intracellular co-localization of CpMTP/pND1 complexes formulated at an
N/P ratio of 5. Mitochondria stained red by MitoTracker (A), pND1 green, labeled (B), nucleus
marked blue by DAPI (C), and merged image (D). Scale bar = 20 um.
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Figure 5.7 - Representative confocal fluorescence image of HeLa cells, illustrating the
transfection ability and intracellular co-localization of MTS-WRAP1/pND1 complexes formulated
at an N/P ratio of 5. Mitochondria stained red by MitoTracker (A), pND1 green, labeled (B),
nucleus marked blue by DAPI (C), and merged image (D). Scale bar = 20 um.
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Figure 5.8 - Representative confocal fluorescence image of HeLa cells, illustrating the
transfection ability and intracellular co-localization of MTS-WRAP5/pND1 complexes formulated

at an N/P ratio of 5. Mitochondria stained red by MitoTracker (A), pND1 green, labeled (B),
nucleus marked blue by DAPI (C), and merged image (D). Scale bar = 20 um.
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Figure 5.9 - Representative confocal fluorescence image of HeLa cells, illustrating the
transfection ability and intracellular co-localization of MTS-(KH),/pND1 complexes formulated
at an N/P ratio of 5. Mitochondria stained red by MitoTracker (A), pND1 green, labeled (B),
nucleus marked blue by DAPI (C), and merged image (D). Scale bar = 20 um.

5.5 Conclusions

The feasibility of mitochondrial gene therapy seeks the conception of a suitable gene delivery
system capable of mitochondria targeting. Pursuing this aim, a mitochondrial-targeting sequence
has been incorporated into WRAP1, WRAP5 and (KH), peptides, and, along with the CpMTP
peptide, they were used to complex pND1. Instead of studying model cargos, in this work, we
approached the concrete reality by using pND1, currently one of the most advanced vectors in the
mitochondrial gene therapy field. The formed peptide/pND1 complexes, at various N/P ratios,

were revealed to possess adequate physicochemical properties for gene delivery applications,
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namely, pND1 complexation ability, morphology, size, and surface charges. It was found that the
N/P ratio could be an effective tool to optimize the characteristics of the developed complexes.
Moreover, the new nano-systems did not induce a cytotoxic effect in cancer HeLa cells. An
evaluation of mitochondria targeting ability showed the internalization of MTS-peptides/pND1
and CpMTP/pND1 complexes into cells and their targeting to mitochondria. A comparison study
revealed differences between the various peptide/pND1 complexes, concerning both their
physicochemical properties and targeting skill. Although all MTS-peptides/pND1 complexes offer
remarkable properties that can be applied in mitochondrial gene therapy, the ones based on MTS-
(KH), and CpMTP peptides exhibited a greater capacity to complex pND1 and higher targeting
performance. These complexes constitute a promising bet for further research studies on
mitochondrial gene/protein expression. The knowledge provided by this report can significantly
contribute to optimizing the development of novel peptide-based systems for mitochondrial gene

expression.
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6.1 Abstract

Together with the nucleus, the mitochondrion has its own genome. Mutations in mitochondrial
DNA are responsible for a variety of disorders, including neurodegenerative diseases and cancer.
Current therapeutic approaches are not effective. In this sense, mitochondrial gene therapy
emerges as a valuable and promising therapeutic tool. To accomplish this goal, the
design/development of a mitochondrial-specific gene delivery system is imperative. In this work,
we explored the ability of novel polymer- and peptide-based systems for mitochondrial targeting,
gene delivery, and protein expression, performing a comparison between them to reveal the most
adequate system for mitochondrial gene therapy. Therefore, we synthesized a novel
mitochondria-targeting polymer (polyethylenimine—dequalinium) to load and complex a
mitochondrial-gene-based plasmid. The polymeric complexes exhibited physicochemical
properties and cytotoxic profiles dependent on the nitrogen-to-phosphate-group ratio (N/P). A
fluorescence confocal microscopy study revealed the mitochondrial targeting specificity of
polymeric complexes. Moreover, transfection mediated by polymer and peptide delivery systems
led to gene expression in mitochondria. Additionally, the mitochondrial protein was produced. A
comparative study between polymeric and peptide/plasmid DNA complexes showed the great
capacity of peptides to complex pDNA at lower N/P ratios, forming smaller particles bearing a
positive charge, with repercussions on their capacity for cellular transfection, mitochondria
targeting, and, ultimately, gene delivery and protein expression. This report is a significant
contribution to the implementation of mitochondrial gene therapy, instigating further research

on the development of peptide-based delivery systems towards clinical translation.
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Cell-penetrating peptides; mitochondrial gene therapy; mitochondrial DNA diseases;

mitochondria targeting; nano delivery systems; PEI-based complexes

6.2 Introduction

Mitochondria play a key role in maintaining the normal functioning of cells, especially metabolic
functions. This cell organelle has its own genome, called mitochondrial DNA (mtDNA).
Mitochondrial DNA is a circular, double-stranded molecule with a size of around 16 kbp and
contains 37 genes [1]. These genes encode 13 polypeptides that participate in the oxidative
phosphorylation chain, 2 rRNAs, and 22 tRNAs—all exclusive to the mitochondria [2,3]. In
addition to being responsible for the production of ATP through oxidative phosphorylation, in
recent years many other cellular processes have been discovered revealing the involvement of
mitochondria [4,5]. Their participation in cellular mechanisms ranging from inflammation to
regulation of stem cell generation [6,7], cell signaling, ion homeostasis, and metabolism of amino
acids, lipids, cholesterol, steroids, and nucleotides has been demonstrated [8,9]. They also
contribute to cell cycle control, cell growth, and apoptosis mechanisms [10]. In this way,

mutations in mtDNA cause excessive cell death and promote the appearance of several
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pathologies, including metabolic and neurodegenerative syndromes linked to Parkinson’s,
Alzheimer’s, amyotrophic lateral sclerosis, Huntington’s disease, and diabetes [11]. Loss of
influence on cell cycle control and cell death regulation, due to mutations in mtDNA, leads to
cancer and autoimmune diseases [12,13]. Currently, treatments available for diseases associated
with mtDNA mutations are not effective and only serve to mitigate symptoms, without providing
a cure [14,15].

In line with this, the need to develop new, effective therapies arises. Since most mitochondrial
diseases are associated with mutations in mtDNA, mitochondrial gene therapy emerges as a very
promising approach to treat the problem at its root [16-18]. This type of therapy is focused on the
delivery of genetic material to the mitochondria to suppress, alter, or complement the effect of
defective genes [16]. To deliver genes of interest directly into the mitochondria, it is necessary to
develop a vector that allows the encapsulation of DNA while providing targeting specificity [19].
This vehicle must also protect, transport, and direct the genetic content to the mitochondria,
promoting its efficient release and, thus, guaranteeing the expression of both mitochondrial genes
and respective proteins [20]. Viral vectors, such as retroviruses, adenoviruses, and lentiviruses,
have been widely used in gene delivery due to their ability to transfect cells [21]. Among these
vectors, adeno-associated viruses (AAVs) are the most applied in preclinical studies [21]. Due to
their high loading capacity, biocompatibility, antigenicity, and lack of immune response, non-
viral delivery systems based on cell-penetrating peptides (CPPs), micelles, polymers, and lipids
have been commonly used in gene release studies [22-25]. Furthermore, ternary non-viral
systems, for instance, constituted by polymers and/or peptides, have proven to be a valuable
strategy to enhance payload encapsulation efficiency, thereby contributing to efficient gene
delivery and expression [26-28].

CPPs have gained considerable interest in the gene therapy field due to their beneficial properties.
CPPs are small (between 15 and 30 amino acids) and can be divided into arginine-rich and
amphipathic peptides [29-32]. Because they have hydrophilic and hydrophobic domains,
amphipathic peptides make it possible to formulate delivery systems that can encapsulate DNA
and enable its membrane translocation and subsequent entry into cells [22,30]. Due to these
characteristics, CPP-based vectors have demonstrated their ability to internalize in cells and to
deliver therapeutic molecules, in several studies [33-36].

Polymer-based systems are also widely explored as gene carriers, due to their favorable
physicochemical properties, low toxicity, and tailor ability [28,37-39]. In this context, one of the
most used polymers is polyethylenimine (PEI), due to its ability to transport different types of
nucleic acids, regardless of their type and size [40,41]. Moreover, PEI has characteristics that
allow it to go beyond the endosome/lysosome membrane [42]. PEI is a cationic polymer
displaying a high positive charge density. This charge enables strong electrostatic interactions
between its amine groups and DNA phosphate groups, resulting in the formation of nanoparticles
in which the genetic material is mostly condensed. PEI-based systems demonstrate high
endosomolytic activity, critical to the potential success of mitochondrial gene delivery [43,44].
Currently, gene therapy with mitochondria as a therapeutic target is still a challenging strategy.

However, some studies have demonstrated the feasibility of this type of therapy using
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mitochondrial targeting sequences (MTSs) and focused on the mitochondrial genes ATP6
(mitochondrially encoded synthase membrane subunit 6’) and ND4 (mitochondrially encoded
NADH: ubiquinone oxidoreductase core subunit 4). Following this approach, their function was
restored within their respective respiratory chain complexes and, consequently, the production of
ATP was reestablished [45,46]. Other investigations revealed interesting therapeutic outcomes
when addressing one of the most prevalent mitochondrial diseases—Leber’s hereditary optic
neuropathy (LHON). The introduction of functional ND1 (mitochondrially encoded NADH
dehydrogenase 1 protein) and ND4 genes, usually mutated in this type of disease, provided the
replacement of the normal activity of complex I in the respiratory chain [47,48].

In this study, we aimed to define the most suitable delivery system for mitochondrial gene therapy
by comparing the efficacy of peptide- and polymer-based complexes. To this end, CPP- and PEI-
based compounds were designed and synthesized to complex the mitochondrial gene ND1-
plasmid DNA (pDNA). To ensure mitochondrial specificity, targeting moieties were covalently
attached. In the case of PEI, dequalinium chloride (DQA) [49] was conjugated, resulting in the
compound PEI-SA-DQA, whereas for CPPs, the MTS sequence [50] was added. DQA—a
lipophilic cation—and especially its vesicular form (DQAsomes), has been demonstrated to
selectively accumulate in the mitochondrial matrix [51-53]. To overcome the lack of stability
exhibited by DQAsomes under conditions of low temperature and/or high salt concentration,
researchers have conceived DQA-based carriers for payload release [53-55]. In this context,
polymer—DQA delivery systems have been developed and optimized for mitochondrial targeting,
leading to great advances in drug delivery to mitochondria [53,56-58].

Furthermore, as PEI-SA—-DQA revealed a low ability to complex pND1—even at very high N/P
ratios—TAT (the transcriptional activator protein in HIV-1—an 11-amino-acid peptide with 6
arginine and 2 lysine residues) was additionally included in PEI-DQA/pND1 complexes to
complex pND1. These PEI-based ternary complexes were developed at various N/P ratios and
adequately characterized. The biocompatibility profile was evaluated, and in vitro studies were
carried out to assess the capacity of the developed complexes to reach the mitochondria. The
physicochemical properties exhibited by the novel delivery systems, together with their ability to
target the mitochondria and promote transgene expression, confer them with promising
applicability as carriers for mitochondrial gene therapy. In addition, the comparison between
various complexes based on CPPs and PEI revealed differences in their physicochemical
properties, with repercussions on the capacity for mitochondrial targeting, gene delivery, and
protein expression. This work demonstrated the efficacy of both peptide- and polymer-based
delivery systems for mitochondrial targeting and mitochondrial gene expression. Furthermore,
our study draws a comparison between peptides and polymers to reveal the most adequate
delivery system to promote mitochondrial targeting and functional protein production,
contributing to improvements/advances in the design of pDNA complexes for mitochondrial gene

expression.
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6.3 Materials and Methods

6.3.1 Materials

The following reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA): trifluoroacetic
acid (TFA), piperidine, oxyma, diisopropyl carbodiimide (DIC), Fmoc-amino acids,
dimethylformamide (DMF), diisopropylethylamine (DIEA), dichloromethane (DCM),
acetonitrile, and diethyl ether. AmphiSpheres 40™ resin was acquired from Agilent Technologies
(Les Ulis, France). The Peptide Synthesizer Liberty Blue HT12™ was obtained from CEM
(Matthews, NC, USA). The HPLC Pumps (321) and the FC 204 Fraction Collector were purchased
from Gilson. The LKB-REC 102 was obtained from Pharmacia (Stockholm, Sweden). The HPLC
System (Waters Alliance 2695) was obtained from Waters Corporation. The dialysis against water
was carried out using 3k MCWO Dialysis Tubes (Spectrum Laboratories Inc. Rancho Dominguez,
CA, USA). The lyophilization was performed with a FreeZone 1 L Laboratory Lyophilizer
(LABCONCO). DAPI was purchased from Invitrogen (Carlsbad, CA, USA), and MitoTracker
Orange CMTMRos from Molecular Probes (Leiden, The Netherlands). TAT (47-57) peptide
(YGRKKRRQRRR), chemically synthesized, was supplied as a lyophilized powder from Biomatik
(Cambridge, ON, Canada). Commercial branched polyethylenimine (PEI) with average Mw of 10
kDa and 25 kDa, fluorescein isothiocyanate (FITC), succinic anhydride (SA), and N-
hydroxysulfosuccinimide (NHS) were obtained from Sigma-Aldrich. Agarose and GreenSafe
Premium were obtained from NZYTech Lda (Lisbon, Portugal). HeLa cancer cells were purchased
from Invitrogen (Carlsbad, CA, USA), and human dermal fibroblasts (NHDF, Ref. C-12302,
cryopreserved cells) were obtained from PromoCell (Heidelberg, Germany).

All solutions for the preparation of the peptide-based systems were freshly prepared by using
ultrapure-grade water, purified with a Milli-Q system from Millipore (Billerica, MA, USA).

In this study, two different plasmids were used: the recoded plasmid DNA encoding a green
fluorescent protein (pGFP) (5.9 kbp)—a plasmid developed for exclusive mitochondrial
translation, a kind gift from Dr. Diana Lyrawati [51]—and the plasmid pCAG-GFP-ND1 (pND1)
(5.4 kbp), developed previously by our team through the cloning of the mitochondrial NADH
dehydrogenase 1 protein-encoded gene (mtND1) in the pDNA vector. All details concerning gene

cloning and plasmid production can be consulted elsewhere [59].

6.3.2 Methods

6.3.2.1 Synthesis of Peptides and PEI-DQA

The peptides used in this work were synthesized according to the protocol described in a previous
work [18]. The synthesis of the PEI-DQA polymer was carried out in two steps: The first step was
the synthesis of PEI-SA. To the solution of PEI (10 and 25 kDa) in DMSO, succinic anhydride
(molar ratio of PEIL: SA = 1:10, 1:25, respectively) was added. The reaction mixture was stirred at

room temperature for 24 h. The solvent was evaporated from the crude reaction mixture and
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dialyzed for 48 h in water using cellulose ester membranes. The dialysate was lyophilized to obtain
a fluffy white powder at a yield of ~57%. In the second and final step of this synthesis, 200 mg of
PEI-SA was dissolved in 5 mL of DMF, and EDC, NHS, and triethylamine solution was slowly
added dropwise under vigorous stirring for 2 h. Then, 77.18 mg of dequalinium was dissolved in
2 mL of DMF, and this solution was added dropwise into the vigorously stirred solution described
above. Thereafter, the reacting mixture was evaporated by rotovap, and 3 mL of distilled water
was added to completely dissolve the product. The mixture was dialyzed (3 k MWCO membrane)
against distilled water for 24 h. Finally, the product was lyophilized for 24 h. The average reaction

yield was ca. 65%.

6.3.2.2 Nuclear Magnetic Resonance Spectroscopy (NMR)
A proton nuclear magnetic resonance spectroscope (Bruker spectrometer-300 MHz, Bruker,
Billerica, MA, USA) was used to examine the conjugate’s chemical structure in CDCIl3 solution at

25 °C. The conjugates dissolved in CDCI3 (10 mg/mL) were measured with 64 scans.

6.3.2.3 Formulation of Peptide/pDNA and PEI-DQA/TAT/pDNA

Complexes

Peptide-based complexes were formulated according to the procedure described in a recent
publication by our team [18].

PEI-DQA, TAT, and plasmid DNA stock solutions were prepared in sodium acetate buffer (0.1
mM sodium acetate/0.1 M acetic acid, pH 4.5) at a concentration of 0.5 mg/mL for PEI-DQA and
TAT solutions, and 100 pg/mL for pDNA solutions. In ternary complexes, the determination of
the N/P ratio was established by considering the proportion of charges, individually, for PEI or
TAT in relation to pDNA. This parameter was defined as the molar ratio of the amine groups in
the polymer or peptide, which represents the positive charges to negatively charged phosphate
groups in the pDNA. Different concentrations of PEI-DQA and TAT (50 uL) were added, drop by
drop, to 150 puL of pDNA under vortex for 1 min. The mixture was left for equilibration for 30 min
at room temperature to promote the formation of complexes. Thereafter, the formed complexes
were centrifuged (12,000 rpm) for 20 min, and the pellet containing the complexes was recovered.
The amount of non-complexed pDNA on the supernatants was visualized by horizontal
electrophoresis for 30 min under 120 V in 1% agarose gel stained with GreenSafe Premium.
Samples were analyzed under ultraviolet (UV) light using a FireReader Imaging System (UVITEC,
Cambridge, UK).

