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Abstract

Abstract

Multi-faced study for the development of enhanced transfection systems

The current transfer of knowledge from a research laboratory scale to pharmaceutical
products and human therapies is limited, among other reasons, due to the perception of cells
as black boxes, where there are inputs and outputs but little attention is devoted to the inner
cell processes governing the overall results. This doctoral thesis proposes a method to study
the cellular mechanisms involved in cell uptake and transfection that often remain unnoticed.
That is, through the development of a new class of multicomponent nanoparticles derived from
a well-performing polymeric type gene delivery system, it is here projected an inspection from
inside the cells that will allow not only a better understanding of cell experiment results, but

also setting the basis for an innovative and improved cell therapy platform.

First, the intracellular mechanisms of autophagy and exosomes production will be studied
using OM-pBAE polyplexes in combination with metallic nanoparticles. The role of both the
polymeric and the metallic component of the system will be investigated in these two cell
mechanisms that are induced upon cell transfection. Also, the intracellular location
assessment of the complexes will be monitored. Then, the interactions of these gene delivery
systems with the proteins present in any given biological medium will be analyzed, since they
have a great impact in cellular internalization. And finally, with the knowledge on both the
cellular mechanisms behind cell transfection and the effect of protein corona on the cell uptake
profiles of different nanoparticles, it will be proposed the application of our gene delivery
systems to a more challenging purpose: the modification of mesenchymal stem cells for further

use as cell therapy strategies.

In conclusion, in this thesis, multicomponent nanoparticles have been employed to perform
a thorough study of the cellular mechanisms induced upon cell transfection. Gene delivery
systems composed of polyplexes made of OM-pBAEs and pDNA and a metallic component
being either gold nanoparticles or SPIONs have been used to unbox cells and analyze the
intra and intercellular processes that dictate the fate of internalized vectors — namely
autophagy and exosomes production —, study their interaction with proteins and demonstrate
that this phenomenon is key for their cellular uptake, and finally apply the knowledge of their
properties and abilities to genetically modify reluctant to transfection cells that are used for

cell therapy strategies.
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Resumen

Multi-faced study for the development of enhanced transfection systems

La actual transferencia de conocimientos desde la escala de laboratorio de investigacion a
los productos farmaceéuticos y las terapias humanas es limitada, entre otras razones, debido
a la percepcién de las células como cajas negras, en las que hay entradas y salidas pero se
presta poca atencion a los procesos celulares internos que rigen los resultados generales.
Esta tesis doctoral propone un método para estudiar los mecanismos celulares que
intervienen en la internalizacion de NPs y la transfecciéon de células, que a menudo pasan
desapercibidos. Es decir, mediante el desarrollo de una nueva clase de nanoparticulas
multicomponentes derivadas de un sistema polimérico de gene delivery de buen rendimiento,
se proyecta aqui una inspeccion desde el interior de las células que permitird no solo
comprender mejor los resultados de los experimentos celulares, sino también sentar las

bases de una plataforma de terapia celular innovadora y mejorada.

En primer lugar, se estudiaran los mecanismos intracelulares de autofagia y produccion
exosomas utilizando poliplejos OM-pBAE en combinacién con nanoparticulas metalicas. Se
investigara el papel del componente polimérico y metélico del sistema en estos dos
mecanismos celulares que se inducen con la transfeccion celular. También se supervisara la
evaluaciéon de la ubicacion intracelular de los complejos. A continuacion, se analizaran las
interacciones de estos sistemas de gene delivery con las proteinas presentes en el medio
bioldgico, ya que tienen un gran impacto en la internalizacion celular. Y, por ultimo, con el
conocimiento tanto de los mecanismos celulares que subyacen a la transfeccion celular como
del efecto de la corona proteinica en los perfiles de internalizacion celular de las diferentes
nanoparticulas, se propondra la aplicacion de nuestros sistemas de gene delivery a un
propodsito mas desafiante: la modificacion de las células madre mesenquimales para su

posterior uso como estrategias de terapia celular.

En conclusién, en esta tesis se han empleado nanoparticulas multicomponentes para
realizar un estudio exhaustivo de los mecanismos celulares inducidos en la transfeccion
celular. Se han utilizado sistemas de entrega de genes compuestos de poliplejos hechos de
OM-pBAE y pDNA y un componente metalico que son nanoparticulas de oro o SPIONs para
abrir las células y analizar los procesos intra e intercelulares que dictan el destino de los
vectores internalizados - la autofagia y la produccién de exosomas -, estudiar su interaccién
con las proteinas y demostrar que este fendmeno es clave para su absorcion celular y, por

ultimo, aplicar el conocimiento de sus propiedades y capacidades para modificar



Resumen

genéticamente las células reacias a la transfeccion que se utilizan para las estrategias de

terapia celular.
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Multi-faced study for the development of enhanced transfection systems

L'actual transferencia de coneixements des de l'escala de laboratori d'investigacio als
productes farmaceutics i les terapies humanes és limitada, entre altres raons, a causa de la
percepci6 de les cél-lules com caixes negres, en qué hi ha entrades i sortides perod es presta
poca atenci6 als processos cel-lulars interns que regeixen els resultats generals. Aquesta tesi
doctoral proposa un métode per estudiar els mecanismes cel-lulars que intervenen en la
internalitzacié NPs i la transfeccié de cél-lules, que sovint passen desapercebuts. Es a dir,
mitjangant el desenvolupament d'una nova classe de nanoparticules multicomponents
derivades d'un sistema poliméric de gene delivery de bon rendiment, es projecta aqui una
inspeccid des de l'interior de les cel-lules que permetra no només comprendre millor els
resultats dels experiments cel-lulars, siné també establir les bases d'una plataforma de terapia

cel-lular innovadora i millorada.

En primer lloc, s'estudiaran els mecanismes intracel-lulars d'autofagia i produccio
exosomes utilitzant poliplexes OM-pBAE en combinacié amb nanoparticules metal-liques.
S'investigara el paper del component polimeéric i metal-lic de sistema en aquests dos
mecanismes cel-lulars que es indueixen amb la transfeccio cel-lular. També es supervisara
l'avaluacié de la ubicacidé intracel-lular dels complexos. A continuacio, s'analitzaran les
interaccions d'aquests sistemes de gene delivery amb les proteines presents en el medi
bioldgic, ja que tenen un gran impacte en la internalitzacié cel-lular. |, finalment, amb el
coneixement tant dels mecanismes cel-lulars subjacents a la transfeccié cel-lular com de
I'efecte de la corona proteica en els perfils d'internalitzacié cel-lular de les diferents
nanoparticules, es proposara l'aplicacié dels nostres sistemes de gene delivery a un proposit
més desafiant: la modificacié de les cél-lules mare mesenquimals per al seu posterior Us com

a estratégies de terapia cel-lular.

En conclusio, en aquesta tesi s'han emprat nanoparticules multicomponents per realitzar
un estudi exhaustiu dels mecanismes cel-lulars induits en la transfeccié cel-lular. S'han
utilitzat sistemes de lliurament de gens compostos de poliplexes fets d'OM-pBAE i pDNA i un
component metal-lic que sén nanoparticules d'or o SPIONs per obrir les cél-lules i analitzar
els processos intra i intercel-lulars que dicten el desti dels vectors internalitzats - la autofagia
i la produccié de exosomes -, estudiar la seva interaccié amb les proteines i demostrar que

aquest fenomen és clau per a la seva absorcié cel-lular i, finalment, aplicar el coneixement de

Xl



Resum

les seves propietats i capacitats per modificar genéticament les cél-lules reticents a la

transfeccié que s'utilitzen per a les estratégies de terapia cel-lular.
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Chapter | — Motivation and objectives

Introduction: Cellular trafficking of polyplexes

A limitation of the current transfer of knowledge from research to pharmaceutical
products arises from the perception of cells as black boxes, where there are inputs and
outputs but little attention is devoted to the inner cell processes governing the overall
results. This doctoral thesis proposes a method to study the cellular mechanisms
involved in cell uptake and transfection that are often overlooked. Through the
development of a new class of multicomponent nanoparticles derived from a well-
performing polymeric type gene delivery system, it is here projected an inspection from
inside the cells that will allow not only a better understanding of cell experiment results,

but also setting the basis for an innovative and improved cell therapy platform.

Gene therapy emerged as a pioneering technique to treat or improve the health
condition of patients by modifying their cells genetically. Although it aroused huge
expectations, the number of gene therapeutic products in the market is limited and does
not correlate with numerous lab-scale research studies concerning them'™*: marketed
nanomedicine products only represent one-tenth of nanomedicines reported in
literature®. The major historical problem is the development of efficient and safe systems
for the delivery of therapeutic genes into the target cells. However, the main reason of
this gap between research labs and industries is not the design of improved gene
delivery vectors but the lack of wide and systematic studies regarding the intracellular
and intercellular mechanisms involved in cell uptake and transfection of such systems.
That is, many research devotes efforts to developing gene delivery systems that might
overcome the current barriers of gene therapy without considering the cell mechanisms
that rule the nanoparticles’ fate. Eventually, if transferring in vitro experiments to in vivo
ones, the whole physiological environment would be another hurdle for the system to
generate any desired effect. So, in order to have a whole approach when developing
gene delivery systems, other factors besides the design and synthesis of the

nanoparticles have to be considered.

This absence of studies focusing on the cell processes involved in cell uptake and
transfection limits the transfer from novel designed nanosystems at a research laboratory
scale to real human therapies. In other words, when using cells for therapeutic purposes,
they are often perceived as black boxes. Even when using well-studied cell lines and
well-stablished gene delivery systems, the intra and intercellular mechanisms are

overlooked. Much of the attention is focused on either the preparation of the nanocarrier
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— input — or on the result obtained from cells (e.g. cell viability or cell transfection
efficiency) — output — but less importance is given to what is actually happening inside
cells. As it is well known, cells are complex, and thousands of processes take place
simultaneously inside them. Thus, identifying the key processes that have an impact on
cell modifications when using gene delivery systems is of major importance to better
understand any obtained result. That is, starting by comprehending the cellular
mechanisms that guide intra and intercellular trafficking will allow us to give insight not
only on the cellular outcomes but also on the gene delivery systems’ design and

development.

To study these processes, a well-performing gene delivery system is needed. This
way, it will be possible to test different conditions and aisle the factors to be analyzed.
For this purpose, polyplexes based on poly(beta-amino ester)s (pBAEs) will be used.
These cationic, biodegradable polymers have been developed as promising nucleic acid
delivery systems®’. pBAEs possess a high transfection efficacy in vitro and in vivo,
together with a low toxicity and the possibility to incorporate targeting moieties to mediate
ligand-specific uptake. Their capacity to efficiently complex nucleic acids into discrete
nanoparticles and transfer genetic material to target cells make them suitable as gene
delivery vectors for cell therapy applications®. Furthermore, our group has developed a
family of poly(R-amino ester) polymers with oligopeptide-modified termini (OM-pBAEs)
that proved increased transfection efficiency and excellent biocompatibility. These
previous results have demonstrated that tailored formulations of different cationic OM-
pBAE polymers are capable of rendering nanoparticles with specific features, such as
cell specificity or intracellular localization®. All these advantages, specially the suitability
and well-known use of pBAEs as gene delivery vectors for cell modification and their
versatility in terms of cell localization, makes them an appropriate system for the study
of intra and intercellular mechanisms related with cell transfection. That is, pPBAE-NPs

will be the tool that will be here used to unbox cells.

Moving to one step before the gene delivery system is already inside the cell, we find
the cellular internalization or uptake. Endocytosis is the energy-dependent process
through which cells internalize ions and biomolecules™. And the first step for the
internalization of a NP is its interaction with cell membranes. This interaction, and
consequently, NP uptake, depends on multiple properties of both, NP and cell
membranes''~'®. Importantly, the type of interaction of the NP with the cellular membrane
will determine the cell penetration route, and this interaction can be completely different

17-

depending on the physicochemical properties of the NPs'='°. The NPs’ factors can be
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summarized as size, surface charge, shape and NP composition; and the cell factors, as
if they are polarized or not, cancerous or healthy and the cell cycle phase at which they
are?®. However, the most important factor that will guide the fate of the gene delivery
system is classified as a NP factor but is not a physicochemical property resulting from
its synthesis: it is the interaction of the NP with the biological medium. When
nanoparticles are incubated in a biological fluid their surface is modified by selective
adsorption of biomolecules (such as proteins and lipids) forming what is known as the
protein corona (PC). This PC can be thought as a biomolecular interface composed of a
“soft” and a “hard” corona with “short” and “long” typical exchange times, respectively?'

(Figure 1).

Figure 1. Formation of the NP-biomolecule corona?. Upon exposure to physiological fluids, NPs become coated with
a variety of proteins and other biomolecules. The hard corona is comprised of lower abundance, high affinity biomolecules
with almost negligible exchange rates. The soft corona is comprised of more abundant, lesser affinity biomolecules with

faster exchange rates.

This biomolecules adsorption can modify the physicochemical properties of NPs,
conferring a new biological identity to NPs. The interaction of nanoparticles with
macromolecules present in biological media has been proved to be determinant in the
cellular uptake, intracellular fate and biodistribution of nanoparticles, hence determining
the physiological response? 2 .Therefore, before transferring any novel designed
nanosystem to pharmaceutical industries and after the characterization of its
physicochemical properties, a deep study of the interaction of such nanosystem with
biological components is required to ensure its safety and to assess its behavior in
physiological conditions?. So, what will be recognized by the cell and will therefore alter
its intra and intercellular processes is not the gene delivery system that was designed

and synthetized, but the interaction of this system with the biological milieu. By controlling
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differences in the PC formation, we will be able to study its influence on intracellular fate

of the nanoparticles.

Once inside the cell, these gene delivery systems are usually delivered to the early
endosome (EE) via vesicular or tubular intermediates that are derived from the plasma
membrane®’. Then, in order to cause any cellular effect, they have to escape the regular
endosomal route, which ends up in the degrading vesicles called lysosomes, and they
need to be released to the cytosol®® (see Figure 2). Polyplexes have often the inherent
ability to escape from endosomes — the so-called endosomal escape capacity — and
release their cargo to the cytoplasm. It is the case of pBAEs, the titratable tertiary amines
from their structure provide pBAE-based NPs with a mechanism of endosomal escape
(the “proton sponge” effect) that will be detailed in the following chapters. Plasmid DNA
can then travel through the cytoskeletal network before reaching the nuclear

membrane?%:3°

, Where it must either wait for cell division or be specifically transported
through the nuclear pore complex, in order to reach the nucleoplasm where it can be
transcribed®'.Next, the transcribed messenger RNA will be transported into the cytosol,

and will guide protein translation3?33,

26



Chapter | — Motivation and objectives

Figure 2. The gene delivery process of cationic polymers. Including polyplex formation, intracellular uptake via various
endocytosis pathways, intracellular polyplex trafficking, endosomal escape into the cytoplasm, release of the cargo from

the polymer and transport to the site of action. Depending on the type of nucleic acid, the site of action is either located

within the cytoplasm or in the nucleus. ER: Endoplasmic reticulum; NPC: Nuclear pore complex®.

However, besides the regular intracellular trafficking and subsequent degradation of
the polyplexes, other cellular processes have also an impact on in vitro and in vivo
results. In this context, the two main cell mechanisms that have raised as indispensable

to understand gene delivery processes are autophagy and exosomes production.

The past decade has witnessed an explosion of research on the fundamental cell
biology pathway called autophagy (Greek for “self-eating”)*® that may alter not only
intracellular trafficking but also cell viability and cell-to-cell communication. Autophagy is
an intracellular stress response that is enhanced under starvation conditions, and also
when the cellular components are damaged*®. This process is widely studied during
analysis of nanoparticle/cell interactions due to its two-way regulation. First, autophagy

induction is a cellular protection reaction toward NPs. For instance, autophagy can
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promote cell survival through eliminating stress factors caused by foreign NPs and
accelerate digesting abnormally accumulated protein in degenerated cells®’=°. Second,
autophagy triggered by NPs can lead to autophagic cell death, also known as type Il
programmed cell death (PCD). This type Il PCD is characterized by the accumulation of
autophagic vesicles (autophagosomes and autophagolysosomes) and is often observed
when massive cell elimination is demanded or when phagocytes do not have easy
access to the dying cells*. Thus, autophagy might act as a double-edge sword all along
cell transfection. Its understanding and its modulation might be key to control not only

cell transfection efficacy but also cell viability after pPBAE-NPs transfection.

Recent studies have revealed shared molecular machinery as well as substantial
crosstalk between autophagy and another key cellular process called exosome
biogenesis*'. Cells communicate and exchange information by different means such as
small molecular mediators, cell-to-cell adhesion molecules and tunnelling nanotubes**
4 However, in the past few years research focus has been redirected to extracellular

vesicles*68

such as exosomes as a way of cell-to-cell communication, a mechanism
that for many years has remained unnoticed*®. Exosomes are bilayer nano-sized
membrane vesicles (30—120 nm in size) released by almost every mammalian cell type
including dendritic cells (DC), B cells, T cells, mast cells, epithelial cells and tumor cells®®~
%3 and are unique to the cell of origin. Therefore, they exhibit biomarker profiles specific
to the cell they are derived from®*. Exosomes have recently emerged as promising tools
for theragnostic purposes and as drug and gene delivery systems with low

%-57 As exosomes

immunogenicity, high biocompatibility, and high efficacy of delivery
are small and native to animals, they are able to avoid phagocytosis, fuse with the cell
membrane, and bypass the engulfment by lysosomes®. And since they naturally carry
genetic material between cells, it has been speculated that this property might be useful

in gene therapy®®®’

. Also, the rising function of exosomes as means of alleviating
intracellular stress conditions by secreting harmful or unwanted material outside the cell
and in coordination with the autophagy-lysosomal pathway, has been found an essential
mechanism to preserve intracellular homeostasis®. Therefore, studies on exosome
production in relation with pBAE-based nanoparticles have been here conducted to
better estimate the potential of naturally produced exosomes as a gene delivery platform
and to provide insight into the impact of exosomes production in cell transfection

efficiency.

As mentioned before, a way to study and monitor both autophagy and exosomes

production without using chemicals could be altering these processes through slight
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modifications of the gene delivery system. These modifications could include changes in
the synthesis of the gene carrier that would lead to changes in its interaction with
biomolecules and cells, and that would finally regulate the intracellular processes. For
instance, modifications on the pBAE-NPs synthesis will be used in the present work to
study differences in the protein corona formation, in the cellular uptake and transfection,
and in the autophagy and exosomes production processes. More specifically, the
addition of a metallic component to the pBAE-NPs will be exploited. In particular, metallic

nanoparticles based on iron and gold will be used.

On the one hand, superparamagnetic iron oxide nanoparticles (SPIONs) are excellent
MRI contrast agents used for imaging of cancer, cardiovascular and inflammatory
diseases in both research and clinical applications®®. Increased cell uptake of SPIONs
has been reported®®. They have been also used for magnetofection, which is a
transfection technique that uses magnetic fields to attract particles containing magnetic
nanoparticles into cells®2. Here, SPIONs were combined in different ways with pBAE-
NPs to render multicomponent nanoparticles. Their initial intended use was to perform

magnetic selection of cells after they were transfected.