The ability of the systems to complex pND1 was also evaluated by quantifying the intensity of the
bands of the respective agarose gels and compared with the band intensity of the initial pND1
sample of each gel. The quantification of the band’s intensity was performed by densitometry
using Image Lab software version 6.1. The percentage of complexation capacity (CC) was
calculated according to the following formula:

Complexation capacity (%) = 100—((Band intensity/Band intensity of initial pND1) x 100) (D
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6.3.2.4 Determination of Size and Surface Charge

The average size and the surface charges exhibited by PEI-DQA/TAT/pDNA complexes were
both inferred by dynamic light scattering (DLS) in a Zetasizer Nano ZS device (Malvern
Instruments, Malvern, UK), at 25 °C. The pellet with the complexes was suspended in 5% glucose
with 1 mM NaCl. For size determination, a He—Ne laser at 633 nm with a non-invasive backscatter
(NIBS) was applied, while zeta potential values were measured by electrophoretic light scattering
optics with an M3-PALS laser (phase analysis light scattering). Data were considered from 3
independent measurements, each performed with 12 runs. Malvern Zetasizer software v 6.34 was

employed to analyze the set of results.

6.3.2.5 Cell Culture

HelLa cells were grown in Dulbecco’s modified Eagle’s medium with Ham’s F12 Nutrient Mixture
(DMEM-F12) and L-glutamine supplemented with 0.5 g/L sodium bicarbonate, 1.10 g/L. HEPES,
10% heat-inactivated fetal bovine serum (FBS), and 1% (v/v) of a mixture of penicillin (100
ug/mL) and streptomycin (100 pg/mL). Cells were maintained in a 5% CO, humidified

atmosphere, at 37 °C until confluence was achieved.

6.3.2.6 Cytotoxicity Evaluation

The cytotoxicity profile of PEI-DQA/TAT/pND1 complexes was monitored in HeLa cells by MTT
(3-[4,5dimethyl-thiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay. Cancer cells were seeded
in a 96-well plate, at a density of 1 x 104 cells/well, and were grown at 37 °C in a 95% 0./5% CO-
humidified atmosphere. Complexes (100 pL) were first resuspended in serum-free DMEM
medium and then applied to the well plates for 6 h. The medium was changed to end the
transfection process. After incubation for periods of 24 h and 48 h, the redox activity was
evaluated by MTT reduction. Measurements of absorbance at 570 nm were performed on a Bio-
Rad Microplate Reader Benchmark. The medium without cells was settled as zero absorbance and
considered for spectrophotometer calibration. Non-transfected cells were used as positive
controls, while ethanol-treated cells were used as negative controls. The relative cell viability (%)
compared to control wells was calculated by [A] test/[A] control x 100, where [A] test is the
absorbance of the test sample and [A] control is the absorbance of the control sample. All

measurements were performed in triplicate.

6.3.2.7 Fluorescence Confocal Microscopy

6.3.2.7.1 FITC Plasmid Labeling

For the preparation of FITC-labelled pDNA, 2 ug of pDNA, 2 pL of FITC (in sterile anhydrous
dimethyl sulfoxide, 50 mg/100 uL), and 81 uL of labeling buffer (0.1 M sodium tetraborate, pH
8.5) were mixed. The mixture was stirred for 4 h at room temperature and in the dark. Two-and-

a-half volumes of 100% ethanol (212.5 uL) and one volume of 3 M NaCl (85 uL) were added. FITC
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pDNA samples were incubated at —20°C overnight. Thereafter, they were centrifuged at 4°C for

30 min, and the pellet was washed with ethanol (75%).

6.3.2.7.2 Live Cell Imaging

The cellular internalization and mitochondrial targeting capacity of PEI-DQA/TAT/FITC—pND1
complexes were monitored by confocal laser scanning microscopy (CLSM). HeLa cells (2 x 103)
were grown in p-slide 8-plate wells until 50-60% confluence was attained. Cell nuclei and
mitochondria were stained with DAPI and MitoTracker Orange dye, respectively. The complete
medium was replaced with serum-free culture medium 12 h before transfection; 1 ug of complexed
FITC-pND1 was added to each well. Images of transfected cancer cells were acquired after 6 h.
The LSM 710 confocal microscope (Carl Zeiss SMT, Inc., Oberkochen, Germany) was used to
observe real live transfection, under a 63x oil immersion objective. Images were analyzed with
LSM software (Carl Zeiss SMT, Inc., Oberkochen, Germany). Throughout the study, HeLa cells
were kept at 37 °C with 5% CO.. All images were acquired using the same parameters, with the
laser and filters corresponding to the respective DAPI (445/450 nm), FITC (525/550 nm), and
MitoTracker (555/580 nm) dyes. After the acquisition, the images were processed under the same

conditions and parameters using ImageJ software.

6.3.2.8 Reverse Transcription Polymerase Chain Reaction (RT-PCR)

Reverse transcription polymerase chain reaction (RT-PCR) was used to qualitatively analyze
mRNA GFP expression. HeLa cells were seeded in 12-well plates at a density of 2 x 105 cells/well.
The medium was removed 24 h after transfection, and cells were washed with PBS. Untreated
cells were used as controls. The cells were lysed with TRIzol (250 pL/well), incubated for 5 min
at room temperature, chloroform was added and the mixture was stirred to promote RNA
extraction. The samples were incubated for 10 min at room temperature and then centrifuged at
10,000 rpm, at 4°C, for 15 min. The aqueous phase was withdrawn and 125 pL of ice-cold
isopropanol was added to ensure RNA precipitation. Another centrifugation cycle (10,000 rpm, 4
°C, 15 min) was performed; 125 uL of 75% ethanol in DEPC water was added to the obtained pellet
to remove the organic compounds. After centrifugation, 20 pL of DEPC water was added to
rehydrate the pellet, and samples were quantified using a NanoPhotometer™. In complement,
electrophoresis analysis on agarose gel (1%) was carried out. The “Xpert cDNA Synthesis Kit” from
GRiSP (GRiSP, Porto, Portugal) was utilized for the ¢cDNA synthesis. All of the instructions
provided by the manufacturer were followed. The amplification of cDNA was performed through
the addition of 10 pL of RNase-free water, 1 uL of reverse primer (5'-
CGTTCTTGTACGTAGCCTTC-3"), 1 uL of forward primer (5-CTGCACCACCGGAAAACTCC-3’),
12 uL of Speedy Supreme NZYTaq 2x Green Master Mix (NZYTech, Lisbon, Portugal), and 1 pL
of cDNA, in each PCR reaction. After homogenization of the samples, they were placed in a T100™
thermal cycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The following reaction conditions

were established: denaturation (94 °C for 2 s), annealing (57 °C for 5 s), and extension (72 °C for
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5 s) for 35 cycles. Agarose gel electrophoresis was used to analyze the PCR products. The
visualization was performed on a UV FireReader Imaging System (UVITEC, Cambridge, UK).

6.3.2.9 Mitochondrial Isolation

Mitochondria were isolated from other cellular organelles with the Mitochondria Isolation Kit for
Cultured Cells (Thermo Fisher Scientific Inc., Rockford, IL, USA). This kit ensures the separation
of mitochondria with high purity and yield. The instructions provided by the manufacturer were
followed. Briefly, HeLa cells (1 x 104) were transferred to Falcon tubes, and 800 puL of Reagent A
was added to the cells, followed by incubation on ice for 2 min. Then, 10 uL of Reagent B was
added, and the cells were vortexed for 10 s at maximum speed, incubated on ice for 5 min, and
vortexed again at maximum speed every minute for 10 min. After this, Reagent C (800 uL) was
added, and samples were centrifuged (20,000x g) for 10 min at 4 °C. Then, 500 uL of Reagent C
was added to the resultant pellet containing the mitochondria. Final centrifugation at 12,000x g
for 5 min was performed, and the supernatant was discarded. The obtained pellets full of
mitochondria were resuspended in 50 pL of ice-cold PBS and mixed with 500 puL of carbonate
buffer (fresh cold 0.1 M Na.COs).

6.3.2.10 Protein Quantification

The ND1 protein produced by transfection of HeLa cells with the developed systems was identified
using an ND1 ELISA kit (Biomatik, EKL54820, Wilmington, DE, USA), following the procedure
described by the manufacturer. ND1 protein was quantified by a sandwich enzyme immunoassay.
Transfected HeLa cells with different peptide- or polymer-based complexes were lysed following
standard cell lysis methods. Cells were detached with trypsin and centrifuged. They were then
washed three times in cold PBS, resuspended in PBS, and ultrasonicated 4 times. After this
procedure, HeLa cells were centrifuged at 15,000x g for 10 min at 4°C. The manufacturer
provided reagent solutions that were used according to instructions. In summary, Reagent A was
added to each well and incubated for 1 h at 37°C, followed by incubation with Reagent B.
Thereafter, TMB substrate solution was added to each well, and samples were incubated for 20
min at 37°C in the dark. A sample displaying a yellow color was obtained after the addition of Stop
Solution. The content of ND1 protein was inferred by measuring the absorbance in a microplate

reader at 450 nm.

6.3.2.11 Statistical Analysis

The normality of the distribution of sample data was evaluated by running appropriate tests, such
as the D’Agostino—Pearson omnibus. The statistical analysis performed was a one-way or two-
way analysis of variance (ANOVA), followed by Bonferroni’s multiple comparison test. A p-value
below 0.05 was considered statistically significant. Data analysis was conducted with GraphPad
Prism v.8.01 (GraphPad Software, Inc., San Diego, CA, USA).
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6.4 Results and Discussion

6.4.1 Synthesis and Characterization of PEI-SA, and PEI-DQA

The synthesis of PEI conjugates was carried out following the general scheme depicted in Figure
6.1. The amine-terminated PEI was succinated to further react with DQA. The terminal carboxylic
acid group of succinic acid provided the attachment point with DQA via the acid—amine coupling
reaction. The reaction conditions produced optimal yield at each step. The analysis of synthesized
PEI derivatives was carried out using spectroscopic methods. The 1H NMR spectra of PEI-SA (10
and 25 kDa) are shown in Figure 6.2A, B, respectively. In both spectra, broad multiplet peaks
were observed at 63.12—3.42 ppm, corresponding to the methylene groups present in the primary
amine group of PEI, along with the introduced succinic substituent ((PEI)—(CH,).—NH-CO—
(CH.),—COOH). For DQA conjugates, the characteristic signals of the aromatic ring protons were
present at §7.25—7.35 ppm (Figure 6.3A, B). The peak located at §3.32 ppm was identified as
benzyl-CH, protons. The methylene moiety had a broad multiplet at 63.63—3.72 ppm. The
successful conjugation in PEI-DQA (10 and 25 kDa) was confirmed from 1tH NMR. Figure 6.3C
shows the DQA spectrum. Fourier-transform infrared (FTIR) spectroscopy was carried out to
confirm the success of the modification. Figure S6.1, available in the Supplementary Materials
(SM), shows the FTIR spectra of PEI-DQA (10 kDa and 25 kDa) (A) and the FTIR spectra of DQA
(B). The signals at 3300 cm—1 and 2822—2530 cm-—1 indicated the N—H stretching and aliphatic
C—H stretching vibrations, respectively, in all PEI-SA conjugates. The PEI-DQA (10 and 25 kDa)
displayed a broad peak at 1720 cm-1 as the stretching vibrations of the C=0 moiety. Similarly,
the C-O-C (1228 cm-1) and N-H (3,210 cm-1) stretching vibrations were observed in the PEI-
DQA conjugates. The chromatogram obtained via gel permeation chromatography (GPC) is
represented in Figure S6.2, available in the SM. The peak shift on the left due to the change in
retention time of the polymer and polymer conjugates indicated the increase in molecular weight.
According to the molecular weights of the conjugates obtained through GPC analysis (Table S6.1
in the SM), ~11 molecules of SA were attached to PEI (10 kDa), which conjugated ~9 molecules of
DQA. Similarly, PEI (25 kDa) was attached to ~15 molecules of SA, which resulted in ~13
molecules of DQA attachment. The critical micelle concentration (CMC) was observed to be 12.5
ug/mL for PEI-DQA (10 and 25 kDa) conjugates. The reduced CMC showed that PEI-DQA
conjugates can readily develop a core-shell structure in an aqueous environment (Figure S6.3
in SM).
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Figure 6.1 - Scheme illustrating the synthesis of the polymer PEI-DQA. RT: room temperature.
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Figure 6.2 - 1H NMR spectra of the intermediate PEI-SA: PEI-10 kDa (A) and PEI-25 kDa (B).
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Figure 6.3 - 1H NMR spectra of PEI-DQA: PEI (10 kDa) (A) and PEI (25 kDa) (B); the spectrum
of DQA (C).

6.4.2 pDNA Complexation Capacity

The formulation of PEI-DQA/TAT/pND1 systems was elaborated using a dropwise precipitation
method. First, PEI-DQA solution was added to the pDNA solution for 1 min, after which TAT
peptide solution was added. Electrostatic interactions are the main force that allows the
encapsulation of pDNA by PEI-DQA and TAT. These interactions occur due to the negative
charges on pND1 that bind to the positive charges on both PEI and TAT, forming nanoscale
systems. The interaction strength is dependent on the N/P ratio considered at the formulation
step, and the higher the ratio, the greater the availability of positive charges to interact with pND1.
Moreover, in previous research by our team, the cytotoxicity of TAT/pDNA complexes was
evaluated as a function of the N/P ratio on both fibroblasts and HeLa cells [26]. The results
demonstrated that TAT/pDNA complexes formulated at N/P ratios of 1, 2, 4, 8, and 10 are all
biocompatible. After incubation with TAT-based complexes, a moderate increment in cellular
viability was observed as the N/P ratio increased.

Here, the complexation capacity of the systems and the influence of the N/P ratio were evaluated
using agarose gel electrophoresis. The ratios of PEI-DQA to pND1 used were 10, 20, 50, 100, 200,
and 500, and the ratios of TAT to pND1 were 1 and 2. Results are shown in Figures 6.4, 6.5, and
6.6. In Figure 6.4 we can see that the 10 kDa and 25 kDa PEI-DQA systems had a low capacity
to encapsulate pND1, even at the highest ratios (100:1 and 200:1). Figure 6.5 concerns 10 kDa
and 25 kDa PEI-DQA systems to which TAT was added, where N/P = 1. By analyzing the images,
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we found that all formulated systems exhibited encapsulation capacity to some extent, compared
to the initial pND1 sample. However, only systems prepared at a 500:1:1 ratio of both PEls
demonstrated high encapsulation capacity. As PEI is a compound known to have considerable
cytotoxicity at high concentrations, the need arose to try to improve encapsulation by keeping PEI
ratios as low as possible. Following this, we doubled the TAT ratio, which resulted in a great
improvement in pND1 encapsulation for all formulated systems, maintaining PEI ratios (Figure
6.6). The prepared systems presented a high efficiency of pND1 encapsulation, being able to
neutralize its negative charges; thus, there were no bands in the agarose gel. Moreover, pND1 CC
(%) was calculated from the band intensities of the agarose gels, as described in the Materials and
Methods section; the results are shown in Figure 6.7. PEI (10 or 25 kDa)-DQA/pND1 complexes
displayed poor ability to complex pND1 at lower ratios, and it was found that CC varies with the
N/P ratio (Figure 6.7A). It seemed that an increase in the N/P ratio led to higher CC values.
Additionally, PEI (25 kDa)-DQA/pND1 complexes condensed pND1 to a higher extent when
compared to the capacity exhibited by the corresponding PEI (10 kDa) complexes. The
incorporation of TAT peptide into PEI (10 or 25 kDa)-DQA/pND1 complexes significantly
increased their capacity to condense pND1 (Figure 6.7B, C). Considerably high CC values were
obtained for all N/P ratios investigated. At an N/P ratio of TAT/pND1 of 2, practically all
complexes possessed a CC of around 100%. The exception was PEI (10 kDa)-DQA/TAT/pND1
prepared at the lowest ratio (Figure 6.7C). From this, there was no need to consider TAT/pND1
ratios higher than 2. In this work, we also intended to compare these PEI-based systems with
previously studied systems based on peptides that also have sequences to confer specificity for
mitochondrial targeting [18]. Comparing the pND1 encapsulation ability of PEI-DQA/TAT/pND1
complexes with that displayed by peptide-based complexes, PEI-based complexes showed lower
efficiency for pND1 encapsulation, since to encapsulate the same amount of pND1 higher N/P
ratios were required (N/P ratios of 10 versus N/P ratios of 0.5 and 1). This lower capacity can be
explained by the decrease in the amines available in PEI due to the addition of DQA to the
polymer, reducing the charges available to interact with pND1. Nevertheless, our study proceeded
to analyze the properties of PEI-DQA/TAT/pND1 systems and their potential for mitochondrial
targeting/gene delivery.
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Figure 6.4 - Agarose gel electrophoresis of the initial pND1 solution ((pND1)i) and supernatants
resulting from the formulation of PEI-DQA (10 kDa)/pND1 systems (PEI-DQA N/P = 10, 20, 50,
100, 200, and 500) (A) and PEI-DQA (25 kDa)/pND1 systems (PEI-DQA N/P = 10, 20, 50, 100,

200, and 500) (B).