On the other hand, gold nanosystems are perhaps the most mature and well-
developed metallic nanoparticles and have been undergoing continuous exploration over
several decades for various applications including sensing, imaging, catalysis,

6972 |n the present

therapeutics, diagnostics, and drug delivery, to mention but a few!
work, AuNPs and AuNRs were used for different studies in combination with pBAEs,
plasmid DNA and proteins due to their unique chemical and physical properties that imply
their major advantages being, first, that the gold core is essentially inert and non-toxic’>;
and second the ease and shape-versatility of their synthesis’™. Thus, the synthesis of
pBAE-based multicomponent nanoparticles containing metallic nanoparticles will be
employed in the present work for the study of cellular processes regarding cell uptake

and transfection.
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Figure 3. Biomedical applications of (A) SPIONs” and (B) gold nanoparticles™

Finally, once the cell mechanisms that drive the fate of nanoparticles in a cell
transfection procedure are understood and the previous step of cell uptake is controlled,
the work presented here opens the door to an additional use of the systems composed
of pBAE polyplexes and a metallic component. These multicomponent nanoparticles
could be used in cells that are difficult to modify genetically. This is the case of adipose-
derived mesenchymal stem cells (AMSCs), which show poor results of in vitro
transfection using non-viral gene delivery vectors’’. Stem cells are often used for cell
therapy approaches such as bone engineering’®, articular cartilage lesions’ or cancer

treatment®®

. Most of these cell therapy applications require a selection of successfully
modified cells to increase the probabilities of achieving a final beneficial effect and,
therefore, the enrichment and selection of genetically modified cells becomes a key
issue®!. At this point, and given the current growing interest in the combination of both
gene and cell therapy strategies, a system allowing first the genetic modification of cells
and later their selection for in vivo implantation would be of great relevance. In addition,
since cell therapy relies on the delivery of cells to the target site, monitoring and tracking
these cells to ensure tissue delivery and engraftment becomes a key issue in stabilizing
clinical safety and therapeutic efficacy®®. This could be possible with these innovative
SPION-containing nanoparticles. Thus, understanding the cell mechanisms behind cell
transfection will allow for the development of improved gene delivery systems that could

broaden the uses of gene therapy and boost the efficiency of current applications.

In the light of the current needs for new insights on the cellular mechanisms that govern

cellular outcomes, this doctoral thesis focuses on the study of different intra and
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intercellular processes, namely autophagy and exosomes production, and their impact
on cell uptake and transfection through the modification of the well-performing pBAE-
NPs by adding metallic nanoparticles to them. The analysis of the different resulting
nanoparticles in terms of synthetic and biological identities (protein corona) will shed light
on the understanding of the cell mechanisms behind cell uptake and transfection. These
multicomponent nanoparticles will also provide a proof of concept of a platform for

genetic modification of stem cells for further cell therapy applications.
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1.1 Content of this dissertation

The main objective of this thesis is the development of gene delivery systems with
enhanced transfection efficiencies that could be used to overcome the huge challenge
of transfecting stem cells. To do so, it is here proposed an inspection from inside the
cells that will allow both a better understanding of cell experiment results, and setting the

basis for an innovative and improved cell therapy platform.

First, the intracellular mechanisms of autophagy and exosomes production using OM-
pBAE polyplexes in combination with metallic nanoparticles will be studied (Chapter II).
It will be elucidated the role of each component of the system in these two cell
mechanisms that are induced upon cell transfection. Also, the intracellular location of the

complexes will be monitored.

Then, the interactions of our gene delivery systems with the proteins present in the
medium will be analyzed, and these interactions will be related with the nanosystems’

cellular internalization profiles (Chapter Ill).

Finally, the use of our gene delivery systems will be transferred to the challenging
modification of mesenchymal stem cells that might be later employed in further cell

therapy strategies (Chapter IV).
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2.1 Introduction

As already discussed in chapter |, a well-performing and widely characterized
gene delivery system is required in order to study intra and intercellular processes. One
of the most widely used type of non-viral gene vectors are synthetic cationic polymers
that are capable of condensing DNA to form nano-sized polyplexes®2. In our group, there
is deep expertise in a class of these cationic polymers known as poly(-amino ester)s
(pBAEs). Since pBAEs have shown very promising results as genetic material delivery
agents®’ and have been broadly characterized by our group, they were employed in this

work to investigate cell mechanisms.

pBAEs are biodegradable polymers capable of self-assembling with both DNA and
RNA. They are easily synthesized by Michael addition of bifunctional amines to
diacrylate groups and possess a high transfection efficiency in vitro and in vivo, together
with low toxicity and ability for ligand-specific uptake®®®. Moreover, their unique structure
allows for the modification and tailoring of their end-termini, thus opening a range of
possibilities to design complexes with specific features. pBAEs have already been used
successfully for several therapeutic applications including vaccination®, gene therapy

85,86

for prostate cancer and ophthalmology®*®, gene silencing®” and stem cell

modification®®8°.

Figure 4. A schematic summary of pBAE-based materials and their applications®
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Recently, it has been reported by our group that chemical modification at the end-
termini of pBAEs with amine-rich oligopeptides is a powerful strategy to develop gene
therapy systems that show highly efficient gene delivery and intracellular localization®'.
In particular, it has been shown that pBAE/pDNA nanoparticles made of novel
polycations containing terminal oligopeptides, known as Oligopeptide-modified pBAEs
(OM-pBAESs) achieve better DNA encapsulation, cellular viability and higher transfection
efficacy than other end-modified pBAEs and commercial transfection agents. This led to
the use of OM-pBAEs for different applications including: a) to generate human induced
pluripotent stem cells (iPS) from human fibroblasts avoiding the use of viral vectors®; b)
to boost the efficacy of systemic oncolytic adenovirus administration®® and c) to enable
targeting of mRNA to Antigen Presenting Cells (APC) by choosing appropriate end-

modifications of the pBAEs®*.

Due to the advantages of OM-pBAEs, specially their suitability and successful use as
gene delivery vectors for cell modification and their versatility in terms of cell localization,
OM-pBAE-based NPs will be the tool that will be here used to unbox cells. Then, as
described in chapter |, the addition of SPIONs or gold nanoparticles to these OM-pBAE-
based NPs will be employed to analyze how differences in the structure of the
nanoparticles affect intra and inter cellular processes related to cell uptake and
transfection. That is, taking advantage of their biocompatibility®®, the possibility of
functionalizing them®® and their ability to enter cells®, SPIONs and gold
nanoparticles will be used as detailed hereinafter to monitor the effect of OM-pBAE-
based NPs in autophagy — an intracellular process — and exosomes production — an
inter and intracellular one. Once nanoparticles have undergone cell endocytosis (see
Chapter Ill), they find themselves in the complex and constantly changing environment
of the inside of a cell. Besides the main intracellular route that endocytosed nanoparticles
go through — briefly, the maturation from endosomes that leads to either lysosomal
degradation or endosomal escaping and therefore release of their cargo to the cell
cytosol — autophagy and exosomes production might shift or disrupt the predetermined

course of such particles.

There are three types of autophagy (macroautophagy, microautophagy, and
chaperone-mediated autophagy), being macroautophagy the most extensively studied.
Macroautophagy (referred to hereafter as autophagy) is a major intracellular degradation
pathway essential for cellular and energy homoeostasis. It is involved in the clearance
of misfolded proteins and damaged organelles, as well as recycling of cytosolic

components during starvation to compensate for nutrient deprivation. Autophagy
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pathways are conserved from yeast to mammals and are mediated by a special organelle
termed the autophagosome. This process is regulated by mTOR (mammalian target of
rapamycin)-dependent and mTOR-independent pathways that are amenable to

chemical perturbations'®

. As an essential process to maintain cellular homeostasis and
functions, autophagy is responsible for the lysosome-mediated degradation of damaged
proteins and organelles, and thus misregulation of autophagy can result in a variety of
pathological conditions in human beings. In recent years, an increasing number of
studies have shed light on the importance of autophagy in a wide range of physiological

processes and human diseases'"".

Autophagy is a genetically regulated and dynamic process associated with the
formation of autophagosome, a double-membrane cytoplasmic vesicle that engulfs
cellular components. The autophagosome formation starts at phagophore (also known
as isolation membrane or sequestering membrane) and requires the conjugation of
microtubule-associated protein 1 light chain 3 (LC3), which is the major structural protein
of autophagosomes and regulates the phagophore expansion and completion of the
sequestering vesicle'®. This protein, which is a mammalian homolog of yeast Atgs,

103195 The completed autophagosome

serves as a marker to follow autophagy in cells
then fuses with lysosome, becoming autolysosome. Finally, sequestered components
are degraded by lysosomal hydrolases and released into the cytosol by lysosomal efflux

permeases (Figure 5).
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Figure 5. Schematic autophagic progression"'. Upon induction, a small vesicular sac called the isolation membrane
or phagophore elongates and subsequently encloses a portion of cytoplasm, which results in the formation of a double-
membraned structure, the autophagosome. LC3 conjugates to the sequestering membrane and controls the elongation
of phagophore. Then, the outer membrane of the autophagosome fuses with a lysosome to form an autolysosome, leading
to the degradation of the enclosed materials together with the inner autophagosomal membrane. Lysosomal hydrolases
degrade the cargo together with the inner membrane of autophagosome, and LC3 from the outer membrane as well as

the autophagy-derived nutrients are recycled.

Under physiological conditions, autophagy has a number of vital roles such as
maintenance of the amino acid pool during starvation, preimplantation development,
prevention of neurodegeneration, antiaging, tumor suppression, clearance of
intracellular microbes, and regulation of innate and adaptive immunity’®-""°. One of the
characteristic features of autophagy is its dynamic regulation; cellular autophagic activity
is usually low under basal conditions but can be markedly upregulated by numerous
stimuli. The most well-known inducer of autophagy is nutrient starvation, both in cultured
cells and in intact organisms, ranging from yeast to mammals. Besides starvation,
autophagy can also be activated by other physiological stress stimuli (e.g., hypoxia,
energy depletion, endoplasmic reticulum stress, high temperature, and high-density
conditions), hormonal stimulation, pharmacological agents (e.g., rapamycin), innate
immune signals, and in diseases such as bacterial, viral, and parasitic infections, acute
pancreatitis, heart disease, and protein aggregopathies. Conversely, autophagy
suppression is often associated with certain diseases, including a subset of cancers,
neurodegenerative disorders, infectious diseases, and a decline in autophagy function

is a common feature of aging. Given this strong association between autophagy and
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different physiological and pathophysiological processes, there is an increasing need for
scientific methods in autophagy research that reliably determine (1) whether autophagy
is present, upregulated, or suppressed in a given biological context and (2) whether (and
how) basal autophagy and/or modified autophagy contribute mechanistically to the

physiological or pathophysiological process under investigation®.

Depending on the different cellular contexts and stimuli, the outcome of autophagy can
promote either cell survival or cell death. However, the mechanisms underlying the dual
role for autophagy in deciding the destiny of cells remain unclear. On one hand, since
autophagy provides cells with nutrients and eliminates damaged organelles, it is primarily
believed to function as a protective mechanism for cell survival, particularly under
unfavorable conditions. Indeed, cytotoxic drugs often trigger autophagy activation, and
autophagy inhibition has been reported to potentiate apoptotic cell death induced by
several anticancer drugs''"'"2. Nevertheless, autophagy impairment can also block or

115

delay the development of cell death'*""°, and in some instances, autophagy itself is

capable of inducing cell death'5""7.

Recent reports have suggested that some carriers used for gene delivery can activate
autophagy, but this has not been studied in detail. These studies have shown that
polyplex uptake can increase autophagosome formation in cells, and that polyplexes are
sequestered in autophagosomes, a suspected non-productive destination that prevents
nuclear transport'®'®1%  OM-pBAEs could tentatively be sequestered by
autophagosomes, thus hindering their efficacy. While the mechanism for this
phenomenon has not been determined, the Yang group proposes that mTOR-
independent autophagosomes, rather than mTOR-dependent ones, are responsible for
polyplex sequestration and reduced transfection efficiency'®. In addition, cationic
polyplexes, such as OM-pBAEs, colocalize with autophagosome markers'?', and
autophagosomes can be induced by liposomes'™® and calcium phosphate precipitates
used for DNA transfection'?'23, Similarly, it has been reported that cationic non-viral
vectors activate autophagy and generate autophagosomes as they enter cells by
endocytosis. The endosomes containing cationic carriers fuse with autophagosomes and
generate large tubulovesicular structures containing the autophagosome structural
protein, LC3. Importantly, reporter gene expression increased up to 10-fold in cells
unable to make autophagosomes. Hence, autophagosome capture can be considered
as a new barrier to gene delivery where tubulovesicular autophagosomes, rather than

endosomes, slow transfer of nucleic acids to the cytosol'®.
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Considering all this knowledge on autophagy, the understanding of nanoparticles’ fate
might be partially achieved. However, in order to have a full insight into the cellular
mechanisms influencing the course of endocytosed nanoparticles, the research on

exosomes production is also required.

As mentioned in chapter I, recent studies have reported shared molecular machinery
as well as substantial crosstalk between autophagy and exosome biogenesis. In some
situations, cells remove their unwanted or damaged material through their release to the
extracellular environment as exosomes. Since exosomes can be transferred from one
cell to another, secretion of unwanted material to the extracellular environment in
exosomes may have an impact, which can be beneficial or detrimental, in neighboring
cells®?. Therefore, besides the degradative route of autophagy, increasing evidence
underscores a role for exosomes in the selective secretion of damaged proteins and

genetic material and thus in the maintenance of cellular fitness.

Exosomes are small vesicles that are released by almost every cell type to the
extracellular environment. Contrary to other types of extracellular vesicles, exosomes
have endocytic origin and are formed as intraluminal vesicles (ILVs) by fusion of the
limiting membrane of late endosomes or multivesicular bodies (MVBs)'?*"?°. Exosome
secretion occurs in a constitutive manner although cellular stress or activation signals
modulate their secretion'®’. Exosomes carry specific repertoires of proteins and nucleic
acids in the form of mMRNAs and small non-coding RNAs, including microRNAs, and are
considered an unconventional secretory pathway. Exosomes can transfer their content
to neighboring cells and regulate at a distance the properties of receptor cells'?,
Consequently, exosomes have been found to play a role in intercellular communication
in several physiological processes, and contribute to organism development, immune

129-

responses, neuronal communication, and tissue repair'?*-'32, However, exosomes may

also participate in some pathological disorders, favoring tumor progression? or virus

134 Additionally, given that exosomes carry damaged cellular material targeted

spreading
for destruction, they facilitate the spreading of toxic forms of aggregated proteins such
as a-synuclein, B-amyloid, and prion proteins and thus contribute to the progression of
neurodegenerative diseases*®. Alluding to their nanometric size and inherent biological
role®", compelling evidence indicates that exosomes can be utilized as a novel nanoscale
delivery platform for gene therapy'®, as well as a diagnostic tool for biomarkers of
disease'®. This dual functionality of therapeutics and diagnostics is termed

“theranostics”, and is an emerging field of nanomedicine®".

46



Chapter Il — Autophagy and exosomes: tracking intracellular fate of nanoparticle

According to the most recent findings, these classical exosome markers include the
transmembrane protein tetraspanins CD9, CD63 and CD81, and other proteins such as
TSG101 and syntenin-1'¥. In the present work, CD9 has been employed as exosomes
marker. The transmembrane proteins and ligands on the exosomes surface likely
promote tissue-specific endocytosis. In particular, their intrinsic features, such as
stability, immunotolerance in circulation systems, capacity to cross natural barriers, and
inherent targeting properties, are beneficial for them to work as drug carriers. On the one
hand, exosomes derived from certain cell types are intrinsically therapeutic.
Mesenchymal stem cell (MSC)-derived exosomes still possess certain functions of the
parent MSCs and work through paracrine signaling to promote the repair of damaged
tissues, such as skeletal muscle regeneration and brain damage
recovery'313 Moreover, exosomes possess better biocompatibility than their progenitor
cells. Unlike engrafted stem cells, exosomes circumvent the shortcomings of limited
survival and the reduced regenerative capacity caused by immune-mediated rejection*.
Considering all these features, it will be studied hereafter if the presence of either
polyplexes, metallic particles or both elements together upregulate or downregulate the
exosome biogenesis and if these gene delivery systems are cleared from cells by

exosomes.

The crosstalk between autophagy and exosome biogenesis is largely context
dependent. Autophagy and exosome release offer some functional redundancy in
eliminating unwanted proteins whereby each route may compensate for a deficiency in
the other. Defective MVBs and their contents may be subject to autophagic degradation,
and inhibition of autophagy may rescue exosome release from MVBs that would
otherwise be degraded'' (Figure 6). Alternatively, exosome release and autophagy may
act in concert to counter cellular stress'. Finally, failure to release exosomes can also

lead to the redirection of MVBs to autophagic degradation.
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Figure 6. Scheme of the endocytic pathway, autophagy and exosome biogenesis*'. The maturation of early
endosomes gives rise to multivesicular bodies (MVBs), late endocytic compartments containing intraluminal vesicles
(ILVs). Fusion of MVBs with the plasma membrane results in the release of ILVs into the extracellular space as exosomes.
Autophagy starts with the nucleation and expansion of phagophores, which engulf cytoplasmic proteins and organelles.
Sealing of the double-membraned phagophores results in the formation of autophagosomes, which subsequently fuse
with lysosomes to degrade engulfed contents. Alternatively, autophagosomes can fuse with MVBs to form hybrid

organelles termed amphisomes, which are believed to eventually fuse with lysosomes.

Once the importance of both autophagy and exosome release processes has been
acknowledged, in the present chapter a monitoring of the expression levels of LC3 and
CD9 markers over time is proposed. The effect of OM-pBAE NPs and the role of metallic
components as part of these systems in the autophagy and exosomes production
processes will be studied using confocal microscopy on HelLa tumoral cells. The aim of
this chapter is to give insight into the interplay between autophagy and exosome

biogenesis in relationship with cell uptake and transfection.
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2.2 Aims

Considering the need for thorough and systematic studies regarding the intracellular
and intercellular mechanisms involved in cell uptake and transfection of nanoparticles
that has been detailed in the introduction, the main objective of this chapter is to give
insight into the effect of exosomes production and autophagy processes on OM-PBAEs-

based NPs uptake and transfection. These processes are contextualized in Figure 7.

Nanoparticle@
/ Uptake
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/ PH ~ 6.5

Endosomal
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Figure 7. Schematic representation of the cell processes with an impact on cell transfection. After cell uptake, the

regular endocytic pathway can lead to the degradation of the gene delivery system. If the nanoparticle is able to escape
from endosomes to the cytosol, it can deliver its genetic cargo to the cell nucleus and effectively transfect the cell.
However, the alternative maturation of endosomes into exosomes and the degradative route of autophagy can prevent

this to happen.

In order to achieve this objective, the following goals were proposed:

» Systemize a feasible method to incorporate metallic particles into OM-pBAE

based nanoparticles for cell usage.

» Find a valid methodology to monitor the basal levels of exosomes production
and autophagosomes formation in HelLa cells.

» Give insight into the effect caused by nanoparticles on autophagy and

exosomes production.

» Use different nanoparticles to analyze changes in the levels of exosomes

production and autophagosomes formation in HelLa cells.
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» Unravel the relationship between the cell processes of uptake, autophagy

exosomes production and cell transfection.