(pND1)i R10 R20 R50 R100 R200 R500 (pND1)i R1I0 R20 R50 R100 R200 R500

Figure 6.5 - Agarose gel electrophoresis of the initial pND1 solution ((pND1)i) and supernatants
resulting from the formulation of PEI-DQA (10 kDa)/TAT/pND1 systems (PEI-DQA N/P = 10,
20, 50, 100, 200, and 500, and TAT N/P = 1) (A) and PEI-DQA (25 kDa)/TAT/pND1 systems
(PEI-DQA N/P = 10, 20, 50, 100, 200, and 500, and TAT N/P = 1) (B).
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Figure 6.6 - Agarose gel electrophoresis of the initial pND1 solution ((pND1)i) and supernatants
resulting from the formulation of PEI-DQA (10 kDa)/TAT/pND1 systems (PEI-DQA N/P = 10,
20, 50, 100, 200, and 500, and TAT N/P = 2) (A) and PEI-DQA (25 kDa)/TAT/pND1 systems
(PEI-DQA N/P = 10, 20, 50, 100, 200, and 500, and TAT N/P = 2) (B).
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Figure 6.7 - pND1 complexation capacity (CC) of PEI-DQA (10 and 25 kDa)/pND1 (A), PEI-
DQA (10 and 25 kDa)/TAT(N/P1)/pND1 (B), and PEI-DQA (10 and 25 kDa)/TAT(N/P2)/pND1
(C) complexes calculated from the band intensity of the agarose gels of Figures 6.4, 6.5, and 6.6,

respectively.

6.4.3 Characterization of PEI-DQA/TAT/pND1 Complexes

After verifying the complexation capacity of the produced systems, these complexes were

characterized by DLS in terms of size and surface charge. The results are shown in Figure 6.8,
corresponding to data from PEI-DQA (10 kDa)/TAT/pND1 and PEI-DQA (25 kDa)/TAT/pND1

complexes. In addition, Table S6.2 (in SM) presents all of the obtained values of size and zeta

potential for both polymer- and peptide-based systems. The results of surface charge measured

in zeta potential (mV) for systems with PEI-DQA of 10 kDa revealed a slightly negative overall

charge. A decrease in this negative charge with the increase in the N/P ratio was also observed.
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The complexes prepared with PEI-DQA (25 kDa), for the lowest N/P ratios under study, showed
a charge very close to 0 mV, while for N/P ratios of 200:2:1 and 500:2:1 they presented positive
zeta potential values (+3.2 and +5.2 mV, respectively). This low global charge can be explained by
the presence of DQA, which presents a neutral charge [49], decreasing the influence of positive
charges of PEI on the surface of complexes. The main contribution to zeta potential comes from
the inclusion of TAT. The surface charge of TAT/pND1 complexes conceived at an N/P ratio of 2
was found to be around +2.3 mV. When compared to these later data, results regarding the
physicochemical properties exhibited by the peptide/pND1 complexes [18] presented in the
previous publication demonstrated that peptide-based complexes displayed a more positive
surface charge, with zeta potential values of up to +20 mV for an N/P = 5, while the highest value
for PEI-DQA/TAT/pND1 complexes was +5.2 mV for N/P = 500.
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Figure 6.8 - Average zeta potential and mean size displayed by PEI-DQA (10 kDa and 25
kDa)/TAT/pND1 (A, B), CpMTP/pND1 (C), MTS-WRAP1/pND1 (D), MTS-WRAP5/pND1 (E),
and MTS-(KH),/pND1 (F) complexes.

Evaluation of the size of the formulated polyplexes revealed a difference between complexes
formulated with PEI of 10 kDa and 25 kDa. For the same N/P ratio, average sizes were smaller in
systems prepared with 25 kDa of PEI The effect of the N/P ratio was also evident within the same
type of system—as the ratio increased, there was a decrease in the size of complexes. This evidence
was due to the greater capacity of high-molecular-weight PEI to encapsulate pND1, due to high
charge density that led to stronger electrostatic interactions. The sizes of all complexes were less
than 500 nm, which may have facilitated cell internalization. The sizes evidenced by these systems
were superior to the sizes displayed by peptide-based complexes formulated in our previous study

[18]. Comparing the results, we previously found that peptide-based complexes had sizes around
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150—200 nm for the highest ratios, while in this study PEI-DQA/TAT/pND1 complexes exhibited
sizes around 350 nm. Thus, we can infer that peptide/pND1 complexes presented a greater
capacity to condense pND1 and formulate smaller complexes. Another relevant characterization
parameter is the PdI, which allows us to assess the distribution of sample sizes. PdI values close
to 0.01 reveal monodisperse samples; between 0.5 and 0.7 are considered polydisperse particles
and a value above 0.7 indicates a broad particle size distribution [60]. PdI data are presented in
Table S6.2, available in the SM. Analyzing this table, we verified a PdI between 0.4 and 0.6, with
an effect on the N/P ratio. Lower ratios corresponded to polydisperse samples, while higher ratio
complexes were monodispersed. Compared to PdI values obtained for peptide-based complexes,
the difference was minimal. PdI for peptide/pND1 systems was around 0.3, with polydisperse
samples found for smaller ratios.

Complexes of MTS-CPP/pND1 and CpMTP/pND1 were previously published [18]. The values

were calculated with data obtained from three independent measurements (mean + SD, n = 3).

6.4.4 Cytotoxic Profile

The cytotoxicity of formulated polymeric complexes was evaluated using the MTT assay in HeLa
cells. To verify the safety of the complexes, the viability of HeLa cells was evaluated at 24 h, 48 h,
and 72 h after transfection with the various systems under study. PEI-DQA (10 kDa or 25
kDa)/TAT/pND1 was used at N/P ratios of 20, 50, 100, 200, and 500, and TAT/pND1 N/P of 2:1.
The results shown in Figure 6.9A—C correspond to 24 h, 48 h, and 72 h transfection,
respectively. Non-transfected cells were used as positive controls (100% viability), while cells
treated with 70% ethanol were used as negative controls (0% viability). Statistical analysis was
performed with the positive controls for comparison. Systems formulated with high ratios
demonstrated cytotoxicity when compared to the positive controls (N/P ratios of 100:2:1; 200:2:1,
and 500:2:1). Polymeric complexes formulated at low ratios demonstrated biocompatibility
(statistically not significant (ns) versus positive controls). Therefore, these results showed the
influence of the N/P ratio on the cytotoxicity of the developed systems. The increment in the N/P
ratio led to an increased content of PEI amines, and this high cationic charge corresponded to
high cytotoxicity. In this way, it can be pointed out that the N/P ratio can be viewed as a tailoring
tool to adjust cellular cytotoxicity levels. At 24 h, the obtained data also demonstrated some
differences between complexes formulated with PEI-DQA (10 kDa) and PEI-DQA (25 kDa). At
24 h and for the highest ratios, PEI-DQA (25 kDa) complexes were more cytotoxic than the ones
based on PEI-DQA (10 kDa); there was a statistically significant difference (* p < 0.05) for the
comparison between these complexes at N/P ratios of both 200:2:1 and 500:2:1. This tendency,
however, was not observed at 48 h. The cytotoxicity evidenced in complexes prepared at high
ratios seemed to be more pronounced in the first 24 h when compared to that obtained at 48 h
and 72 h after transfection. We can hypothesize that cells suffered an initial shock during the first
24 h of incubation, with a significant loss of their viability, after which they were able to recover
over time, showing higher viability. However, a clear explanation for this phenomenon cannot be
anticipated at this stage. For instance, at 72 h and high N/P ratios, the difference from the positive

controls was lower (* p < 0.05 or ** p <0.01 for PEI-DQA (25 kDa)/TAT/pND1 at 500:2:1 versus
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positive controls) than the difference found at 24 h (for high N/P ratio complexes, **** p <0.0001
versus positive control) or 48 h (for most N/P ratio complexes, *** p <0.001 versus positive

control).
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Figure 6.9 - Cellular viability of HeLa cells after 24 h (A), 48 h (B), and 72 h (C) of incubation
with PEI-DQA (10 kDa or 25 kDa)/TAT/pND1 complexes conceived at N/P ratios of 20:2:1,
50:2:1,100:2:1, 200:2:1, and 500:2:1. Non-transfected cells were used as positive controls (100 %
viability) and ethanol-treated cells were considered as negative controls (0 % viability). Statistical
analysis was carried out using “one-way ANOVA” with data obtained from four independent

measurements (mean + SD, n = 4).

For further in vitro studies, and due to their biocompatibility, lower N/P ratio PEI-DQA (10 kDa
or 25 kDa)/TAT/pND1 complexes were selected.

The biocompatibility of peptide-based complexes was analyzed and discussed elsewhere [18]. All
peptides/pND1 were demonstrated to be non-toxic to HeLa cells at 24 h, with the obtained results
being statistically non-significant (n.s) in relation to the positive controls. At 48 h, however, a
decrease in biocompatibility was observed for all peptides/pND1 nanoparticles. Furthermore, the
presence of the MTS sequence in the peptides seemed to influence the cytotoxic profile displayed
by the complexes. MTS-peptide/pND1 carriers exhibited less cellular viability in relation to
controls [18]. Comparing cytotoxicity results between polymer and peptide/pND1 complexes, it
was verified that the latter complexes presented higher safety in terms of biocompatibility,
making them far superior in relation to PEI-DQA/TAT/pND1 complexes. These results can be
explained by the greater efficiency of peptides in encapsulating pND1, decreasing the need to use
high N/P ratios.

6.4.5 Mitochondrial Targeting Ability
Over the past few years, researchers have pursued the goal of mitochondrial targeting and
mitochondrial transgene expression for the treatment of mitochondrial disorders [52]. This effort

has led to the development of efficient delivery systems with the ability of cellular internalization,
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followed by mitochondrial targeting [52]. Recently, our team has also contributed to this field
with the conception of mitochondria-targeted peptide/pND1 complexes using a mitochondrial
targeting sequence (MTS) coupled to peptides able to internalize nucleic acids such as MTS-
WRAP1, MTS-WRAP5, and MTS-(KH), [18]. In this previous work, real live transfection of HeLa
cells mediated by these peptide delivery vectors, monitored by fluorescence confocal microscopy,
revealed that the complexes were easily taken up by cancer cells and accumulated at the site of
the mitochondria [18], unequivocally demonstrating their mitochondrial targeting specificity.
Among those peptide complexes, the ones based on the CpMTP peptide seemed to display higher
cell penetration ability and targeting performance [18].

In the present study, we investigated the mitochondrial targeting capacity of various synthesized
PEI-DQA/TAT/pND1 complexes in HeLa cells. In this sense, the cellular internalization and
mitochondrial targeting ability of these polymeric complexes were assessed by confocal
microscopy, using appropriate dyes to stain the nuclei and mitochondria, while pND1 was labeled
with FITC. In this way, real live transfection of HeLa cells mediated by PEI-DQA (10 kDa or 25
kDa)/TAT/pNDz1 vectors, conceived at different N/P ratios, was monitored. The obtained cell
images, at 6 h of transfection, are visualized in Figures 6.10 and 6.11, corresponding to the
cellular transfection mediated by PEI-DQA (10 kDa)/TAT/pND1 at an N/P ratio of 50:2:1 and
PEI-DQA (25 kDa)/TAT/pND1 at an N/P ratio of 50:2:1, respectively. The images were obtained
from a set of consecutive Z planes (Z-stacks; step size of 0.1 um). In both presented figures, image
A represents mitochondria labeled with MitoTracker, image B shows PEI-DQA (10 kDa or 25
kDa)/TAT/pND1 complexes, image C shows nuclei marked with DAPI, and image D corresponds
to the merged image. From the green fluorescence visualized in B, we inferred that efficient

transfection took place and polymeric complexes were internalized in HeLa cells.
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Figure 6.10 - Cellular uptake and intracellular colocalization of PEI-DQA (10 kDa)/TAT/pND1
complexes formulated at an N/P ratio of 50:2:1. Mitochondria stained red by MitoTracker (A),
green-labeled pND1 (B), nuclei marked blue by DAPI (C), and merged image (D).
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Figure 6.11 - Cellular uptake and intracellular colocalization of PEI-DQA (25 kDa)/TAT/pND1
complexes formulated at an N/P ratio of 50:2:1. Mitochondria stained red by MitoTracker (A),
green-labeled pND1 (B), nuclei marked blue by DAPI (C), and merged image (D).

Moreover, after the uptake, the developed delivery complexes were targeted to the site of the
mitochondria. Image D in both figures shows the specific accumulation of PEI-DQA (10 kDa or
25 kDa)/TAT/pND1 complexes in the mitochondria, demonstrating their mitochondria-specific
targeting. We also evaluated the effect of the N/P ratio on the targeting capacity by performing
the described microscopy study on HeLa cells using PEI-DQA (10 kDa or 25 kDa)/TAT/pND1
formed at a lower N/P ratio of 20:2:1. The collected images can be consulted in the SM (Figures
S6.4 and S6.5). Very similar observations were made, revealing that both studied N/P ratios
were adequate to develop polymeric complexes able to target the mitochondria. This targeting
skill, displayed by the novel PEI-based complexes, represents a great asset to further studies on

mitochondrial gene delivery and expression. Furthermore, as evidenced in the merged panel of
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Figure 6.10 and Figure 6.11, although the complexes were preferentially located in the

mitochondria, some of the complexes were found in the nuclei (especially in the nucleoli).

6.4.6 Evaluation of Gene Expression

Gene expression was evaluated using recoded mitochondrial pPGFP—a pDNA designed for specific
expression in the mitochondria [51]. Polymeric and peptide/pGFP delivery systems were
prepared at various N/P ratios, following the method described in the Materials and Methods
section for pND1. Thereafter, HeLa cells were transfected with the formed complexes, and
recoded GFP gene expression was evaluated by RT-PCR. Results obtained for PEI- and peptide-
based complexes are shown in Figure 6.12 A, B, respectively. Non-transfected cells were used
as controls. The figures show agarose gel electrophoresis of amplification products of the
mitochondrial GFP gene, with bands at expected sites. The results obtained for PEI-DQA (10 kDa
or 25 kDa)/TAT/pGFP complexes, at N/P ratios of 20:2:1 or 50:2:1 (Figure 6.12A),
demonstrated the efficacy of HeLa cells’ transfection and the presence of pGFP transcripts to a
higher extent when compared to controls. Although the bands on the agarose gel were faint, it

seemed that all considered polymeric complexes led to GFP expression in the mitochondria.

(-) C MW1I MW5 Cp MKH

Figure 6.12 - Analysis of GFP gene expression by RT-PCR after transfection of Hela cells with
(A) P1—PEI-DQA (10kDa)/TAT/pGFP, N/P of 20:2:1; P2—PEI-DQA (10 kDa)/TAT/pGFP, N/P
of 50:2:1; P3—PEI-DQA (25kDa)/TAT/pGFP, N/P of 20:2:1; P4—PEI-DQA (25
kDa)/TAT/pGFP, N/P of 50:2:1; (B) MW1—MTS-WRAP1/pGFP, N/P of 5:1; MW5—MTS-
WRAP5/pGFP, N/P of 5:1; Cp—CpMTP/pGFP, N/P of 5:1 and MKH—MTS-(KH),/pGFP, N/P of
5:1. MW—molecular weight; (-)—PCR control; Ct—non-transfected cells.
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The RT-PCR results for peptide/pGFP systems (Figure 6.12B) demonstrated a clear detection
of GFP mRNA in transfected cells, when compared to mRNA levels detected in control cells. In
general, wide and intense bands were obtained for all peptide-based complexes. Since the total
amount of RNA transcribed to cDNA was fully comparable in both polymeric and peptide systems,
(see the Materials and Methods section for details), it seemed that the extent of gene expression
was higher for the latter systems. Apparently, peptide-based systems seemed to be more
promising for GFP expression in the mitochondria. We are, however, aware that RT-PCR results
are merely qualitative, giving first evidence of gene expression and potentiating further analysis.

To deeply infer the content of both gene and protein, more accurate assays are required.