50



Chapter Il — Autophagy and exosomes: tracking intracellular fate of nanoparticle

2.3 Materials and Methods

2.3.1 Materials

Reagents and solvents used in the present chapter, including gold chloride trihidrate
(HAuCl4-3H20) and trisodium citrate (Na3sCsHsO7), were purchased from Sigma-Aldrich.
Plasmid pmaxGFP (3486 bp) was obtained from Amaxa. CR3 (NH2-Cys—-Arg-Arg—Arg—
COOH) peptide was obtained from GL Biochem Ltd (Shangai). DMSA-coated SPIONs
(hydrodynamic size = 45 nm; surface charge = -12 mV; stock SPIONs dispersion,
dispersed in water as the dispersant) were performed by Unit 9 of the Plataform of
Production of Biomaterials and Nanoparticles of the NANBIOSIS ICTS, by the
Superficies y Particulas Nanoestructuradas del Instituto de Nanociencia de Aragon (Pl
J. Santamaria) group'?'**. Gold nanoparticles were synthetized as described below.
HelLa cells were obtained from the American Type Culture Collection (ATCC, Manassas,
VA). Products for cell culture (media, PBS, glutamine, penicillin-streptomycin solution)

t™ was obtained from Sigma-

were obtained from Gibco and Hyclone. Fluoromoun
Aldrich. Antibodies were obtained from Abcam, Biolegend and Thermo Fisher Scientific,
as detailed in Tables Table 1 and Table 2. Glass slides and coverslips for confocal

microscopy were purchased from Corning.

2.3.2 Synthesis of spherical gold nanoparticles

Citrate capped Gold NPs (AuNPs) were synthetized as previously described'*. Briefly,
50 mL of a 0.25 mM solution of HAuCl4+*3H20 was brought to boil with the subsequent
addition of 1 mL of trisodium citrate at 6.8 mM. The solution was left to boil for 15 min

under vigorous stirring and cooled down until room temperature was reached.

2.3.3 Synthesis of C6-pBAE nanoparticles

Apart from the three different approaches to form SPION-containing nanoparticles that
are detailed in following chapters, pDNA/pBAE nanoparticles (without any metallic
component) were employed as controls in most of the experiments of this work. First,
oligopeptide-modified Poly(B-amino ester)s (OM-pBAEs) were synthesized following a
two-step procedure as described by Segovia et al.’. Then, these polyplexes (also

referred to as NPs) were prepared following Dosta et al., protocol®'. In this chapter, only
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C6 backbone was used (see Figure 8) with Cys +3 Arg (referred to as CR3 hereinafter)
as terminal peptides in both edges. A mixture of 99% (v/v) C6CR3 and 1% (v/v) of
C6CR3 labelled with Cyanine 5 (Cy5) was used for confocal microscopy samples.
Polymer characterization is presented in our previous publications®®®*. In brief, NPs
were prepared at a 25/1 C6CR3/pDNA weight ratio, by mixing equal volumes of pDNA
at 1 mg mL™" with the polymer at 100 mg mL™", in 25 mM sodium acetate (AcONa) buffer
solution. The pDNA was added over the polymer solution and mixed by pipetting,
followed by 30 min incubation at 25 °C. For the formation of discrete structures, this
mixture was diluted in a 20-fold volume of serum-free Dulbecco’s Modified Eagle Medium
(DMEM, 4.5 g glucose mL™" without glutamine, pH = 7.2) prior to each transfection or in
a 10-fold volume of Phosphate Buffer Saline (PBS, 1X, pH = 7.4) prior to its

physicochemical characterization.
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Figure 8. Chemical structure of C32CR3 and C6CR3 OM-pBAEs, indicating the C32 and C6 initial polymers
reacting with the CR3 peptide.
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2.34 Manufacturing of SPION and AuNP-containing pBAE NPs

Three types of SPION-containing nanoparticles have been formed and tested, as
detailed in chapter IV. In the present chapter, only nanoparticles where the DNA is
encapsulated by the polymer and then SPIONs are added to the solution, named “S”
(separated) were used. The same “S”-type OM-pBAE nanoparticles — adding AuNPs to
the polyplexes instead of SPIONs — were prepared using spherical gold nanoparticles.
These nanoparticles were freshly prepared in sodium acetate buffer solution (25 mM, pH
= 5.5) and incubated for 30 minutes at 25 °C. Then they were nanoprecipitated in serum-
free Dulbecco’s Modified Eagle Medium (DMEM, 4.5 g glucose mL™" without glutamine,
pH = 7.2) prior to each transfection or in Phosphate Buffer Saline (PBS, 1X, pH =7.4)
prior to its DLS analysis. The complexes polymer:DNA:SPIONs or AuNPs were
synthetized mixing equal volumes of polymer solution with DNA and/or SPIONs or

AUNPs solution at different ratios.

The synthesis of 50 pL of S-type C6-CR3:pGFP (25:1) SPION-containing
nanoparticles at 5 pg of SPIONs mL™" is described in detail as an example: One
Eppendorf was prepared with 25 uL of pGFP DNA solution in Sodium Acetate buffer 25
mM to get a concentration of 3*102 pg of DNA uL™". Another Eppendorf was prepared
using 0.38 uL of C6-CR3 at 100 mg mL™" diluted in Sodium Acetate buffer 25 mM at 25
uL final volume. The Eppendorf containing the DNA solution was homogenized with a
micropipette and its whole volume (25 pL) was added to the polymer solution Eppendorf,
which had just been vortexed for 10 seconds. This mixture was incubated at 25 °C for
30 minutes. Then, nanoparticles were further diluted 10 fold in PBS or DMEM and the
necessary volume of SPIONs was added in order to have the final concentration of 5 ug
of SPIONs mL™".

2.3.5 NP characterization

The morphology of AuNPs and SPIONs was determined by TEM (FEI Tecnai G2 at
100 kV) and CryoTEM (JEM-F200 at 200 kV), respectively. ImageJ was used to

determine their size.

Characterization of OM-pBAE-metallic NP complexes and PC formation was
determined by measuring the hydrodynamic diameter (Dn) with dynamic light scattering
(DLS) and zeta (¢) potential (Malvern Instruments Ltd., United Kingdom, 4-mW laser). All

the measurements were performed at 25 °C with 30 s equilibrium time using a laser
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wavelength of 633 nm. Correlation functions were collected at a scattering angle of 173°,
and Malvern particle sizing software (DTS version 5.03) was used to determine the
particle hydrodynamic size. The equipment was set to perform three measures, each of
which consists of 10 cycles of measurements. The final size value of each sample was
equivalent to the mean of these three measures * standard deviation. The size
distribution was given by the polydispersity index (PDI). The samples to analyze by DLS
were prepared by diluting 100 pL of nanoparticle solution (in acetate buffer) in 1 mL of
final volume of PBS 1X to simulate the cellular environment. The surface charge (-
potential) of the SPIONs/pBAE/DNA polyplexes was determined from the electrophoretic
mobility by means of the Smoluchowski equation’®. The C-potential measurements for
each sample were performed in triplicates, and every measurement consisted in 20
cycles of an applied electric field. For these measures, 800 uL of the previously diluted

nanoparticles was added into a -potential cuvette.

The optical properties of AuNPs and SPIONs were characterized by UV-vis
spectroscopy (Agilent Cary 5000 UV-Vis NIR). Starting concentration of the particles was
determined by ICP-MS.

2.3.6 In vitro experiments for confocal imaging

2.3.6.1 Hela cells

HeLa cells (ATCC CCL-2) are derived from a cervical cancer taken from a 31-years-
old patient. Cells were thawed and cultured in polystyrene cell culture dishes (Thermo
Fisher Scientific, Waltham, MA USA). Culture medium of HelLa cells was DMEM (4.5 g
glucose mL™" without glutamine, pH = 7.2) supplemented with 10% Fetal Bovine Serum
(FBS, Hyclone, Utah USA), 1% penicillin/streptomycin mixture and the amino acid
glutamine (2 mmol L'). Cells were grown on incubators at 37 °C with 5% CO,
atmosphere during successive passages. HelLa cells were always seeded 24 h before
starting any experiment. Cells were cultured in 6 or 24 well-plates, using in each well

sterile and previously treated with 0.1% gelatin coverslips.

2.3.6.2 Cell transfection

For a 24-well plate, the detailed procedure of transfection was as follows. Cells were

seeded on the plate at a concentration of 4x10* cells/cm?. Seeded cells were incubated
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at 37°C in 5% CO, atmosphere for 24 h before transfection. OM-pBAEs/DNA
nanoparticles, SPION-containing OM-pBAEs/DNA nanoparticles and AuNP-containing
OM-pBAEs/DNA nanoparticles, were prepared as described above using pGFP.
Polyplexes were nanoprecipitated and diluted in serum-free DMEM at a final
concentration of 1.5 ug pGFP mL™". Then, cells were washed with PBS and 500 uL of
the nanoparticles solution were added to each well at a final pGFP concentration of 1.8
ug/well. Cells were incubated using the different polyplexes or bare SPIONs or gold
nanoparticles for different times (0.5, 3, 8 and 48 h, respectively) at 37 °C in 5% CO;
atmosphere. A negative control of untreated cells was also prepared for each time-point.
Subsequently, transfection medium was removed, cells were washed with PBS 1X and

fixed using a solution of formalin 10% for 20 minutes.

2.3.6.3 Immunostaining procedure for confocal imaging

Once cells were fixed, they were washed twice with PBS 1X. Then, they were
permeabilized using a solution of 0.1% (v/v) Triton X-100 in PBS for 30 minutes at room
temperature with soft shaking. After permeabilization and two PBS washes, the blocking
was performed: a solution of 5 % (w/v) non-fat powdered milk in PBS-Tween (0.1%) was
added to cells and they were placed in the shaker for 1 h at room temperature. Next, two
washes with PBS were performed. Then, samples were incubated with the primary
antibodies (Table 1) at a final concentration of 1 ug mL™ in 5 % (w/v) non-fat powdered
milk in PBS for 3 hours at room temperature. Next, two PBS washes were performed
and samples were incubated in secondary antibodies (Table 2) solutions at a final
concentration of 5 uyg mL™" in 5 % (w/v) non-fat powdered milk in PBS for 1 hour at room
temperature and protected from light. Two washes with PBS 1X were then performed.
Next, a DAPI solution at 1 pg mL™" in PBS was added to cells. After 10 min at room
temperature and protected from light, samples were gently washed twice using PBS.
Finally, the mounting was performed (see Figure 9): a glass slide is prepared for each
sample with 10 pL of Fluoromount™. Using tweezers, each coverslip was transferred
from the well to a glass slide facing down. Applying a slight pressure with the tweezers
on the coverslip, the excess of Fluoromount™ was discarded. Finally, the edges of the

coverslips were sealed using nail polish.

55



Chapter Il — Autophagy and exosomes: tracking intracellular fate of nanoparticles

Table 1. Primary antibodies used for confocal imaging

Primary Description Molecular Reference Brand
antibodies weight
CD9 Mouse monoclonal to 24 kDa 312102 Biolegend
CD9
LC3 Rabbit polyclonal to LC3B 15 kDa Ab51520 Abcam

Table 2. Secondary antibodies used for confocal imaging

Secondary antibodies Fluorescent label Reference Brand
Rabbit anti-mouse Alexa Fluor® 555 Ab150114 Abcam
Goat anti-rabbit Alexa Fluor® 568 A-11011 Thermo Fisher Scientific
1 2. 3
Nail polish
Glass coverslip / i
Glass coverslip Cells Fluoromount™
= ——= \
\ / \
Well Glass slide Glass coverslip Glass slide

Figure 9. Schematic representation of the mounting procedure

2.3.6.4 Confocal imaging and image processing

Fluorescence confocal microscopy experiments were carried out using a Leica SP8
Lightning resonant-scanning confocal spectral microscope (Leica Microsystems
Heidelberg, Manheim, Germany). For visualization of the cells, images were acquired
using a HC PL APO CS2 40X/1.3 NA oil objective lens. The system is equipped with 4
long lasting diode lasers (405, 488, 561 and 638 nm) and 4 channel detection, including
2 standard PMT and 2 HyD detectors as well as a transmitted PMT detector for brightfield
imaging. The application software for this equipment is LAS X. Images were processed
and further analyzed using both LASX and FIJI software from ImagedJ. The DAPI staining
(excited by the 405 nm laser, maximum emission at 461 nm) was kept in all the images

for cell nuclei localization.

56



Chapter Il — Autophagy and exosomes: tracking intracellular fate of nanoparticle

2.4 Results and Discussion

2.4.1 Nanoparticle synthesis and characterization

Previous results from our group have shown that a slight increase in the pBAE polymer
hydrophobicity (with a backbone called C6) increases its genetic material packaging
capacity, stability, and transfection efficiency’. Acknowledging the usage and
advantageous properties of C6R pBAE NPs from these previous studies, the addition of
metallic components to these polyplexes was proposed in order to study differences on
intracellular processes. The aim was to slightly modify a well-stablished and performing
gene delivery system to investigate the role of each of its components when employed
with cells. First, different ways to combine C6R polyplexes with metallic NPs were
developed and characterized (described in chapter IV). In the present chapter, either
DMSA-SPIONSs or spherical gold nanoparticles were added to previously manufactured

OM-pBAE NPs. These complexes were denominated S-type NPs.

Initially, the morphology of spherical citrate capped gold NPs (AuNPs) and DMSA-
coated SPIONs was determined with TEM. Effective diameters were determined from
these images using ImageJ software, resulting in mean hydrodynamic diameters of 18.8
+ 2.5 nm for AuNPs and 9.3 £ 0.9 nm for SPIONs (Figure 10A). The optical properties of
the metallic particles were determined by UV-vis spectroscopy (Figure 10B). AuNPs
showed a surface plasmon resonance (SPR) peak at 523 nm, which is in accordance
with this NP size'*®. SPIONs lacked SPR.
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Figure 10. Characterization of the nanoparticles used in Chapter I.TEM images of AuNPs (left) and SPIONs (right).
Scalebars = 100 mm.; (B) UV-vis spectra of AuNPs (SPH=spherical) and SPIONs; (C) Size of bare pBAE NPs (NP) and
pBAE-NPs complexed with SPIONs (NP+SP) and AuNPs (NP+AuNP); (D) Zeta potential of the same samples.

Also, the polyplexes without metallic components (NP) and containing them (NP+SP
and NP+AuNP) were synthetized as described in materials and methods section. Their
successful formation was confirmed by DLS, where NPs showed a monodisperse
solution with a hydrodynamic diameter (Dn) of 296.5 £ 21.3 nm, NPs with SPIONs of
391.6 + 27.6 nm and NPs with AuNPs of 277.7 + 25.1 nm (Figure 10C). Both NP+SP
and NP+AuNP maintained a monodisperse NP profile and a constant PDI, confirming
the proper formation of NP complexes as previously reported'® (Table 3). Due to the
oligopeptide used in this study (Cys-Arg-Arg-Arg), the OM-pBAE NPs rendered positively
charged nanometric polyplexes with a Z-pot value of 13.4 £ 0.3 mV. The complexes of
polyplexes and metallic components showed also a positive net charge of 13.2 £ 0.8 and
13.3 £ 0.9 mV for NP-SP and NP-SPH, respectively. This indicates that the addition of
SPIONSs and spherical gold nanoparticles to the previously formed OM-pBAE NPs is not
quantitatively enough to obtain a complete monolayer around the polyplexes. As a
consequence, the transfection systems used in this study retained the desired positive

charge.
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Table 3. Polidispersity Index (PDI) values for the complexes used in chapter I

PDI
NP 0.209 = 0.041
NP+SP 0.291 £ 0.021
NP+AuNP 0.150 £ 0.050

2.4.2 Basal autophagy and exosomes production levels in HelLa cells

Once the physicochemical properties of these complexes were proven to be
compatible with cell internalization, HelLa cells were incubated with them in order to study
alterations on cellular mechanisms. Hela cells we chosen as they have shown high
durability and versatility in research, and have been used for a broad range of
applications such as drug discovery, study of viruses, and cancer research. They are the

most widely used model cell line for studying human cellular and molecular biology.

Before using the nanoparticles, though, the basal levels of these cellular mechanisms
had to be assessed. To do so, HelLa cells were seeded and 24 h later, they were
incubated for different exposure times with regular cell medium. Afterwards, the
immunostaining procedure was performed, and their autophagy and exosomes
production basal levels were assessed. These samples were used as negative controls
of untreated cells. CD9 and LC3 were labelled to monitor exosomes production and

autophagy, respectively.

As shown in Figure 11, HeLa untreated cells showed a slight increase of CD9 signal
intensity over time, with a peak att = 8 h. On the other hand, the autophagy marker (LC3)
showed a similar tendency, with an increase signal over time with the highest signal
being at 8 h.
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Figure 11. Basal levels of exosomes production and autophagy in HeLa cells at different timepoints. (A) Confocal

images are the merge of DAPI staining channel (blue) and CD9 or LC3 channel (yellow). (B) Quantification of the CD9 or
LC3 intensity. Scalebars = 20 um

2.4.3 Assessing exosomes production and autophagy in HelLa cells

After studying the basal levels in untreated HeLa cells of CD9 and LC3 as markers of
exosomes and autophagosomes, respectively, cells were incubated with different

complexes in order to study variations on the expression of such markers.

HelLa cells were seeded as detailed in the Materials and Methods section and exposed
to the samples detailed in Table 4 for different timepoints: 0.5 h was chosen as a short
time point because in previous studies, internalization of NPs was already observed after
30 min; 3 h is a common incubation time for in vitro uptake studies with nanoparticles';
8 h is an intermediate timepoint; and finally 48 h is the end-point for the expression
analysis of genes encoded in a plasmid DNA, such as pGFP.
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Table 4. Samples incubated in HeLa cells

Sample name Description Polyplex Metallic
component
NP Standard C6-pBAE NPs (C6CR3 25:1 pGFP) Yes No
SP SPIONs at 5 ug mL-1 No Yes
NP+SP pBAE NPs (C6CR3 25:1 pGFP) + SPIONs at 5 uyg mL-1 (“S”-NPs) Yes Yes
AuNP Spherical gold NPs at 5 ug mL-1 No Yes
NP+AuNP pBAE NPs (C6CR3 25:1 pGFP) + Spherical gold NPs at 5 ug mL-1 (“S”-NPs) Yes Yes

Then, after the immunohistochemistry procedure (detailed in Materials and Methods),

samples were observed under the confocal fluorescent microscope and the intensity of

the CD9 or LC3 markers was quantified (Figure 12 and Figure 13).
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Figure 12. Exosomes production in HeLa cells in response to different nanoparticles at different timepoints. (A)
Confocal images are the merge of DAPI staining channel (blue) and CD9 channel (yellow). (B) Quantifications of the CD9

intensity. Scalebars = 20 ym

Figure 12 shows a higher intensity of CD9 when cells were incubated with SPIONSs,
either in combination with polyplexes or alone, suggesting that SPIONs may trigger
exosome biogenesis. However, no significant differences can be appreciated between
the negative control of untreated cells (Figure 11) and the cells treated with pBAE-NPs
in terms of exosomes production. Only at the longest exposure times (8 and 48 h), the
CD9 signal was maintained when cells were exposed to NPs whereas in untreated cells
it dropped slightly after 8 h. On the other hand, gold nanoparticles don’t seem to have a

significant impact on the expression levels of the exosome marker CD9.
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Figure 13. Autophagy in HeLa cells in response to different nanoparticles at different timepoints. (A) Confocal

images are the merge of DAPI staining channel (blue) and LC3 channel (yellow). (B) Quantifications of the LC3 intensity.
Scalebars = 20 ym

Regarding autophagy, Figure 13 shows that the presence of pBAE-NPs increased the
intensity of LC3 marker at t = 8h. The presence of polyplex nanoparticles has been
reported to increase autophagy markers'®. Also, the presence of SPIONs in HeLa cells
triggered the autophagy marker levels from time = 0.5 h. The high levels of LC3 were
maintained over the different timepoints tested when SPIONs were present. This could
be explained by the processes of ferroptosis and ferritinophagy. Ferroptosis is a novel
form of programmed cell death characterized by a production of reactive oxygen species
from accumulated iron and lipid peroxidation within cell membranes™®"'%2, However, the

relationship between autophagy and ferroptosis at the genetic level remains

63



Chapter Il — Autophagy and exosomes: tracking intracellular fate of nanoparticles

unclear. Nuclear receptor coactivator 4 (NCOA4) mediated ferritinophagy is an
autophagic phenomenon that specifically involves ferritin to release intracellular free iron
and is a crucial mechanism to maintain iron homeostasis. Notably, ferritinophagy plays
a central role in driving some pathological processes, including Parkinson’s disease (PD)
and urinary tract infections'®®. Therefore, the free-iron in cells induced by the presence
of SPIONs may trigger this ferritinophagy in order to eliminate this excess of Fe. The fact
that high levels of autophagy markers appeared from very short timepoints (t = 0.5h) is
in accordance with the fact that in 30 min SPIONSs are able to enter cells'. This fast
increase in the cytoplasmic iron content might lead to the triggering of ferritinophagy from
30 min after cell incubation with SPIONs.