6.4.7 Quantification of Protein

The evidence of gene delivery and expression in mitochondria instigated us to quantify the
produced ND1 protein, after transfection mediated by polymeric or peptide/pND1 complexes. In
this way, ND1 protein expression in the mitochondria of HeLa and fibroblast cells was measured
by using an ELISA kit. Non-transfected cells served as controls. The results are shown in Figure
6.13. Control cells presented significant levels of ND1 protein, as ND1 is an endogenous
mitochondrial gene. As observed, this amount can be increased by the transfection with the
developed mitochondria-targeted/delivery systems. As shown in Figures 6.13A, B, both
fibroblast (A) and HeLa (B) cells transfected with PEI-DQA/TAT/pND1 complexes demonstrated
higher levels of ND1 protein when compared to controls (*** p <0.001 or **** p <0.0001).
Moreover, it was observed that this increase in the production of ND1 protein was influenced by
both the molecular weight of PEI and the N/P ratio. The results demonstrated that PEI (25 kDa)
led to a higher amount of ND1 in comparison with the protein levels when transfection was
mediated by complexes based on PEI (10 kDa), even at lower N/P ratios. Moreover, high-N/P-
ratio systems demonstrated higher ND1 levels compared to lower ratio systems when using PEI
of the same molecular weight. The results obtained for fibroblasts and HeLa cells were very

similar (Figures 6.13A, B, respectively), evidencing a pattern independent of the cell type.
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Figure 6.13 - Quantification of ND1 protein 48 h after transfection of fibroblasts (A) and HeLa
cells (B) with PEI-DQA (10 kDa)/TAT/pND1, N/P = 20:2:1; PEI-DQA (10 kDa)/TAT/pND1, N/P
=50:2:1; PEI-DQA (25 kDa)/TAT/pND1, N/P = 20:2:1; and PEI-DQA (25 kDa)/TAT/pND1, N/P
= 50:2:1; and 48 h after transfection of HeLa cells (C) with CpMTP/pND1, MTS-WRAP1/pND1,
MTS-WRAP5/pND1, and MTS-(KH),/pND1—all complexes prepared at an N/P ratio of 5:1. Non-
transfected cells were used as controls. Data were analyzed by one-way ANOVA. (*** p <0.001 or

#¥¥% p <0.0001).
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Figure 6.13C showed NDi content produced from the transfection of HeLa cells with
peptide/pND1 complexes. After 48 h of transfection, and similar to polymeric systems, peptide
complexes led to high ND1 levels when compared to control cells (**** p <0.0001). Among
peptide complexes, the CpMTP peptide was found to induce the production of the lowest amount
of ND1. Cells transfected with MTS-WRAP1, MTS-WRAP5, and MTS-(KH), systems produced
protein levels 3 to 4 times higher than non-transfected cells.

Comparing PEI complexes with peptide-based systems, we found that peptides led to ND1
concentrations above 400 ng/mL (for MTS-WRAP5/pDN1 and MTS-(KH),/pND1 complexes),
while complexes based on PEI did not reach this protein concentration, even when using 10 times
higher N/P ratios. Therefore, peptide/pND1 complexes seemed to be more efficient in both gene
and protein expression in mitochondria than the polymeric complexes. This assumption also
correlated well with previously obtained data regarding the great efficacy of peptide-based
complexes for cellular uptake and mitochondrial targeting [52], as well as with the above reported

results of GFP gene expression.

6.4.8 Integrity of Mitochondria

After evidence of ND1 protein production in mitochondria was obtained with the reported
delivery systems, we were interested in finding out whether the transfection with complexes
interfered with the normal mitochondrial function—especially concerning ATP production. To
investigate this issue, measurements of ATP in isolated mitochondria of HeLa cells were
performed after transfection with peptide/pND1 complexes, as these complexes offered higher
performance as pND1 delivery systems to mitochondria in comparison with the complexes based
on PEI-DQA. A luminescent ATP detection kit was used (experimental details are available in the
SM). Figure S6.6 (see the SM) shows the luminescence levels found in the mitochondria of
cancer cells after transfection with peptide complexes. Although there was a statistically
significant difference in luminescence levels in relation to control cells, peptide complexes such
as the ones based on MTS-(KH), and CpMTP allowed us to maintain the production of high ATP
content. This preliminary study demonstrated that, at least, these complexes and the transfection
processes they mediated did not greatly interfere with the normal performance of the
mitochondria. After transfection, the mitochondria of HeLa cells were able to produce ATP. It
seemed that transfection with these peptide/pND1 complexes was an innocuous process for the
normal mitochondrial function and, thus, mitochondrial integrity seemed to be preserved. In
contrast, the delivery system based on MTS-WRAP1 exhibited a major decrease in ATP levels, in
comparison with controls (**** p <0.0001) (Figure S6.6). The comparison between the MTS-
WRAP1/pND1 systems with the other peptide complexes was also statistically significant (**** p
<0.0001).

At this stage, we are therefore aware that in order to deeply study the efficiency of the proposed
peptide/pND1 complexes for mitochondrial gene therapy, the design/conception of ND1-mutated
disease models is imperative. This would bring a realistic platform to further evaluate the capacity

of peptide-based delivery vectors for long-term ND1 transgene expression in the mitochondria.
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6.5 Conclusions

Mitochondrial gene therapy has emerged as a potential therapeutic strategy for mitochondrial
diseases originating from mtDNA mutations. To make this therapy feasible and clinically viable,
the design and conception of a mitochondria-targeted gene delivery system is crucial. To this end,
we report in this work the development of novel polymeric complexes able to load/encapsulate a
mitochondrial gene, target mitochondria, and promote gene delivery and protein expression in
this organelle. It was found that their physicochemical properties and cytotoxic profile can be
optimized by varying the N/P ratio and PEI molecular weight parameters. In addition to these
PEI-based complexes, CPPs with mitochondrial targeting specificity, deeply studied in previous
work for pND1 encapsulation and delivery [18], were also evaluated for mitochondrial gene
delivery and protein expression. It was found that both polymeric and peptide/pND1 complexes
promoted efficient transfection, with consequent gene expression and ND1 protein production in
the mitochondria. Therefore, both nano-platforms can be further explored in the quest for a
suitable gene delivery system to mediate mitochondrial gene therapy. Moreover, a comparison
between polymeric and peptide/pND1 complexes revealed that the peptide-based ones—mainly
due to their greater ability for pND1 complexation—displayed superior performance in terms of
cellular uptake, gene delivery, and protein expression. Collectively, our results bring significant
and relevant knowledge, instigating progress towards mitochondrial transfection mediated by

PDNA complexes, as a powerful tool to fight against mitochondrial DNA diseases.

6.6 Supplementary Materials

Supporting Information for Chapter 6

6.6.1 Experimental Section

6.6.1.1 Fourier transform infrared spectroscopy

The functional groups present in the synthesized polymer were characterized by FTIR analysis
using an FTIR (Jasco-4200, USA) by the KBr pellet method. The samples were prepared by
triturating PEI-DQA (10, 25 KDa) and potassium bromide (KBr) at the weight ratio of 1:99,
respectively, to form a pellet. The pellet was placed in the sample holder. FTIR spectra of samples

were recorded by scanning pellets over a range of 4000 to 400 cm-.

6.6.1.2 Gel Permeation Chromatography (GPC)

Determination of the molecular weight of synthesized PEI-SA-DQA was carried out using gel
permeation chromatography. Ultrahydrogel linear size exclusion column (7.8 mm ID x 300 mm

x 6 1) was used to elute the samples in the GPC system (Waters Alliance series). Water was used
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as a mobile phase with a flow rate of 1 ml/min. The standard molecular weight compounds were

run before analyzing the sample to plot the calibration curve.

6.6.1.3 Determination of Critical Micelles Concentrations (CMC)

CMC of PEI-DQA (10, 25 KDa) was assessed by pyrene incorporation method. Briefly, to glass
vials containing 0.5 mg of pyrene, PEI-DQA (10, 25 KDa) solutions were added at various
concentrations (3.125-150 pug/mL). The solution was shaken overnight for pyrene dissolution. The
solutions were filtered using polycarbonate membranes (0.45 pm). The fluorescence was analyzed
using a fluorescence plate reader (Spectramax, microplate reader, Molecular Devices, California,
USA) at wavelengths Aex 339 and Aem 390 nm. CMC was calculated from the inflection point in

the fluorescence (I339/1390) versus the log concentration graph.

6.6.1.4 Detection of ATP in mitochondria of HeLa cells

ATP produced in mitochondria of HeLa cells after transfection with peptide/pND1 complexes, at
N/P ratio of 5, has been determined by using the Luminescent ATP detection kit from Abcam
(ab113849; Abcam, Cambridge, UK), and following instructions provided by the manufacturer.
This assay involved the lysis of the cell sample, the addition of luciferase enzyme and luciferin,
followed by measurement of the emitted light. Briefly, the ATP standard was added to standard
wells in the same plate containing control (untreated cells) and samples to be analyzed. After
transfection with the various complexes, mitochondria of HeLa cells (1 x 10"4) were isolated from
cytosol, transferred to 6-well plates (2 mL per well), and then the detergent solution was added
followed by 5 min incubation, at room temperature, to lyse the cells and stabilize ATP. Then,
substrate solution was added, incubated for 5 min at 25 °C, and plates were stored in the dark for
10 min. After, luminescence was quantified using a luminescence microplate reader (Molecular
Devices, Sunnyvale, CA, USA).

6.6.2 Results

Table S6.1 - Gel Permeation chromatography data of the polymers.

Number of mole-

Name Mn Mw Mp PDI cules attached
PEI 25kDa 12759 24842 19429 1.946 -
PEI 25kDa-SA 22782 26523 29529 1.1640 17.97
PEI 25kDa-SA-DQA 25268 33092 19944 1.30% 12.45
PEI 10kDa 7832 9682 6523 1.3520 -
PEI 10kDa-SA 8875 11542 10256 1.4652 17.03
PEI 10kDa-SA-DQA 9469 17856 11452 1.0652 11.02
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Table S6.2 - Average zeta potential, size and PdI for PEI-DQA (10 kDa or 25 kDa)/TAT/pND1,
MTSCPP/pND1 and CpMTP/pND1 complexes.

PEI 10 kDa Zeta Potential (mV) Size (nm) PdI
PELI-DQA/TAT/pND1 R10 574 +0.11 478+ 6 0.54+0.03
PEI-DQA/TAT/pND1 R20 -4.56+0.02 456 = 3 0.53+0.02
PEI-DQA/TAT/pND1 R50 -4.29+0.36 447 + 4 0.57 +0.04

PEI-DQA/TAT/pND1 R100 -3.97 £ 0.12 3887 0.61+0.03
PEI-DQA/TAT/pND1 R200 -3.48 +0.28 361+1 0.44+0.02
PEI-DQA/TAT/pND1 R500 294 +0.12 349 +4 0.43+0.02

PEI 25 kDa
PEL-DOQA/TAT/pND1 R10 -4.60 + 0.23 455+ 6 0.61+0.03
PELI-DQA/TAT/pND1 R20 -3.66 +0.34 434 x4 0.56 +0.02
PELI-DQA/TAT/pND1 R50 -2.94 +0.58 409 =7 0.50 = 0.04

PEI-DQA/TAT/pND1 R100 -2.19 +0.10 359 +4 0.42+0.05
PEI-DQA/TAT/pND1 R200 +3.20+0.23 332+5 041 +0.03
PEI-DQA/TAT/pND1 R500 +5.23+0.27 270+ 6 0.41+0.05
MTS-WRAP1 [18]
MTS-WRAP1/pND1 N/P 1 -1.83 +0.90 406 =19 0.42 +0.06
MTS-WRAP1/pND1 N/P 2 +1.33+0.75 366+14 37 +0.02
MTS-WRAPL/pND1 N/F 3 +6.50 +0.76 276+13 0.23+0.01
MTS-WRAP1/pND1 N/P 5 +11.50x0.76 197 + 8 0.27 +0.02
MTS-WRAPS5 [18]
MTS-WRAPS/pND1 N/P 1 217+ 0.90 399+12 0.49+0.04
MTS-WRAPS/pND1 N/P 2 +7.17 £+ 0.90 3l6+10 0.22+0.03
MTS-WRAP5/pND1 N/P 3 +10.83 £ 1.07 266=8 0.36 +0.02
MTS-WRAP5/pND1 N/P 5 +19.33 £ 1.60 175+ 11 0.30 +0.03
MTS-(KH)9 [18]
MTS-(KH)9/pND1 N/P 1 +3.17 £ 0.69 400+ 14 044 +0.03
MTS-(KH)9/pND1 N/P 2 +5.67 £0.75 306=11 0.38 +0.03
MTS-(KH)9/pND1 N/P 3 +8.50 + 0.50 309+9 27 +0.04
MTS-(KH)9/pND1 N/P 5 +14.67 £ 0.75 220+9 0.23+0.01
CpMTP [18]
CpMTP/pND1 N/P 1 +2.00+0.58 402+ 25 0.56 +0.05
CpMTP/pND1 N/P 2 +3.50 = 0.50 385+ 14 0.24+0.04
CpMTP/pNDI N/P 3 +5.83 £ 0.69 31310 0.30 £0.02
CpMTP/pNDI1I N/P 5 +12.67 £0.75 236+13 0.23+0.02
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Figure S6.1 - FTIR spectra of PEI-DQA (10kDa green line and 25kDa red line) (A) and
Dequalinium chloride (B).
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Figure S6.2 - GPC thermogram of PEI 10kDa, PEI 10kDa-SA, PEI 10kDa-DQA (A) and PEI
25kDa, PEI 25kDa-SA, PEI 25kDa-DQA (B).
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Figure S6.3 - CMC graph of PEI-DQA 25kDa and PEI-DQA 10kDa.

10 p

Figure S6.4 - Cellular uptake and intracellular co-localization of PEI-DQA
(10kDa)/TAT/pND1 complexes formulated at N/P ratio of 20:2:1. Mitochondria
stained red by MitoTracker (A) pND1 green labeled (B), Nucleus marked blue by
DAPI (C) and Merged image (D).
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Figure S6.5 - Cellular uptake and intracellular co-localization of PEI-DQA (25kDa)/TAT/pND1
complexes formulated at N/P ratio of 20:2:1. Mitochondria stained red by MitoTracker (A) pND1
green labeled (B), Nucleus marked blue by DAPI (C) and Merged image (D).
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Figure S6.6 - Detection of ATP in mitochondria of HeLa cells after 48 h transfection mediated
by MTSWRAP1/pND1, MTS-WRAP5/pND1, MTS-(KH),/pND1 or CpoMTP/pND1 complexes, all
prepared at N/P ratio of 5. Luminescence levels (arbitrary units, a. u.) were determined by using
a ATP luminescence kit (ab113849). Non-transfected cells were used as control. The values were
calculated with the data obtained from three independent measurements (mean + SD, n = 3) and

analyzed by oneway ANOVA followed by a Bonferroni test.
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~7.1 Abstract

The lack of effective delivery systems has slowed the development of mitochondrial gene therapy.
Delivery systems based on cell-penetrating peptides (CPPs) like the WRAP (tryptophan and
arginine-rich peptide) family conjugated with a mitochondrial targeting sequence (MTS) have
emerged as adequate carriers to mediate gene expression into the mitochondria. In this work, we
performed the PEGylation of WRAP/pDNA nanocomplexes and compared them with previously
analyzed nanocomplexes such as (KH),/pDNA and CpMTP/pDNA. All nanocomplexes exhibited
nearly homogeneous sizes between 100 and 350 nm in different environments. The developed
complexes were biocompatible and hemocompatible to both human astrocytes and lung smooth
muscle cells, ensuring in vivo safety. The nanocomplexes displayed mitochondria targeting
ability, as through transfection they preferentially accumulate into the mitochondria of astrocytes
and muscle cells to the detriment of cytosol and lysosomes. Moreover, the transfection of these
cells with MTS—CPP/pDNA complexes produced significant levels of mitochondrial protein ND1,
highlighting their efficient role as gene delivery carriers toward mitochondria. The positive
obtained data pave the way for in vivo research. Using confocal microscopy, the cellular
internalization capacity of these nanocomplexes in the zebrafish embryo model was assessed. The
peptide-based nanocomplexes were easily internalized into zebrafish embryos, do not cause
harmful or toxic effects, and do not affect zebrafish’s normal development and growth. These
promising results indicate that MTS—CPP complexes are stable nanosystems capable of
internalizing in vivo models and do not present associated toxicity. This work, even at an early
stage, offers good prospects for continued in vivo zebrafish research to evaluate the performance

of nanocomplexes for mitochondrial gene therapy.