In the case of bare gold nanoparticles (AuNP) there is a peak of intensity at t = 8h, and
the same peak maintained until 48 h time is found in the gold nanoparticles combined
with polyplexes (AuUNP+NP sample). At short timepoints, AUNPs samples showed much
less intensity of signal than the SPIONSs’ ones. It has previously been reported that gold
nanoparticles modulate autophagy in a shape-dependent manner'®. Also, AuNP
treatment can induce autophagosome accumulation and processing of LC3.
Autophagosome accumulation may result from two opposite scenarios: autophagy
activation (autophagosome formation) versus fusion blockage of autophagosomes and
lysosomes (inhibition of autophagosome degradation), which implies a defective
autophagy'®. In the case of AuNPs, consistent previous studies showed that the
autophagosome accumulation results from blockade of autophagy flux, rather than

induction of autophagy'’.

In the light of these results, the following explanation was proposed: upon cell uptake,
autophagy inhibits exosome release. That is, when autophagy level is high,
multivesicular bodies (MVB) including exosomes are directed to the autophagic pathway
with consequent degradation of their content and exosomes release becomes
inhibited'®®. In the same vein, the low production of exosomes can be explained due to
the damage caused to endosomes by the endosomal escape process, as already
reported'®'® Since autophagy mediates the clearance of misfolded proteins and
damaged organelles, the damaged endosomes may directly lead to autophagy
activation. Therefore, the carrier materials — in this case the pBAEs — could be the cause
of autophagy'?°. This activation of autophagy causes damaged endosomes to be self-
digested (autophagocytosed) instead of maturing to exosomes. According to these
explanations and the obtained results we could simplify this hypothesis using the

following formula:
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Cell uptake — T Autophagy — | Exosomes

The balance between these three elements might be determinant for the fate of gene
delivery systems thus dictating the overall result of a cell transfection experiment. That
is, the uptake of nanoparticles can increase the endosomal escape, damaging the
endosomes and causing the triggering of autophagic mechanisms. However, if the
endosomal escape is greater than the autophagy, the system will be efficient in terms of
cell transfection although having the autophagy rate increased. In parallel, this triggering
of autophagy and endosomal escape will be a handicap for exosomes production. Figure

14 summarizes this hypothesis.

Nanoparticle %@)
Uptake
Transfection
Early endosome
/ pH~ 65

Endosomal

Cytosol
pH ~ 7.4;&& Late endosome
pH ~ 5.4

No autophagy Autophagy Lysosome
pH ~ 4.5

o)
@?@"

E. Escape>Autophagy = 1 Transfection Autophagosome
LC3
Cell

Figure 14. Schematic representation of the variations in the intra and intercellular processes with an impact on

cell transfection. The balance between the upregulations and downregulations of these cell processes might rule the

fate of gene delivery systems thus dictating the overall result of a cell transfection experiment.

Aimed at demonstrating this hypothesis, it was decided to study cell uptake and
transfection using the cellular location of the polymer as an indicative of cell uptake of
the polyplexes and the expression of GFP as a successful transfection indicator,
respectively. In our group, the labeling of OM-pBAEs in order to track cell uptake has
already been reported®'®" and the use of GFP as reporter gene for pBAE polyplexes
transfection efficacy has also been described®'®2. This way, the whole picture of a cell

transfection experiment was obtained.
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2.4.4 Overall view of cell transfection

In order to obtain this broader view of the whole experiment, the localization of the four
possible different dyes present in a single sample were monitored: DAPI for cell nucleus
— expected in all samples; pBAE-Cy5 as an indicator of OM-pBAE-NPs that are
internalized by cells — expected in samples with polyplexes and at any timepoint tested
(0.5 to 48 h); GFP as a result of a successful transfection and therefore expression of
the GFP reporter gene — expected only in samples with polyplexes and at t = 48 h (could
be found also at t = 8h in a lesser extent); and CD9 or LC3 for exosomes or
autophagosomes — likely in any sample but at unpredicted rates and amounts. As an
example, Figure 15 and Figure 16 show confocal images that were taken using the four
channels. Samples in these figures correspond to cells incubated with polyplexes at 48

h. In the last column it is displayed the merge of all channels.

DAPI CD9 GFP pBAE-Cy5 Merge

NP

NP

SP

NP

AuNP

Figure 15. Confocal images of HeLa cells transfected with different polyplexes. Exosomes production was monitored
through CD9 marker. Cells were exposed to the different nanoparticles for 48 h before fixation and immunostaining. NP=
pBAE NPs (C6CR3 25:1 pGFP); pBAE NPs (C6CR3 25:1 pGFP) + SPIONs at 5 ug mL™" (“S”-NPs); NP+AuNP = pBAE
NPs (C6CR3 25:1 pGFP) + AuNPs at 5 ug mL™ (“S™-NPs). Scalebars = 20 ym

As it can be observed in Figure 15, CD9 signal, and therefore exosomes, were
detected all over the cells. The CD9 intensity was slightly higher in the case of polyplexes
containing SPIONs than in the bare polyplexes (NP) or the polyplexes containing gold
NPs (NP+AuNP). The GFP expression varied on its intensity among different samples
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and cells, due to the different number of copies from the plasmid that were internalized
and effectively transcribed and translated into GFP by each cell. The pBAE signal,
despite showing some background signal could be appreciated forming accumulations

(red dots). Therefore, after 48 h, the polymer remained at least partially inside cells.

DAPI LC3 GFP pBAE-Cy5 Merge

NP

NP

SP

NP

AuNP

Figure 16. Confocal images of HeLa cells transfected with different polyplexes. Autophagy was monitored through

LC3 marker. Cells were exposed to the different nanoparticles for 48 h before fixation and immunostaining. NP= pBAE
NPs (C6CR3 25:1 pGFP); pBAE NPs (C6CR3 25:1 pGFP) + SPIONs at 5 ug mL™ (“S”-NPs); NP+AuNP = pBAE NPs
(C6CR3 25:1 pGFP) + AuNPs at 5 uyg mL™ (“S”-NPs). Scalebars = 20 ym

As it can be observed in Figure 16, the LC3 signal showed higher intensities when a
metallic component was present (SP+NP and AuNP+NP samples) than in the case of
bare C6R NPs (NP). The LC3 signal was found all over the cells. Again, the GFP intensity
varieed among different cells, as expected. The OM-pBAE signal showed a light

background noise but it was found forming accumulations close to the cell nuclei.

Given that the intensity of the different channels might difficult the elucidation of cell
locations (see the last two columns from Figure 17), images deactivating one channel at
a time were taken. For instance, the yellow channel (used to stain exosomes and
autophagosomes) was deactivated and the DAPI, GFP and OM-pBAE-Cy5 channels
were merged (first column Figure 17). By shutting off the yellow channel, a clearer

visualization of the red OM-pBAE dots within the cells was obtained. It can be
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appreciated than in effectively transfected (green) cells, OM-pBAE accumulations were
close to the cell nucleus or even surrounding it. The vast majority of cells in the images
showed red signal, thus indicating that pBAEs enter cells efficiently, as reported for OM-

pBAE polyplexes™’.

In order to better study the colocalization of OM-pBAEs (in red) with autophagosomes
or exosomes (in yellow), these two channels and the DAPI were merged, deactivating
the GFP signal. As a result, it can be seen in the second and third columns of Figure 17
how in the case of polyplexes without metallic components (NP), the localization of the
exosomes marker CD9 was mainly perinuclear but there were also yellow dots in
different cell locations. Red dots corresponding to the OM-pBAE appeared in different
cell regions. The same NP sample showed a clearly perinuclear localization of both the
autophagosomes and the OM-pBAEs, which partially colocalized resulting in orange
signals. In the case of cells treated with pBAE polyplexes containing SPIONs (NP+SP),
the CD9 signal was spread all over the cells and pBAE red dots were mostly orange
indicating colocalization with exosomes. Finally, cells incubated with pBAE polyplexes
containing gold nanoparticles (NP+AuNP) showed orange dots indicating that pBAE
accumulations also colocalize with exosomes (CD9). These dots were in general close
to the cell nuclei. Exosomes without pBAEs were also present, in this case distributed
all over the cells. Finally, the autophagosome signal (LC3) for this NP+AuNP sample
showed higher intensity than that of pBAEs. However, several orange dots indicated
perinuclear localization of pBAE and autophagosome accumulations. In conclusion, after
48 h, HelLa cells had either eliminated the polymer or it was trapped in exosomes or

autophagosomes and, therefore, in its way to degradation or elimination from the cell.
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Merge of DAPI, GFP Merge of DAPI, CD9 Merge of DAPI, LC3 Merge of DAPI, CD9 Merge of DAPI, LC3
and pBAE-Cy5 and pBAE-Cy5 and pBAE-Cy5 and pBAE-Cy5 and pBAE-Cy5

NP

NP

SP

NP

AuNP

Figure 17. Confocal images of HelLa cells using different channel merges. Cells were exposed to the different
nanoparticles for 48 h before fixation and immunostaining. NP= pBAE NPs (C6CR3 25:1 pGFP); pBAE NPs (C6CR3 25:1
pGFP) + SPIONs at 5 uyg mL™ (“S”-NPs); NP+AuNP = pBAE NPs (C6CR3 25:1 pGFP) + AuNPs at 5 uyg mL™" (“S”-NPs).