Keywords
Cell-penetrating peptides; hemocompatibility; in vivo toxicity; mitochondria-targeting; peptide-

based nanoparticles; Zebrafish embryo model

=.2 Introduction

Mitochondria are essential for the normal functioning of eukaryotic cells. These small organelles
are involved in diverse cellular processes such as signaling, growth, and regulation of cell division
and ion homeostasis or apoptosis mechanisms, among others [1,2]. However, the highlight is the
role they play in energy production through the process of mitochondrial oxidative
phosphorylation (OXPHOS). Inside mitochondria, energy is produced in the form of adenosine
triphosphate (ATP) molecules [3—5]. This organelle is responsible for producing more than 90%
of all energy produced within cells and it is considered the cell’s engine [6]. In addition to their
crucial importance in normal cellular functioning, mitochondria have a particular characteristic
that they share with the nucleus: they have their own genome [7]. The mitochondrial genome

(mtDNA) is composed of circular DNA molecules, which contain 37 genes encoding 13 proteins
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that act as subunits of the OXPHOS enzymatic complexes, 22 transport RNA (tRNA) molecules,
and 2 ribosomal RNA (rRNA) molecules [8,9].

Mutations in mtDNA are widespread compared to mutations in the nuclear genome. This is due
to the much higher number of mtDNA molecules per cell than nuclear DNA and the absence of an
effective repair mechanism and protective histones [10,11]. Mutations in mtDNA can induce a
wide range of pathologies: neurodegenerative diseases (Alzheimer’s, Parkinson’s, and
Amyotrophic Lateral Sclerosis (ALS)), metabolic dysfunctions (diabetes), hereditary diseases
(Leber hereditary optic neuropathy (LHON), Huntington’s disease), and various types of cancer
[12—15]. Therapeutics currently available on the market only slow the progression of these
diseases and do not provide an effective treatment [16,17]. Thus, there is a need to develop new
therapeutic approaches. Since these diseases arise from gene alterations, mitochondrial gene
therapy appears as a very promising and effective strategy [18].

Mitochondrial gene therapy has as its principle the replacement of mitochondrial genes to restore
the normal function of the target gene [19,20]. To achieve this, it is necessary to use a delivery
system that is capable of transporting and protecting the therapeutic genetic material and that
delivers the mitochondrial gene directly to the mitochondria, enabling its expression [21,22]. One
of the most explored genetic material delivery systems in recent years has been cell-penetrating
peptides (CPPs). CPPs are peptides with fewer than 30 amino acids that have hydrophobic and
hydrophilic domains, which confers the ability to conjugate with genetic material, forming
nanoparticles capable of transfecting and internalizing into cells [23—26]. To confer specificity for
mitochondria—a key step in mitochondrial gene therapy—some strategies have been explored,
including the utilization of the 12-residue partial pre-sequence of yeast cytochrome c oxidase
subunit IV (MLSLRQSIRFFK) [27-29].

Zebrafish (Danio rerio) is a vertebrate animal model increasingly applied in scientific research.
Due to its characteristics, its application has been explored in the most diverse areas, from
biomedicine and biotechnology to environmental science [30—33]. The main advantages of
zebrafish (ZF) compared to other vertebrate models are the fact that it is an animal of small size,
thus easy to maintain at low costs; its reproduction rate is high (each female releases an average
of between 50 and 300 fertilized eggs); one-cell-stage fertilized eggs are easily genetically
manipulated; its embryos and larvae are transparent; embryonic development occurs within 24 h
and formation of the heart, intestine, and blood vessels within 48 h of fertilization. Furthermore,
the ZF genome is approximately 70% similar to the human genome and its physiological processes
including the development of the cardiovascular, nervous, and digestive systems are similar to
those in humans [32,34]. Consequently, the ZF model has been widely considered in pre-clinical
trials and the most varied toxicological studies [35—37].

In this work, our goal was to add PEG (polyethylene glycol) to the MTS—WRAP (tryptophan and
arginine-rich peptide) delivery systems, determine their properties, evaluate their mitochondria
targeting ability, and, ultimately, evaluate them in an in vivo model, namely their internalization
capacity and toxicity in ZF embryos. The PEG-free MTS—WRAP—-based complexes were tested in

vitro in previous publications by our team, where we demonstrated excellent results from our
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physicochemical and morphological characterization to the production of the target
mitochondrial protein [29,38].

The PEG-WRAP conjugate was added to the formulation of MTS—WRAP nanocomplexes, using
three different percentages (5%, 10%, and 20%), and compared to previously analyzed non-
PEGylated nanocomplexes such as (KH),/pDNA and CpMTP/pDNA. PEG is a biocompatible
polymer that can be linear or branched, whose main characteristics are that it increases the half-
life of a therapeutic agent, increases the circulation time of the biomolecule to which it is
conjugated, increases its hydrophilicity, and decreases the probability of agglomeration [39,40].
PEGylation of nanoparticles has been shown to increase their stability and consequently reduce
the toxicity of delivery systems. PEGylation also reduces immunogenicity, increases the biological
half-life of these therapeutic agents, and enables greater efficiency with smaller doses [41—43].
The developed PEG-MTS—WRAP nanocomplexes were demonstrated to be stable over time (up
to 7 days after formulation), with sizes suitable for cellular transfection. Moreover, the complexes
were biocompatible and hemocompatible and displayed the ability to transfect and internalize
into ZF embryos, without causing toxicity. The results evidenced in this report indicate that the
conceived peptide-based delivery systems possess a set of favorable assets being a valid option for
mitochondrial gene therapy implementation, and should be considered for future in vivo studies

with a view to potential clinical translation.

~.3 Materials and Methods

~.3.1 Materials

Milli-Q water, 1-phenyl 2-thiourea (PTU), and Tricaine powder were obtained from Sigma-
Aldrich (Waltham, MA USA). ULYSIS Nucleic Acid Labeling Kit was obtained from Thermo
Fisher Scientific Inc. (Waltham, MA USA). All peptides were synthesized using a LibertyBlue™
Microwave Peptide Synthesizer (CEM Corporation, Stallings, NC, USA) with an additional
Discover™ module (CEM Corporation, Stallings, NC, USA) combining microwave energy at 2450
MHz to the Fmoc/tert-butyl (tBu) strategy. Peptide identity and purity were checked by LC-MS
(Waters, Saint-Quentin-en-Yvelines, France). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazol-
ium bromide (MTT), Triton X-100, and fluorescein isothiocyanate (FITC), isomer 1, were
obtained from Sigma-Aldrich Chemicals (St. Louis, MO, USA). The plasmid pCAG-GFP-ND1 (5.4
kbp) (pND1) was developed by our research group through the cloning of the mitochondrial
NADH dehydrogenase 1 protein-encoded gene (mtND1) in Escherichia coli. The details
concerning ND1 gene cloning and plasmid production can be consulted elsewhere [44]. Human
astrocyte cell line (HA1800), lung smooth muscle cells, normal, human (PCS-130-010), and
human embryonic kidney (HEK293T) cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA).
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7.3.2 Methods

7.3.2.1 Nanoparticle Formulation

The formulation of WRAP/pND1, MTS-WRAP/pND1, (KH),/pND1, MTS—(KH),/pND1, and
CpMTP/pND1 nanoparticles was carried out as previously described [29,38]. The PEG
nanoparticles were formulated using the same protocol mentioned above, however, the PEG-
WRAP peptide was added in 3 different percentages (5%, 10%, and 20% of the total peptide
amount) to formulate the respective vectors. All nanoparticles were formulated considering a

nitrogen-to-phosphate groups ratio (N/P) of 5.

7.3.2.2. Particle Size Measurements

The average size of the nanoparticles was determined by Dynamic Light Scattering (DLS) using a
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) equipped with Malvern Zetasizer
software v6.34. DLS using a He—Ne laser 633 nm with non-invasive backscatter optics (NIBS)
was applied for size determination. All results were obtained from three independent

measurements (three runs for each measurement at 25 -C).

7.3.2.3. Cell Culture

HA1800 and HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% FBS. Primary lung smooth muscle cells were maintained in vascular cell basal
medium (ATCC, PCS-100-030) supplemented with 5% heat-inactivated FBS, 5% L-glutamine, 0.5
mL penicillin-streptomycin-amphotericin B solution (penicillin 10 units/mL, streptomycin 10
pg/mL and amphotericin B 25 ng/mL), 5 ng/mL of basic fibroblasts growth factor (b-FGF), 5
ng/mL epidermal growth factor (EGF), 50 ug/mL of ascorbic acid, and 10 ng/mL of insulin. All
cell lines were incubated at 37°C and 5% CO, until ~80% of confluence was attained. Cells were

sub-cultivated every 3 days to maintain their exponential growth and normal metabolism.

7.3.2.4. Cytotoxicity Evaluation

The cytotoxicity of the developed MTS—CPP/pND1 systems was evaluated in human astrocyte
cells and lung smooth muscle cells using the MTT (3-[4,5-dimethyl-thiazol-2-yl]-2,5-
diphenyltetrazolium bromide) assay. The assay was performed in 96-well plates at a density of 1
x 104 cells/well, where the cells were serum starved 12 h before the incubation with the
nanoparticles. The cells were incubated with the nanoparticles (0.1 ug of pND1 per well), and the
transfection was stopped 6 h later by changing the cell medium to complete medium (with serum).
After 24 and 48 h of incubation with the systems, cell viability was assessed by reducing the MTT.
For this, 20 puL of MTT solution with a concentration of 2 mg/mL was added to each well for 2 h.
After that, the medium was removed and 200 pL of DMSO was added to each well for 30 min with
shaking to dissolve the formazan crystals. Absorbance was measured using a Benchmark

Microplate Reader (BioRad, Vienna, Austria) at 570 nm. The medium without cells was set as zero
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absorbance and used for spectrophotometer calibration. Non-transfected and ethanol-treated
cells were considered the positive and negative controls, respectively. The relative cell viability
(%) related to control wells was calculated by [A]test/[A]control x 100, where [A]test is the

absorbance of the test sample and [A]control is the absorbance of the positive control sample.

7.3.2.5. Hemolysis Test

In the hemolysis test, fresh rat blood was used, which was previously collected and stored in
heparinized tubes containing EDTA disodium salt. Subsequently, red blood cells (RBCs) were
isolated through centrifugation (3,000 rpm for 15 min at 4 °C). The RBCs were washed with 0.85%
w/v NaCl solution until the solution became translucent. For the assay, the nanocomplexes (PEG—
MTS-WRAP/pND1 and MTS—(KH),/pND1) and RBCs were resuspended in PBS (pH 7.4). A PBS-
based solution containing 3—5% RBCs was prepared. 900 uL of this solution was used for each
condition, where 100 uL of each of the delivery systems under study was subsequently incubated.
The negative control was performed by adding 100 uL of PBS (pH 7.4) to 9oo uL of the RBC
solution while the addition of 100 uL of Triton X-100 (1%) was considered for the positive control.
Incubation took place for 1 h at 37°C. After incubation, the samples were centrifuged at 8000 rpm
for 20 min at 4°C. The supernatant obtained was analyzed by measuring its absorbance at 576 nm
in a UV-vis spectrophotometer. The percentage of hemolysis was calculated using the following

formula:

Hemolysis (%) = Abs.Sample — Abs. Negative control % 100 1
CMOSIS {707 = “Abs. Positive control — Abs. Negative control &

7.3.2.6. FITC Plasmid Staining

Plasmid DNA was stained with FITC by mixing 2 ug of pDNA, 2 uL of FITC (in sterile anhydrous
dimethyl sulfoxide, 50 mg/100 pL), and 81 pL of labeling buffer (0.1 M Sodium Tetraborate, pH
8.5). Samples were left in the dark, under stirring for 4 h at 25°C. To stop the reaction, 2.5 volumes
of 100% ethanol (212.5 puL) and one volume of 3 M NaCl (85 uL) were added. Samples with stained
PDNA were precipitated at —20°C overnight. On the following day, samples were centrifuged
(10,000x g, at 4°C) for 30 min. The pellet was recovered and washed with ethanol (75%) and used
for the formation of PEG/MTS—peptide/pND1 complexes.

7.3.2.7. Cellular Organelle-Associated FITC Fluorescence

Human astrocytes and lung smooth muscle cells were cultured as described above. For cellular
transfection, PEG/MTS—peptide/pND1-FITC (100 pL, pND1 = 1 ug) was added to each well.
Untreated cells incubated with FITC and naked pND1 stained with FITC were used as controls.
After 24 h, both cells were washed twice with PBS, and FITC-pND1 levels were measured in the

transfected cells by fluorescence quantification. A fluorimeter plate reader was used to determine
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FITC fluorescence considering the excitation and emission wavelengths of 495 nm and 525 nm,
respectively. For each cell line, the protein content of each well was measured with a bicinchoninic
acid (BCA) protein assay kit (BCA1-1KT, Sigma Aldrich Chemicals, St. Louis, MO, USA).
Fluorescence/microgram protein readings were then determined by averaging the background
corrected fluorescence of triplicate wells and dividing by the protein content per well. After
transfection of human astrocytes and lung smooth muscle cells with the developed MTS—
CPP/pND1-FITC complexes, the Mitochondria Isolation Kit for Cultured Cells (#¥89874, Thermo
Fisher Scientific Inc., Rockford, IL, USA) was applied to promote the separation of mitochondria
from the cytosol. The experimental protocol provided by the manufacturer has been followed, as
described elsewhere [44]. In another set of transfected astrocytes and muscle cells, with the
developed MTS—peptide/pND1—FITC complexes, lysosomes were isolated by using the Lysosome
Isolation kit (LYSOSO 1) according to a protocol available from the supplier and as previously
presented in the literature [45]. The protein levels of each cellular organelle were determined
using the BCA protein assay kit. The use of this kit aids in correcting for cell density differences
between different sets of experiments. The fluorescence of FITC—pND1 in each organelle sample

was normalized with the amount of protein and expressed as fluorescence/pg protein.

7.3.2.8. ND1 Protein Quantification

Mitochondrial ND1 protein levels were quantified in human astrocyte, lung smooth muscle cells
using an ND1 ELISA kit (Biomatik, EKL54820, Wilmington, DE, USA), as fully described in a
previous publication by our research team [38]. After 48 h of transfection with the systems under
study, the cells were collected and lysed. The determination of ND1 protein content was
performed according to the protocol provided by the manufacturer, which includes the incubation
of Reagent A for 1 h at 37 °C, followed by the addition of Reagent B. Then, an incubation was
carried out with the TMB solution for 20 min at 37 °C, in the dark. Finally, the Stop solution was
added to end the reaction. The ND1 levels were determined by absorbance at 450 nm in a Bio-

Rad Microplate Reader Benchmark.

7.3.2.9. Zebrafish Breeding

Zebrafishes (Danio rerio) were raised and used according to standard laboratory protocols.
Zebrafish care and use were performed following European Union guidelines for the handling of
laboratory animals. All experiments were approved by the Comité d’Ethique pour
I'Expérimentation Animale and the Direction Sanitaire et Vétérinaire de 'Hérault (Aquatic model
facility, ZEFIX from CRBM C-34-172-39). Tg[flita:EGFP]y1 transgenic line was used with GFP-
labelling of all endothelial cells [46]. ZF embryos were kept for 24 h in a dish (100 mm) in E3
medium (5 mM NacCl, 0.177 mM KCl, 0.33 mM CaCl,, 0.33 mM MgSO4, 0.01 mg/L Methylene
Blue) in an incubator at 28°C. Thereafter, the ZF embryos were dechorionated using sharp forceps
and pre-selected for GFP protein expression using an M165 FC fully apochromatic correct-ed

stereo microscope (Leica, Wetzlar, Germany). Dechorionated ZF embryos were maintained in an
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E3 solution with 1-phenyl 2-thiourea (PTU, final concentration of 75 uM), to avoid pigmentation

formation.

7.3.2.10. pDNA Fluorescence Labeling for In Vivo Assays

pND1 labeling was performed using Ulysis™ Alexa Fluor™ 594 Nucleic Acid Labeling Kit
(Molecular Probes, Eugene, OR, USA). 1/10 volume of 3 M sodium acetate (pH 5.2) and 2 volumes
of absolute ethanol were added to 1 ug of pDN1, placed at —80°C for 30 min, and then centrifuged
for 15 min at 12,000 rpm to precipitate the plasmid. The pellet was washed with 70% ethanol and
allowed to air dry. The pellet was resuspended with 20 uL of labeling buffer (provided in the kit)
and then 1 pL of Alexa594 dye solution was added. Labeling buffer was used until 25 uL of final
volume was reached. The reaction was incubated at 80°C for 15 min and at the end of this time,
the reaction was stopped by placing the tubes on ice. The tubes were centrifuged with a MiniSpin

to redeposit all contents at the bottom of the tube and the labeled pND1 was stored at 4°C.

7.3.2.11. Confocal Microscopy

To evaluate the transfection efficiency and internalization capacity of the MTS—CPP/pND1
systems in ZF embryos, the confocal microscopy technique was used. For this study, ZF embryos
that expressed the fluorescent protein GFP were previously selected. For each condition, 6
zebrafish embryos were transferred in a glass chamber slide (LabTek, 4-chamber slide, Sigma-
Aldrich) in a volume of 200 pL E3 + PTU. Each type of nanoparticle was formulated in 50 uL as
described above using Alexa594-labelled pND1 (1 pg, final concentration) and added to the ZF
embryos. After 24 h of transfection, ZF embryos were washed 3 times with PBS and fixed with 4%
PFA in PBS for 20 min at room temperature with stirring. ZF embryos were washed 5 times with
PBS and imaged by confocal microscopy on an inverted Zeiss LSM800 microscope using a
10x/0.30 lens. All confocal acquisitions were performed using a 488 nm diode laser with the
specific GFP filter (486 nm—561 nm) and a 561 nm diode laser with a specific Alexa594 filter (592
nm—614 nm). A total of 15 images per sample were acquired using z-stack mode with a z-stack
interval of 3 um. Acquired images were analyzed using ImageJ software. Z-projection for each

sample was performed by summing fluorescence intensities to one image.

7.3.2.12. Toxicity Test on Zebrafish Embryos

The test to evaluate toxicity was carried out 48 h after incubation of zebrafish embryos with the
different nanoparticles under study. For each condition, 6 zebrafish embryos were transferred in
a glass chamber slide (LabTek, 4-chamber slide, Sig-ma-Aldrich) in a volume of 200 uL E3 + PTU.
Each type of nanoparticle was formulated in 50 pL as described above using 3 different pDNA
amounts (1 ug, 2 pg, and 5 g, final concentration) and added to the ZF embryos. After 48 h
incubation at 28°C, ZF embryos were anesthetized with 0.02% Tricaine solution and imaged using

an M165 FC fully apochromatic corrected stereo microscope (Leica, Wetzlar, Germany). All ZF
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embryos were analyzed in terms of their development and morphology. The size of each ZF

embryo was subsequently determined using ImageJ software.

7.3.2.13. Statistical Analysis

Data are presented as mean + standard error of the mean. Statistically significant differences were
evaluated by one-way analysis of variance (ANOVA), with Bonferroni’s multiple comparison test.
Data were analyzed using GraphPad Prisma software, V9.0.0 (GraphPad Software Inc., New York,
NY, USA). A p-value of <0.05 was considered statistically significant.

7.4 Results and Discussion

7.4.1 Effect of PEGylation on Nanocomplexes Formulation

CPPs have been widely explored for the delivery of therapeutic genetic material. Due to their
physicochemical properties, it is possible to formulate stable nanocomplexes with some of the
CPPs that protect nucleic acids until their delivery to target cells [47—49]. In previous articles, it
was demonstrated that the addition of the MTS sequence into certain CPPs, namely WRAP1 (W1)
and WRAP5 (W5) peptides, conferred specific targeting to the mitochondria, enabling the delivery
of a mitochondrial gene into the target organelle [29,38]. In this work, we evaluated the effect of
incorporating a polyethylene-glycol 2000 (PEG) moiety into these nanocarriers, to form more
stable delivery systems compatible with an in vivo delivery such as in zebrafish (ZF) embryos
(described here) or, later, in other animal models. Although PEG has recently been shown to be
an immunogenic molecule in certain circumstances, its incorporation into delivery systems has
been widely explored. PEG has been used successfully, improving the therapeutic efficacy of
various delivery systems, namely liposome-based nanoparticles and PEGylated lipid
nanoparticles (LNPs) in the field of mRNA-based vaccines [40,50].

The peptide nanocomplexes were formulated using the most suitable N/P ratio described in
previous works (N/P ratio = 5 in water) [29,38] in which various percentages of PEG—CPPs were
tested in the complex formulation (5%, 10%, and 20%). The results for the size and polydispersity
index (PdI) of PEG—nanocomplexes are presented in Table 7.1. WRAP1-based complexes with
5% PEG display sizes around 200 nm, while with 20% PEG, the sizes are around 160 nm, with no
significant changes when compared to the results obtained for WRAP1 systems without PEG (p =
0.9933). In the case of WRAP5 nanocomplexes with 5 to 20% PEG, the sizes vary from 114 nm to
99 nm on average, and there is a statistically significant change in relation to the sizes of the

WRAP5/pND1 systems without PEG (*** p <0.001), which have an average size of 186 nm.
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Table 7.1 - Average size and PdI of peptide-based nanocomplexes at N/P = 5 after formulation in

water.
WRAP1 Systems
Systems Average Size (nm) PdI
WRAP1/pND1 [29] 161+9 0.300 + 0.023
5% PEG-WRAP1/pND1 197 + 26 0.446 + 0.089
10% PEG-WRAP1/pND1 124 +7 0.083 + 0.129
20% PEG-WRAP1/pND1 160 £ 11 0.346 £ 0.061
WRAPj5 Systems
Systems Average Size (nm) PdI
WRAP5/pND1 [29] 186 + 10 0.320 + 0.030
5% PEG—WRAP5/pND1 114+ 9 0.245 £ 0.064
10% PEG-WRAP5/pND1 101 £ 15 0.263 + 0.036
20% PEG-WRAP5/pND1 995 0.222 + 0.061

MTS—WRAP1 Systems

Systems Average Size (nm) PdI
MTS-WRAP1/pND1 [29] 197 + 8 0.200 * 0.020
5% PEG-MTS—WRAP1/pND1 58+7 0.190 + 0.016
10% PEG-MTS—WRAP1/pND1 57+3 0.144 £ 0.013
20% PEG-MTS—WRAP1/pND1 65+ 8 0.158 + 0.020

MTS—WRAP5 Systems

Systems Average Size (nm) PdI
MTS-WRAP5/pND1 [29] 175 + 11 0.320 £ 0.030
5% PEG-MTS—WRAP5/pND1 173 + 14 0.377 + 0.049
10% PEG-MTS—WRAP5/pND1 167 £ 19 0.321 + 0.034
20% PEG-MTS—WRAP5/pND1 93 + 15 0.167 + 0.086

Notes: Explanation of the formulations: 5% PEG—-WRAP = 5% PEG-WRAP + 95% WRAP; 10%
PEG—WRAP = 10% PEG—WRAP + 90% WRAP; 20% PEG—WRAP = 20% PEG—-WRAP + 80%
WRAP; 5% PEG-MTS—-WRAP = 5% PEG—-WRAP + 47.5% MTS—WRAP + 47.5% WRAP; 10%
PEG-MTS-WRAP = 10% PEG-WRAP + 45% MTS—-WRAP + 45% WRAP; 20% PEG-MTS—
WRAP = 20% PEG-WRAP + 40% MTS-WRAP + 40% WRAP. All nanocomplexes were
formulated at an N/P of 5, in water with 1 ug pND1. The values were determined with the data
calculated from the acquisition of three independent experiments. Data were analyzed by one-

way ANOVA followed by the Bonferroni test, p <0.05 was considered statistically significant.

The PEG-MTS—WRAP1/pND1 vectors exhibit sizes around 60 nm for the three analyzed PEG
percentages in the formulation, with no significant changes in terms of size when comparing the
three different formulations to each other (p = 0.05). However, there is a significant size reduction
(**** p <0.0001) compared to the MTS—WRAP1/pND1 systems without PEG. The MTS—
WRAP5/pND1 systems previously presented sizes of around 175 nm. The addition of PEG only
significantly influenced the size of the nanoparticles when 20% PEG was added (*** p <0.001),
reducing the average size to values below 100 nm. The addition of 5% and 10% PEG did not cause
significant changes in the average size of these systems (p = 0.9955 and p = 0.7934, respectively).
Although there are some changes in complex sizes with the addition of PEG, all nanocomplexes

have sizes below 200 nm and PdI remains below 0.4, demonstrating that the systems are
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monodisperse and that they exhibit ideal physicochemical properties to be further evaluated by

in vitro and in vivo studies.

7.4.2 Effect of PEGylation on Nanocomplexes Stability

The stability of PEG—peptide nanocomplexes was evaluated 24 h and 77 days after formulation.
The results are summarized in Table 7.2. In detail, the complexes remained stable during the
first 24 h, with no major fluctuations in terms of size. The PEG—WRAP1 nanocomplexes with 5%
PEG maintained their size after 24 h of formulation (p = 0.9912), while those with 10% and 20%
had a significant increase in size (**** p <0.0001), which may indicate some thickness of the
complexes over time resulting in particle growth. For the PEG-WRAP5 nanocomplexes, there
was an increase in the sizes of those formulated with 5% PEG (*** p <0.001) and for those with
10% and 20%, the sizes remained identical (p = 0.9581 and p = 0.1533, respectively). In contrast,
the MTS-containing complexes (PEG-MTS—WRAP1 and PEG-MTS—WRAP5) showed average
sizes after 24 h very similar to the sizes obtained after formulation. The PdI values indicated no

loss of homogeneity during the first 24 h, with values remaining between 0.1 and 0.4.

Table 7.2 - Average size and PdI of peptide-based nanocomplexes formulated at N/P ratio = 5

measured at 24 h and at 7 days after formulation.

WRAP1 Systems
After 24 h After 7 Days
Systems . .
Mean Size (nm) PdI Mean Size (nm) PdI
5% PEG—WRAP1/pND1 203+9 0.402 £ 0.029 695 + 53 0.592 + 0.194
10% PEG-WRAP1/pND1 260 + 15 0.346 + 0.040 3161 + 197 1.000 £ 0.000
20% PEG-WRAP1/pND1 448 + 27 0.457 + 0.115 978 + 30 0.956 + 0.028
WRAP5 Systems
After 24 h After 7 Days
Systems : ;
Mean Size (nm) PdI Mean Size (nm) PdI
5% PEG—WRAP5/pND1 233+ 14 0.336 + 0.093 320 £ 18 0.233 + 0.055
10% PEG—-WRAP5/pND1 96 + 4 0.288 £ 0.045 1640 + 143 1.000 £ 0.092
20% PEG-WRAP5/pND1 114 + 10 0.252 + 0.082 309 + 22 0.409 + 0.058
MTS-WRAP1 Systems
After 24 h After 7 Days
Systems M SIZE
Y ean PdI Mean Size (nm) PdI
(nm)
5% PEG-MTS—WRAP1/pND1 67+5 0.211 £ 0.063 62 + 17 0.215 + 0.039
10% PEG-MTS—WRAP1/pND1 609 0.161 £ 0.028 60 £ 11 0.174 £ 0.085
20% PEG-MTS—WRAP1/pND1 65 + 11 0.136 £ 0.041 64+ 14 0.134 £ 0.044
MTS-WRAP5 Systems
After 24 h AFTER 7 Days
Systems . .
Mean Size (nm) PdI Mean Size (nm) PdI
5% PEG-MTS—WRAP5/pND1 8216 0.473 £ 0.158 85+ 27 0.515 + 0.100
10% PEG-MTS—WRAP5/pND1 253 + 21 0.338 £ 0.099 201 + 21 0.722 £ 0.167
20% PEG-MTS—WRAP5/pND1 73+ 2 0.155 + 0.071 197 + 18 0.329 + 0.072

Notes: Explanation of the formulations: 5% PEG—-WRAP = 5% PEG-WRAP + 95% WRAP; 10%
PEG—WRAP = 10% PEG—-WRAP + 90% WRAP; 20% PEG—WRAP = 20% PEG-WRAP + 80%
WRAP; 5% PEG-MTS—WRAP = 5% PEG—WRAP + 47.5% MTS—WRAP + 47.5% WRAP; 10%
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PEG-MTS—WRAP = 10% PEG-WRAP + 45% MTS—WRAP + 45% WRAP; 20% PEG-MTS—-
WRAP = 20% PEG-WRAP + 40% MTS-WRAP + 40% WRAP. All nanocomplexes were
formulated at an N/P of 5, in water with 1 ug pND1. The values were determined with the data
calculated from three independent assays. Data were analyzed by one-way ANOVA followed by

the Bonferroni test, p < 0.05 was considered statistically significant.

After 7 days, the PEG-WRAP1 and PEG-WRAP5 did not prove to be stable, dis-playing a
dramatic increase in their average sizes to values above 300 nm (**** p <0.0001). The loss of
stability of these nanocomplexes was also reflected in the PdI parameter, with values higher than
0.4, even reaching 1. These PdI values indicate that the complexes are polydisperse and lose their
stability over time. It is reasonable to assume that the complexes experienced aggregation into
larger particles over time, and after 7 days, they may cluster and form macroscopic aggregates. In
contrast, the nanocomplexes containing the MTS sequence presented stability in terms of sizes,
with no major changes compared to the values at the time of formulation. The sizes for the MTS—
PEG—WRAP1 complexes remained around 60 nm for the three considered percentages of PEG
(all p-values = 0.05) after 7 days. The MTS—PEG—WRAP5 complexes increased their average size
slightly after 7 days, namely from 167 nm to 291 nm (** p <0.01) for complexes with 10% PEG and
from 93 nm to 197 nm for those with 20% PEG (*** p <0.001). However, this size increases at 7
days post-formulation of the nano-complexes and does not preclude their use since the sizes

remain below 300 nm.

7.4.3 Peptide-Based Nanocomplexes Are Stable in Saline Solution
According to the results presented in Tables 7.1 and 7.2, we found adequate evidence to focus
our investigation on the WRAP complexes bearing 20% PEG, using these to perform the
subsequent tests. As the purpose of the current study was, mainly, to test the developed peptide
nanocomplexes on the zebrafish (ZF) model, we then evaluated the maintenance of the sizes and
PdI of the complexes after resuspending in the saline E3 solution (zebrafish medium). These
measurements aimed to verify the stability of the nanocomplexes in the ZF medium since the
presence of salts can interfere with the electrostatic interaction between the peptides and pND1.
The results for PEG-WRAP/pND1 or PEG-MTS-WRAP/pND1 were compared to previously
analyzed non-PEGylated nanocomplexes such as (KH),/pDNA and CpMTP/pDNA.

The results presented in the Supplementary Material (SM), Table S7.2, demonstrate that all the
analyzed CPP/pND1 complexes exhibited sizes of around 100 nm-250 nm, except for
CpMTP/pND1, which presented sizes of around 350 nm. The same trend is reflected through the
PdI values, showing that all nanocomplexes are homogeneous when resuspended in an E3
solution (PdI values between 0.2 and 0.4). Compared to the values in Table 1, the sizes of the
PEGylated nanocomplexes are significantly larger (*** p <0.001) when they are in contact with
the E3 medium; however, this increase does not compromise the physicochemical properties of
the complexes as the sizes remained below 275 nm. In the case of the non-PEGylated complexes,
there was a slight increase in sizes for the CpMTP/pND1 systems (*** p <0.001) when they were

in E3 medium and a decrease in sizes in the (KH), peptide-based systems (**** p <0.0001) in E3
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medium, compared to the sizes previously obtained in water [29]. Therefore, we can conclude that
except for CpMTP/pND1 (size over 250 nm), all analyzed peptide-based complexes under study

are stable when resuspended with an E3 solution, maintaining their size and homogeneity.

7.4.4 In Vitro Biocompatibility of Peptide-Based Nanocomplexes

The cytotoxicity of the PEG/MTS-CPP/pND1 nanocomplexes was evaluated using the
colorimetric method of the MTT assay. Toxicity was assessed in two distinct cell lines, namely
human astrocyte cell line and lung smooth muscle cells. Cell viability (%) was determined after
24 h and 48 h of cell incubation with the PEG/MTS—CPP/pND1 complexes (0.1 ug of pND1 per
well), formulated at an N/P ratio of 5. Non-transfected cells were used as a positive control and
cells treated with ethanol were considered the negative control. The cytotoxicity results for these
two types of cells are presented in the graphs of Figure 7.1. The results of cellular viability of
human astrocyte cells for 24 h and 48 h are shown in the graphs in Figures 7.1A and 7.1B,
respectively. Cell viability of human astrocytes transfected with the three different nanocomplexes
is greater than 80% after 24 and 48 h. The viability of these cells was around 90% after 24 h when
incubated with the PEG-MTS—WRAP1/pND1 nanocomplexes and 88.8% after 48 h. For the
PEG-MTS—-WRAP5/pND1 complexes, the viability of human astrocytes was 89% after 24 h and
88.4% after 48 h.
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Figure 7.1 - Cellular viability of human astrocyte cells ((A) 24 h, (B) 48 h) and lung smooth
muscle cells ((C) 24 h, (D) 48 h) after incubation with naked pND1 and the 20% PEG-MTS—
WRAP1/pND1 (PEG-MTS-W1/pND1), 20% PEG-MTS—WRAP5/pND1 (PEG-MTS-W5/pND1)
and MTS—(KH),/pND1 nanocomplexes formulated at N/P ratio of 5 (pND1 = 1 pg). Non-
transfected cells were used as a positive control (Control (+)) and cells treated with ethanol were
used as a negative control (Control (-)). Data were analyzed by one-way ANOVA with Bonferroni’s

multiple comparison test (ns—non-significant (p >0.05); * p <0,05; **** p <0.0001).

In comparison, cells incubated with the MTS—(KH),/pND1 complexes showed a cell viability of
91% after 24 h and 89.7% after 48 h, similar to the WRAP complexes. The viability data in human
astrocyte cells demonstrated that the three PEG/MTS—CPP/pND1 systems are not cytotoxic in
this cell line, since cell viabilities are equal to or greater than 80%—an indication of the non-
cytotoxic profile of compounds according to ISO 10993-5 [51,52].

The cellular viability results in lung smooth muscle cells are also presented in Figure 7.1 (Figure
7.1C for 24 h and Figure 7.1D for 48 h). The results are very similar to those obtained in
astrocytes. In lung smooth muscle cells transfected with the PEG-MTS—-WRAP1/pND1
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nanocomplexes, cell viability was 89.8% at 24 h and 88.6% at 48 h. In the case of cells incubated
with PEG-MTS—WRAP5/pND1 complexes, viability at 24 h was 90.2% and at 48 h it was 89.3%.
The viability for cells incubated with the MTS—(KH),/pND1 systems was 89.1% after 24 h and
88.9% after 48 h.

The results in Figure 7.1 demonstrate that the developed peptide-based nanocomplexes are
biocompatible and do not present significant cytotoxicity in the two cell lines studied. Therefore,
these nanocomplexes can be considered secure and convenient delivery nanosystems to be further

researched toward mitochondrial gene delivery approaches.

7.4.5. PEG/MTS-CPP/pND1 Nanocomplexes Do Not Cause Hemolysis

A hemolysis assay was carried out to consolidate the biocompatibility of these systems before
moving on to toxicity tests in in vivo models. For this purpose, rat blood was used, wherein, RBCs
were collected and subsequently incubated with the delivery systems. Two control groups were
considered, a negative control in which PBS pH 7.4 was added and a positive control in which
Triton X-100 was added. Triton X-100 detergent was chosen as a positive control as it was
revealed in a previous study to be the best compound to cause hemolysis with more stable and
reproducible results [53]. The hemolysis rate results are shown in Figure 7.2. For nanosystems
to be considered non-hemolytic and to be used in medical applications, according to the ISO/TR
7406 standard, their hemolysis rate must be less than 5% [54]. The two PEG-MTS—CPP/pND1
nanocomplexes presented very low hemolysis rates (2.30% for PEG-MTS—WRAP1/pND1 and
3.75% for PEG-MTS—WRAP5/pND1). In comparison, the MTS—(KH),/pND1 nanocomplex has
a hemolysis rate of 1.25%. Using the one-way ANOVA test, we verified that there is no statistically
significant difference between the hemolysis percentages of RBCs incubated with the three types
of system when compared to the negative control (RBCs incubated with PBS). The hemolysis
percentages indicated that the PEG/MTS peptide-based nanocomplexes under study have good
blood biocompatibility, a very promising result concerning the biosafety of these complexes for in

vivo applications.
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Figure 7.2 - In vitro hemolysis assay using rat red blood cells (RBCs), which were incubated with
20% PEG-MTS—WRAP1/pND1, 20% PEG-MTS—WRAP5/pND1, and MTS—(KH),/pND1 (1 ug of
pND1, N/P ratio = 5). The negative control was incubated with PBS pH 7.4, while in the positive
control, RBCs were incubated with Triton X-100 (1%) to provoke hemolysis. The hemolysis
percentages were calculated according to Formula (1). Data are presented as mean (%) + SD (n =
3). Data were analyzed by one-way ANOVA with Bonferroni’s multiple comparison test (ns—non-

significant (p >0.05); **** p <0.0001).

7.4.6 Mitochondria Targeting Capacity of PEG/MTS—-CPP/pND1

Complexes

The cellular uptake of the developed PEG-MTS—-WRAP/pND1-FITC complexes and their
accumulation into different cellular organelles have been evaluated by monitoring the organelle-
associated FITC fluorescence, 24 h after transfection mediated by these carriers. Non-transfected
cells were used as control. Figure 7.3 summarizes the obtained data for human astrocytes
(Figure 7.3A) and lung smooth muscle cells (Figure 7.3B). The results demonstrated the
cellular uptake of the conceived peptide nanocomplexes into both cells; however, with FITC
fluorescence levels being detected to a very different extent depending on the organelle. For both
cells, a strong accumulation of all the PEG-MTS—-WRAP/pND1-FITC complexes into the
mitochondria was observed compared with the correspondent accumulation of the complexes
into the lysosomes or the cytosol (for all cases: **** p <0.0001). For astrocytes, the FITC
fluorescence intensity in the lysosomes was, however, statistically significant in comparison with
the control cells for the transfection mediated by both PEG-MTS—WRAP1/pND1-FITC, *** p
<0.001, and PEG-MTS-WRAP5/pND1-FITC, ** p <0.01 (Figure 7.3A). This indicates that a

minor amount of WRAP1- and WRAP5-based complex accumulation into the lysosomes of
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astrocytes cannot be excluded. On the contrary, for these cells, the FITC fluorescence detected in

the cytosol showed no statistically significant differences (ns) in comparison with the control cells.
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Figure 7.3 - Quantification of FITC fluorescence intensity ((a.u)/ug Protein) in the lysosomes,
cytosol, and mitochondria of human astrocyte cells (A) and lung smooth muscle cells (B), after 24
h of transfection with 20% PEG-MTS—WRAP1/pND1 (PEG-MTS-W1/pND1), 20% PEG-MTS-
WRAP5/pND1 (PEG-MTS-W5/pND1) and MTS—(KH),/pND1 systems. All complexes were
formulated with an N/P ratio = 5 (pND1 = 1 ug). Untreated cells and naked pND1 stained with
FITC were used as controls. Data were analyzed by two-way ANOVA with a Bonferroni’s multiple
comparison test (ns—non-significant (p >0.05); * p <0.05; ** p <0.01; *** p <0.001; **** p <

0.0001).

Concerning the MTS—(KH),/pND1 complex, no FITC fluorescence accumulation is observed in
the lysosomes or the cytosol, but a significantly higher accumulation is observed in the
mitochondria compared to that observed with PEG-MTS—WRAP/pND1.

For lung muscle cells, the FITC fluorescence intensity in both lysosomes and cytosol was
comparable to the FITC levels found in the control cells and no statistically significant differences
(ns) were found (Figure 7.3B). For both cells, it becomes clear that peptide-based
nanocomplexes are internalized by the cells and efficiently target mitochondria, with variations
in the FITC fluorescence intensity between the three studied carriers. The mitochondria
accumulation increased in the order MTS—(KH),/pND1 > PEG-MTS—-WRAP5/pND1 > PEG—
MTS—WRAP1/pND1 complexes. However, in some cases the differences were low (please consult
the statistical analysis available in Figure 7.3), which may reflect the different transfection
efficiency displayed by the nanocomplexes, which may consequently influence the subsequent

process of protein expression into mitochondria.
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7.4.7 Peptide-Based Complexes Increase ND1 Levels In Vitro

The demonstrated mitochondria-targeting ability of the developed PEG/MTS-CPP/pND1
complexes enriches their value as carriers for gene delivery into this organelle. To confirm the
potential for mitochondrial protein expression, the ND1 protein levels after 48 h of transfection
of astrocytes and lung muscle cells mediated by these complexes were determined. As explained
in the experimental section, in this assay, an Elisa Kit was employed, and non-transfected cells
were considered as control. The results are presented in Figure 7.4. ND1 is an endogenous gene,
and, therefore, this fact can explain the ND1 protein levels found in the control cells. The content
of this mitochondrial protein can be considerably increased when both cells are transfected with
the studied PEG/MTS—peptide/pND1 nanocomplexes. As observed in Figure 7.4A, B, there are
statistically significant differences between each of the complexes and the control astrocytes and
muscle cells: for both cells, **** p <0.0001. This revealed the capacity of the conceived
nanocomplexes to target mitochondria, release into this organelle the genetic carried content and,
ultimately, produce the correspondent mitochondrial ND1 protein. The ND1 protein is a subunit
of NADH dehydrogenase, which is located in the mitochondrial inner membrane and is the largest

of the five complexes of the electron transport chain.
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Figure 7.4 - Quantification of ND1 protein levels (ng/mL) in human astrocyte cells (A) and lung
smooth muscle cells (B), after 48 h of transfection with 20% PEG-MTS—WRAP1/pND1 (PEG—
MTS-W1/pND1), 20% PEG-MTS-WRAP5/pND1 (PEG-MTS-W5/pND1), and MTS-
(KH),/pND1 systems (pND1 = 1 pg for all). All complexes were formulated with an N/P ratio = 5.
Data were analyzed by one-way ANOVA with Bonferroni’s multiple comparison tests (** p =

0.0041 (A) and 0.0015 (B); **** p <0.0001).
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In detail, among the formulated complexes, and for both cells, PEG-MTS—WRAP1/pND1 was the
system leading to the lowest produced ND1i content (**** p<0.0001 for PEG-MTS-
WRAP1/pND1 versus PEG-MTS—-WRAP5/pND1, Figure 7.4). However, for astrocytes and
muscle cells, the MTS—(KH),/pND1 complexes were the complexes leading to the superior ND1
protein levels compared to both PEG—MTS—WRAP/pND1 complexes. These observations can be
correlated with the different transfection efficiency (Figure 7.3) displayed by the complexes,
with implications in the extent of ND1 protein expression. The results presented in this work agree
well with previous research focused on the transfection behavior of PEG-free CPP-based

complexes, where ND1 protein levels were monitored in both HeLa and fibroblast cells [38].

7.4.8 Peptide Nanocomplexes Efficiently Internalize in Zebrafish
Embryos

After confirming that peptide-based nanocomplexes possess physicochemical properties suitable
for cellular transfection, are biocompatible to cells, stable in both water and E3 saline solution,
target mitochondria, and are able of ND1 protein expression, the next step was to evaluate their
transfection efficiency and internalization capacity in a dechorionated zebrafish embryo in vivo
model. The choice of ZF to carry out these tests is, mainly, because this in vivo model is easy to
reproduce, with a small size, and a large number of descendants [37,55]. Furthermore, the fact
that it is possible to obtain optically transparent embryos is essential to be able to visualize and
analyze the internalization of the delivery systems that are intended to be tested [56]. The use of
embryos has advantages compared to the use of adult ZF since it is considered that the embryos
do not feel pain or other types of discomfort [57].

To evaluate the internalization of the developed peptide nanocomplexes, a confocal microscopy
study was conducted. To adequately use this technique, pND1 was labeled with an Alexa-594 dye
(pND1-Alexa594) before complex formulation. To evaluate the labeling of pND1 and monitor the
transfection capacity of the MTS—CPP/pND1-Alexa594 complexes, a small test was carried out
on HEK293T-GFP cells before moving to studies with ZF. HEK293T-GFP cells were incubated
with pND1—Alexa594 and with the MTS—WRAP1/pND1-Alexa594 complexes. The results of
incubation in HEK293T-GFP cells are presented in Supplementary Materials, Figure S7.1. From
the analysis of Figure S7.1, we can observe that the incubation of pND1 labeled with Alexa594
in cells (Figure S7.1B) only resulted in a few points of plasmid accumulation (red signal).
However, these points of pND1 accumulation are located outside the cells, with no overlapping of
the pND1 fluorescence with the fluorescence of the GFP protein (green signal) present in the
cytoplasm nor with the fluorescence of the cell nucleus labeling with DAPI (blue signal). In the
case of HEK293T-GFP cells incubated with the MTS—-WRAP1/pND1-Alexa594 complexes
(Figure S1C), there were also points of accumulation of pND1 (red signal), however, the
fluorescent signal is mainly located within the cytoplasm of the cells. The accumulation of pND1
inside the cells reveals that the MTS—WRAP1/pND1—-Alexa594 complexes were able to transfect
and internalize in these cells and that the labeling of pND1 with the Alexa594 probe allows,

through confocal microscopy, effective visualization of the location and distribution of these
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nanocomplexes. Moreover, to confirm that PEG-MTS—CPP/pND1 complexes target the
mitochondria of HEK293T cells and mediate gene/protein expression, ND1 protein levels were
quantified after transfection of these cells with the developed carriers. The results for ND1 content
can be consulted in Supplementary Materials, Figure S7.2. For the transfection mediated by the
developed complexes, high ND1 levels were obtained in comparison with the control cells (**** p
<0.0001). This proves not only the mitochondria targeting skill exhibited by the MTS—CPP/pND1
complexes but also their successful role in promoting ND1 protein expression.

After verifying that the labeling of pND1 with the Alexa594 probe makes it possible to monitor
and confirm the internalization and mitochondria targeting ability of the nanocomplexes, studies
to evaluate the transfection and internalization capacity of the peptide-based complexes in ZF
embryos were performed. For a better visualization, GFP-expressing ZF embryos were selected.
Using the confocal microscopy technique, images of the embryos were obtained 24 h after
transfection with the nanocomplexes under study. The results of transfection and internalization
of the PEG-MTS-WRAP1/pND1 and PEG-MTS-WRAP5/pND1 compared to MTS—(KH),/pND1
nano-complexes are shown in Figure 7.5. The images in Figure 7.5A-C demonstrated that the
20% PEG-MTS—WRAP1/pND1 complexes were able to internalize in zebrafish embryos in a
dose-dependent manner. At 2 ug of pND1—Alexa594, we observed a dotted ac-cumulation of red
dots, especially on the dorsal fin of the ZF embryo. In contrast, at 1 ug, a more homogeneous and
diffuse distribution throughout the embryo body was observed, whereas at 0.5 ug, no more red
fluorescence was shown. For the 20% PEG-MTS—WRAP5/pND1 complexes, at 2 ug, we observed
a combination of dots and homogeneous distribution through the ZF embryos (Figure 7.5D).
The internalization of MTS-(KH),/pND1 nanocomplexes (Figure 77.5E) revealed a homogeneous
and diffuse distribution at 2 ug comparable to that observed for 20% MTS—PEG—-WRAP1/pND1

atipg.
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Figure 7.5 - Evaluation of the ability of CPP-based nanocomplexes for ZF embryo transfection.
Representative confocal images of ZF embryos expressing the GFP protein (green signal)
transfected with different CPP-based complexes encapsulating Alexa594-labelled pND1. (A) 20%
PEG-MTS-WRAP1/pND1 with 2 pg, (B) 20% PEG-MTS—-WRAP1/pND1 with 1 pg, (C) 20%
PEG-MTS—-WRAP1/pND1 with 0.5 pg, (D) 20% PEG-WRAP5/pND1 with 2 pg, and (E) MTS—
(KH),/pND1 with 2 pg imaged after 24 h incubation. Peptide nanocomplexes were formulated at
an N/P ratio of 5 using the indicated final plasmid concentrations. Untransfected ZF embryos

were used as control (F). Bars represent 100 pm.

All tested MTS—CPP complexes demonstrated the ability to internalize in zebrafish embryos using
2—1 pg of pND1, resulting in a nearly homogeneous distribution throughout the body of the
embryo compared to non-treated ZF embryos (Figure 7.5F). These results demonstrated the
ability of these nanocomplexes to transfect into ZF embryos, highlighting their value for effective
in vivo gene delivery. This will potentially contribute to advance in vivo research in the

mitochondrial gene therapy field.

7.4.9 Toxicity Evaluation In Vivo Zebrafish Embryo Model

After verifying that the PEG-MTS—WRAP/pND1 and MTS—(KH),/pND1 complexes can
successfully transfect and internalize into ZF embryos, we wanted to evaluate whether these
delivery systems cause any toxicity in these in vivo models, particularly in terms of embryo
development/growth and mortality. For this purpose, three quantities of nanocomplexes were
tested for each type of system under study, namely 1 ug, 2 pug, and 5 pg, which corresponds to the

amount of pND1 used to formulate the nano-complexes. The toxicity of the peptide complexes
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was analyzed 48 h after incubation in ZF embryos. The results of development/growth and
mortality of ZF embryos are shown in Figure 7.6.

The toxicity results of the 20% PEG—-WRAP1/pND1 complexes (without MTS sequence) are
presented in Figure S7.3A (available in Supplementary Materials). Embryos transfected with
the 20% PEG-WRAP1/pDN1 nanocomplexes did not show changes in development/growth in
relation to the non-transfected control group. No deaths occurred for the two lowest amounts of
the complexes (1 and 2 ug). However, in the group of embryos transfected with 5 ug of 20% PEG—
WRAP1/pDN1 complexes, 10 out of 12 embryos survived.

The toxicity of the WRAP1-based complexes was tested in the ZF embryo in vivo model. Figure
7.6A presents the obtained results for the 20% PEG-MTS—-WRAP1/pND1 nanocomplexes (for 1
ug, 2 ug, and 5 ug pDNA). Embryos transfected with the 20% PEG-MTS—WRAP1/pND1
complexes exhibited a survival rate of 100% and their development/growth was identical to the
control group (non-transfected embryos). For the three quantities of considered complexes, there
were no changes in the morphology of the embryos or their development, with sizes around 3550
um, similar to embryos that were not transfected. The data in Figure 7.6A suggested that the
20% PEG-MTS—WRAP1/pND1 nanocomplexes are stable and do not present associated toxicity
in ZF embryos.

The toxicity of the WRAP5-based nanocomplexes was also analyzed. The results for the 20%
PEG—WRAP5/pND1 nanocomplexes (without MTS sequence) are shown in Figure S7.3B, in the
Supplementary Materials. The results show that the 20% PEG—WRAP5/pDN1 nanocomplexes do
not present any toxicity to ZF embryos in the three pDNA quantities under study. In the three
groups of ZF embryos, no associated deaths were recorded, and the development/growth of the
embryos was similar to the control group. We can, therefore, conclude that the 20% PEG—
WRAP5/pND1 nanocomplexes are stable and do not cause toxicity in ZF embryos.

Figure 7.6B presents the toxicity results of the 20% PEG-MTS—WRAP5/pND1 nano-complexes
in ZF embryos. The 20% PEG-MTS—WRAP5/pND1 complexes were demonstrated to be stable
and non-toxic to this in vivo model since all embryos survived in the three pDNA quantities used
and there were no changes in their development/growth.

The toxicity data of the MTS-(KH),/pND1 nanocomplexes are represented in Figure 7.6C. As
with the PEG-MTS-WRAP/pND1 complexes, the MTS—(KH),/pND1 systems do not present
associated toxicity when transfected and internalized in ZF embryos. Embryos incubated with
these nanocomplexes presented a development and growth profile identical to embryos in the
control group for the three pDNA quantities tested. The survival rate for 1 ug and 2 pug of MTS—
(KH),/pND1 nanocomplexes is 100%, with only 1 embryo in 12 dying for the amount of 5 ug of
MTS—(KH),/pND1 complexes.
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Figure 7.6 - Assessment of the toxicity of the 20% PEG-MTS—WRAP1/pND1 (A), 20% PEG—
MTS—-WRAP5/pND1 (B), and MTS—(KH),/pND1 (C) nanocomplexes (N/P ratio = 5) in ZF

embryos. Toxicity was assessed through the average size of the embryos (um) and their survival

Embryos size (um)
Embryos survival (/12)

Control

MTS-(KH)9/pND1 (1 pg)
MTS-(KH)9/pND1 (2 pg)
MTS-(KH)9/pND1 (5 pg)

(/12) after 48 h of incubation. Non-transfected embryos were used as a control group. All

nanocomplexes were tested at three different amounts (1, 2, and 5 pg).
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The toxicity of the CpMTP/pND1 nanocomplexes was also tested in ZF embryos, as shown in
Figure S4. The CpMTP/pND1 complexes did not reveal any toxic effects for ZF embryos in the
three different pDNA amounts used to transfect these in vivo models. The embryos from these
three groups demonstrated growth and development similar to the control group, with no
associated deaths.

The tested peptide-based nanocomplexes were demonstrated to not elicit toxicity in zebrafish
embryos, not causing changes in their morphology or growth/development, nor causing deaths
associated with their use in this in vivo model. Therefore, the developed peptide delivery systems
were revealed to be safe, stable, and biocompatible, holding great promise as carriers for in vivo

mitochondrial gene transfection.

=.5 Conclusions

Diseases originating from mitochondrial dysfunction caused by mutations in mtDNA continue to
lack therapies that enable treatment. Mitochondrial gene therapy is a very promising approach,
but it is deeply dependent on a safe, biocompatible, and efficient vector to deliver therapeutic
genetic material. Although MTS—CPP nanocomplexes had already demonstrated auspicious
results in vitro, their in vivo evaluation was missing, retarding potential clinical translation. In
this work, MTS—WRAP/pND1 complexes were PEGylated, and the formed PEG—nanocomplexes
displayed adequate sizes, were stable up to 7 days after formulation, biocompatible to astrocytes
and lung smooth muscle cells, and hemocompatible. The PEG-MTS—WRAP/pND1 complexes
exhibited mitochondria targeting ability and promoted mitochondrial protein production.
Following this, in vivo research was conducted in ZF embryos to determine the toxic profile of
MTS—-CPP-based systems—mandatory for biomedical applications—and their capacity for in vivo
transfection. The ZF in vivo model was revealed to be a very useful testing platform to assess
nanocomplexes toxicity, filling the distance between in vitro and rodent models.

Compared to the unPEGylated CpMTP/pND1 nanocomplex, we observed the formation of bigger
nanoparticles (~350 nm) in the E3 solution used as an aqueous solution to care for ZF embryos.
This could impact their application to ZF assays. In contrast, the other analyzed unPEGylated
MTS—(KH),/pND1 complex was revealed to have slightly smaller nanocomplexes (~60 nm) and
to have a more pronounced mitochondrial accumulation and ND1 protein expression compared
to both PEG-MTS—WRAP/pND1 nanocomplexes. This phenomenon could be explained either by
the smaller particle size (=better internalization of MTS—(KH),/pND1) or by the fact that
PEGylation could mask the nanocomplexes (=lower internalization of PEG-MTS—WARP/pND1).
PEGylation of lipid-based nanoparticles has proved particularly efficient in conferring longer
systemic circulation, improving their pharmacokinetics and efficiency [58]. Also for peptide-
based nanocomplexes, PEGylation was applied for the same reasons as shown for PEG—
RICK:siRNA [59], for PEG—PepFect14:pDNA [60], and for PEG—NicFect55:pDNA [61]. In all
cases, PEGylation improved the in vivo activity of the delivered nucleic acids (siRNA or pDNA).

We observed the same improvement of nanocomplex stability in saline solution (E3 solution of
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the ZF embryos) by adding a PEG moiety to the WRAP nanocomplexes (see Tables 2 and S2).
Unexpectedly, MTS—(KH), nanocomplexes showed good stability even in saline solutions without
adding any PEG entity. The results presented here do not reveal the exact reason for this stability.
The only visible difference is the absence of tryptophan in the CPP (KH), sequence. We can only
speculate that a possible II-cation (tryptophan/NaCl) interaction could modify the hydration
properties of tryptophan-containing CPPs, making them more sensitive to saline solutions.
Further experiments are required to determine whether tryptophan can be sensitive to saline
conditions.

The results obtained in ZF embryos demonstrated that the developed MTS—peptide
nanocomplexes are stable, that they can internalize and distribute themselves throughout
zebrafish, and that they do not present toxicity, nor do they cause malformations or changes in
the normal growth and development of ZF. These very promising results demonstrate the
biocompatibility and high performance of the developed MTS—(KH),/pND1 nanocomplexes and
with slightly less activity also for the PEG/MTS—WRAP/pND1 nanocomplexes in a living system,

opening the path for advances in mitochondrial gene therapy in vivo research.

7.6 Supplementary Materials

Supporting Information for Chapter 7

Table S7.1 - List of the synthesized peptides and MTS sequence, including information on peptide

sequence, total residues, isotopic mass, and positive charges.

Peptide Peptide sequence Total Isotopic Positive
residu | mass[g/mol] | charges
es

MTS NH2-MLSLRQSIRFFK-CONH2 12 1523.88 3
WRAP1 NH2-LLWRLWRLLWRLWRLL-CONH2 16 2200.42 5
WRAP5 NH2-LLRLLRWWWRLLRLL-CONH2 15 2104.34 5

(KH), NH2-KHKHKHKHKHKHKHKHKH- 18 2403.41 9
CONH2

CpMTP NH2-ARLLWLLRGLTLGTAPRRA- 19 2132.32 4
CONH2

MTS-WRAP1 NH2-MLSLRQSIRFFK- 28 3797.27 8

LLWRLWRLLWRLWRLL-CONH2

MTS-WRAP5 NH2-MLSLRQSIRFFK- 27 3611.19 8
LLRLLRWWWRLLRLL-CONH2

MTS-(KH), NH2-MLSLRQSIRFFK- 30 3910.26 12
KHKHKHKHKHKHKHKHKH-CONH2
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Results

Table S7.2 — Average size and PdI of peptide-based nanocomplexes formulated at N/P ratio of 5

resuspended in E3 solution.

Systems Mean size (nm) PdI
20% PEG-WRAP1/pND1 101 + 10 0.268 + 0.033
20% PEG-WRAP5/pND1 187+ 6 0.474 + 0.091
20% PEG-MTS-WRAP1/pND1 240 + 14 0.354 + 0.069
20% PEG-MTS-WRAP5/pND1 275 + 29 0.217 + 0.025
(KH)o/pND1 127 + 4 0.215 + 0.064
MTS-(KH),/pND1 57+9 0.206 + 0.015
CpMTP/pND1 347 £ 13 0.342 0.072

Figure S7.1 - Confocal images of non-treated HEK293T-GFP cells (A), HEK293T-GFP cells
incubated with pND1 labeled with Alexa594 (pNDi-Alexa594) (B) and HEK293T-GFP cells
transfected with MTS-WRAP1/pND1-Alexa594 nanoparticles (C). The blue signal corresponds to

cell nuclei labeled with Hoechst 33342, the green signal to the GFP protein produced intrinsically
in HEK cells, and the red signal corresponds to the Alexa594 fluorescence of pND1. Images were
obtained 2 h after cell transfection, using a 40x objective, lasers: 488 - 1.5%/700V; 405 -
1.0%/700V; 561 — 1.0%/650V.
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Figure S7.2 - Quantification of ND1 protein levels (ng/mL) in HEK293T cells, after 48 h of
transfection with 20% PEG-MTS-WRAP1/pND1 (PEG-MTS-W1/pND1), 20% PEG-MTS-
WRAP5/pND1 (PEG-MTS-W5/pND1) and MTS-(KH),/pND1 systems. All complexes were
formulated with the N/P ratio = 5. Data were analyzed by one-way ANOVA with Bonferroni's

multiple comparison test.
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Figure S7.3 - Assessment of the toxicity of the 20% PEG-WRAP1/pND1 (A) and 20% PEG-
WRAP5/pND1 (B) systems (N/P ratio of 5) in ZF embryos. Toxicity was assessed through the average
size of the embryos (um) and their survival (/12) after 48 h of incubation. Non-transfected embryos were

used as a control group. Both systems were tested at 3 different amounts of pDNA (1 pg, 2 ug, and 5 ug).
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Figure S7.4 - Assessment of the toxicity of CpMTP/pND1 systems (N/P ratio of 5) in ZF embryos.
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Toxicity was assessed through the average size of the embryos (um) and their survival (/12) after
48 h of incubation. Non-transfected embryos were used as a control group. The CpMTP/pND1
systems were tested at 3 different amounts of pDNA (1 ug, 2 ug, and 5 pg).
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Chapter 8

Conclusions and Future Challenges

Mutations in the mitochondrial genome (mtDNA) induce changes in the normal functioning of
mitochondria and consequently of cells, which can affect several organs. Mitochondrial
dysfunctions associated with mtDNA mutations are linked to the onset of neurodegenerative and
metabolic diseases such as Alzheimer's, Parkinson's, diabetes, among others. Changes in mtDNA
have also been identified in cancer patients that are associated with the onset of the disease. The
solutions currently available on the market for this type of mitochondrial disease serve only to
mitigate the symptoms and attempt to slow the progression of the disease. Therefore, there is a
need to develop effective treatments to fight this type of pathology. Gene therapy appears to be a
promising strategy, since it allows the problem to be solved at its source, replacing the mutated
genes. However, the difficulty in applying this therapy lies in the fact that there are no efficient
nanotransporters that can deliver the genetic material, especially to organelles inside cells such
as mitochondria. Unlike nuclear gene therapy, which has been widely explored in recent years
and has already demonstrated several delivery systems to be effective, mitochondrial gene
therapy is very recent and there are no delivery systems that have demonstrated efective results
in targeting and delivering genetic material to mitochondria. Therefore, the objective of this
doctoral thesis was to design and develop polymer and peptide-based delivery systems for the
delivery of a plasmid DNA encoding the mitochondrial gene ND1, using ligands that have
previously demonstrated affinity for mitochondria. The aim is to contribute to the advancement
of mitochondrial gene therapy so that it can be considered a viable therapy for the treatment of
mitochondrial diseases.

With this aim in mind, the first step we performed was a DoE to determine the best formulation
conditions for the PEG-PEI-TPP/pND1 nanoparticles to obtain delivery systems with the smallest
size and that condensed the largest possible amount of pND1. The obtained vectors presented
suitable physicochemical properties for both cellular uptake and payload delivery (sizes between
100 and 150 nm and surface charge of +35 mV) and pND1 complexation capacity (encapsulation
rates higher than 85%). DoE allowed, with a reduced number of tests, to determine the best
formulation conditions and the most suitable delivery systems for further studies aimed at the
effective delivery of mitochondrial genes (Chapter 3). Having verified the capacity of PEI-based
systems with the TPP ligand to condense genetic material within them, we continued studies with
these vectors to determine their capacity for cellular internalization and delivery of genetic
material to the mitochondria. It was demonstrated that the developed PEG-PEI-TPP/pDNA
systems were able to not only internalize in mammalian cells but also target mitochondria and
deliver both the GFP gene and the mitochondrial ND1 gene. Through confocal microscopy, their

co-localization within mitochondria was verified after transfection of HeLa cells. After
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transfection, an increase in gene expression and the production of their respective proteins were
also observed (Chapter 4). In addition to polymeric systems, we developed peptide-based
systems to which a mitochondrial targeting sequence (MTS) was added. The peptides used
(WRAP family and (KH),), together with the CpMTP peptide, demonstrated the ability to
encapsulate pND1 with high encapsulation rates (around 100% for N/P ratios >1). Furthermore,
the peptide systems demonstrated physicochemical properties suitable for transfection and gene
therapy application (sizes below 200 nm and zeta potential above +10 mV). All the developed
peptide systems demonstrated in vitro biocompatibility. It was also demonstrated that the use of
MTS in the systems allows specific targeting of mitochondria; confocal microscopy studies
revealed that systems without MTS accumulate preferentially in the cytosol of cells, and systems
with the sequence internalize almost entirely in the mitochondria (Chapter 5). Since it was found
that both polymeric and peptide systems performed well, the comparison was made to determine
the most efficient delivery systems for mitochondrial gene therapy. To the PEI-based polymeric
systems, was added a new ligand that has an affinity for mitochondria (DQA). The comparison
between the systems was made considering the ability to deliver the mitochondrial gene ND1 into
mitochondria and to evaluate gene transcription and translation of the ND1 protein. It was
demonstrated that both polymeric and peptide/pND1 complexes can efficiently internalize into
mitochondria. The obtained results demonstrate higher gene expression into mitochondria of
HeLa and Fibroblast cells and consequently higher levels of ND1 protein in cells transfected with
these systems. However, was found that the CPP-based peptide systems show superior
performance in terms of cellular uptake, gene delivery, and protein expression (Chapter 6). As
the MTS-CPP/pND1 systems demonstrated better results, the next step was to test these systems
in in vivo models, namely in ZF embryos. The CPP-based systems were modified with the addition
of PEG, which made the systems more stable in saline environments, without compromising their
mitochondrial targeting and ND1 gene delivery. The tests in the ZF allowed us to verify that the
developed systems can internalize and distribute themselves throughout the body of the embryos,
and that they do not present toxicity nor cause malformations or changes in the growth of this
animal model (Chapter 7).

The delivery systems developed in this PhD thesis are a major contribution to mitochondrial gene
therapy implementation in view of the treatment of mitochondrial diseases. However, there is the
possibility of using the knowledge acquired to improve and make viable the application of these
or other similar nanosystems for the treatment of mitochondrial dysfunctions through gene
therapy. Thus, some of the possibilities that can be investigated for the advancement of
mitochondrial gene therapy are:

1. To evaluate the capacity and functioning in in vivo models of the PEI-based systems
developed in this thesis to assess whether they obtain similar results to those obtained in
vitro;

2. To test the systems developed in this doctoral thesis in cells with mutations in the
mitochondrial ND1 gene to evaluate the ability to restore normal levels of this gene in

transfected cells;
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3. To apply the peptide-based systems developed in this thesis to other in vivo models to
assess their distribution and functioning within the organism and determine their ability
to deliver the target gene to the mitochondria;

4. The results presented in this doctoral thesis could boost the creation of gene-mutated
disease animal models to test the therapeutic effect of mitochondrial gene delivery
systems;

5. To use the knowledge acquired as a basis and develop new delivery systems for the long-
term expression of other mitochondrial genes that are responsible for the onset of

mitochondrial diseases.

The work developed throughout this doctoral thesis allowed us to understand the difficulty of
designing and developing delivery systems for mitochondrial gene therapy. In addition to the
challenges that all delivery systems have to face, vectors targeting mitochondria face additional
challenges, with more barriers to overcome. However, the results presented here are a major
contribution to this field of science that is still little explored. The knowledge generated in this
doctoral thesis can and should be considered, by scientific community, to promote progress in the
feaseability of mitochondrial gene therapy implementation, and this for sure, will greatly
contribute to make this therapy clinically viable for the treatment of mitochondrial diseases

originating from mutations in the mitochondrial genome.
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