Scalebars = 20 ym

In conclusion, it have been here studied both the intracellular trafficking of NPs and, in
these final experiments, the cell location of Cy5-OM-pBAE as an indicator of the cell
uptake of polyplexes and the expression of GFP as a successful transfection indicator.
However, these results are insufficient to quantify the amount of internalized particles
and to assess differences among different nanoparticles. For this reason, it will be
necessary to examine in the following chapter the step preceding cell trafficking: cell

endocytosis.
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2.5 Concluding remarks

The results of this chapter prove the feasibility of adding SPIONs or gold nanoparticles
to C6R polyplexes maintaining desirable physicochemical properties for cell usage.
Complexes with hydrodynamic diameters between 277 and 392 nm were obtained. Their
net charge remained positive, with values around 13 mV and the polydispersity index of

the complexes remained below 0.3.

It has been validated the use of confocal microscopy as a technique to monitor the
basal levels of exosomes production and autophagosomes in HelLa cells. Through this
technique and the detailed samples preparation, microscope settings and image
processing it has been possible to observe and analyze differences in the expression of
CD9 and LC3 markers over time. HelLa cells showed low levels of CD9 and LC3

expression, although the LC3 autophagosomes marker signal increased over time.

After assessing the basal levels of expression of these two markers, it was then
proposed to incubate HeLa cells with different nanoparticles and study possible changes
in the expression of such markers. These nanoparticles included bare OM-pBAE
polyplexes, OM-pBAE polyplexes combined with SPIONs or gold nanoparticles and
these metallic nanoparticles without the polyplexes. Regarding the exosomes
production, no significant changes in CD9 levels were appreciated. Only the presence
of SPIONSs, either with or without the polyplexes, increased the amount of exosomes in
Hel a cells. But neither the presence of bare OM-pBAE polyplexes nor gold nanoparticles

caused important changes in CD9 expression.

Regarding autophagy, levels of LC3 expression were definitely altered by the presence
of SPIONs. The two samples containing SPIONs (SP and NP+SP) showed significantly
higher levels of LC3 expression than the untreated cells. These increased signals were
stable over the different timepoints analyzed, indicating that SPIONs do trigger
autophagy mechanisms. The concepts of ferritinophagy and ferroptosis have been
discussed as a tentative explanation on why these iron-based nanoparticles showed
such an increase in autophagosome accumulation from very short exposure times (t =
0.5 h). The free-iron in cells induced by the presence of SPIONs might trigger the
mechanism of ferritinophagy in order to eliminate this excess of Fe and maintain cellular

iron homeostasis.

The presence of OM-pBAE-NPs slightly increased the intensity of LC3 signal, although
no clear differences appeared as compared to the untreated cells. Also, in gold-

containing samples (AuNP and NP+AuNP) LC3 levels increased lightly over time. In both
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cases there was a peak of intensity at t = 8h, that was maintained until 48 h time in the

case of gold nanoparticles combined with polyplexes (AuNP+NP sample).

According to these data, it has been proposed that the activation of autophagy inhibits
exosome release through the redirection of exosomes to the autophagic flux with the
consequent degradation of their cargo. Also, since gene delivery systems need to
escape from endosomes when they are internalized by cells, the damage caused on
endosomes by this escaping process causes the autophagy activation as it is a system
to eliminate damaged organelles. That is, if endosomes are damaged and
autophagocytosed by cells, they cannot mature to exosomes and therefore the
exosomes production is decreased. The tentative explanation of what might happen
when cells are transfected with polyplexes is that the uptake of such particles triggers

autophagy hindering at the same time the exosomes production.

Finally, in order to have a broader view of the cells after a transfection procedure, the
polymer was fluorescently labelled— as an indicative of cell uptake of the polyplexes —
and the expression of GFP was used as a successful transfection indicator. The images
combining different channels allowed the study of the colocalization of different markers
and their intracellular localization. It has been observed that C6R colocalizes with both
CD9 and LC3 markers at long times of exposure (48 h) in the different types of
complexes tested. That might indicate that, after two days, the C6R molecules that
remained inside cells were about to be eliminated via exosome release or autophagy

and lysosomal degradation.

In conclusion, intra and intercellular mechanisms affecting NP cell trafficking and
therefore overall cell transfection have been here studied. Also, the location of different
markers within the cells have been employed as indicators of cell uptake of polyplexes
and successful transfection. Since these results are indicative but do not provide a
quantitative conclusion, in the following chapters quantifications of the cellular uptake
and transfection of nanoparticles will be performed. Specifically, the next chapter
addresses the step that precedes cell trafficking and that is indispensable for any cell
trafficking to occur, named endocytosis. Focus will be shifted to the characteristics of the
nanoparticles that affect their cellular internalization. Then, the presence of metallic
components in the complexes will be employed to quantify their cell uptake. Finally, a
study on the protein corona of such complexes will be performed and will allow for the
identification of proteins that might be crucial to explain differences in cell uptake and

transfection.
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Chapter lll — The nanoparticle journey: from synthesis to inside the cell

3.1 Introduction

In the previous chapter, a study on the cellular trafficking of NPs has been detailed.
However, for any cellular trafficking to occur it is required that gene delivery systems are
internalized by cells. In other words, it is useless to look at the cellular mechanisms once
nanoparticles are inside cells if they are unable to enter cells. This fundamental process
through which NPs enter cells is named endocytosis and will be detailed hereinafter.
Although being a widely studied process, it is important to understand the factors that
modulate it in order to achieve our global goal of understanding the cellular fate of our

gene delivery systems.

Gene delivery systems need to reach the cell cytosol and deliver their genetic cargo
in order to cause their intended effect. However, until nanoparticles reach the cytoplasm,
they suffer different modifications and must overcome several barriers. The journey of

nanoparticles towards the inside of the cell begins with their synthesis.

When nanoparticles are manufactured, the parameters employed in their synthesis
(temperature, time, stirring, reagents concentration and others) lead to NPs with defined
properties. The set of these properties is known as synthetic identity (Sl). This Sl is
defined by the physicochemical properties of the NPs, including surface chemistry '3~
and physical properties (size, shape and surface area)'®®'®’_ All these properties play an

168,169

important role in determining interactions at the nano-bio interface and affect not

only the mechanism of cell uptake but also intracellular trafficking and biological function

(biodistribution, toxicity and targeting ability) of the nanoparticles"%'"2,

Then, once NPs are either incubated for any in vitro or administered for any in vivo
purpose, they are exposed to a biological medium (cell culture medium in the case of in
vitro experiments and blood in the case of in vivo administration). All these media contain
several thousands of biomolecules, mainly proteins, and it has been widely
demonstrated that nanoparticles can adsorb immediately proteins on their surface'*7®,
Thus, when a NP enters a biological medium a competition between different biological
molecules to adsorb on the surface of the nanoparticles starts immediately. This coating
that is formed on the NP’s surface is known as the protein corona (PC). The PC confers
to the nanoparticle a new identity known as biological identity (Bl) that is the one that the
cell will “see”. This protein corona will determine a new group of physicochemical

properties such as the surface modifications after the PC formation'®76'7  the

178,179

dispersion, aggregation and agglomeration of nanoparticles and the stability in
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180-182

physiological conditions . Thus, the PC highly influences the physiological

response; that is, bioavailability, cell uptake, circulating time and toxicity of NPs'83184,
Therefore, the understanding of the PC becomes crucial to control the cellular response

and the fate of the designed nanoparticles.

The first cell response towards the nanoparticles is their internalization or cell uptake.
This process takes place through a cellular mechanism named endocytosis. Endocytosis
is the energy-consuming process by which a cell takes up extracellular molecules by
engulfing them with the cell membrane. The membrane folds over the substance and it
becomes completely enclosed forming what is known as vesicle. Endocytosis is, thus,
the major transport route for nanomedicines across the cell membrane. It is generally
classified into phagocytosis and pinocytosis. Phagocytosis was originally discovered in
macrophages. Pinocytosis is present in all types of cells in four forms, such as clathrin-
dependent endocytosis, caveolae-dependent endocytosis, macropinocytosis, and
clathrin- and caveolae-independent endocytosis'®'®. Many types of cells use the
clathrin- and caveolae-mediated endocytosis pathways to internalize nanoscale

materials, including viruses and nanoparticles'®’~"°,

Figure 18. Entry pathways for mammalian cells. The endocytic pathways depend on the size of the endocytic

vesicle, the nature of the cargo (ligands, receptors, and lipids) and the mechanism of vesicle formation'®.

Once endocytic vesicles are internalized into the cytosol, they are rapidly targeted to
the early endosome (EE) that is the primary sorting station from which endocytosed
materials can be recycled back to the plasma membrane™’, or brought to late
endosomes (LEs) on the way to the lysosome/vacuole for degradation'®®. Thus, once
inside the endosomes, gene delivery systems must escape from them in order to avoid
lysosomal degradation and reach the cytosol. In other words, bypassing the regular
endocytic pathway that leads to cargo degradation is crucial to produce any cellular

effect.
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One of the most explored mechanisms to bypass the regular endocytic pathway is
inherent to many cationic polymers. These molecules count on an important feature
which is the presence of amine groups with pKa values in the physiological pH range,
resulting in their ability to buffer acidic endosomal vesicles. This buffering capacity is
thought to promote the so-called sponge effect, which consist on the osmotic swelling
and physical rupture of endosomes, assisting the release of DNA into cytoplasm prior to

193 Sonawane et al.'® recently showed that endosomes containing

fusion with lysosomes
vectors with physiologically titratable amine groups buffered H* ions, increased the
counterion CI concentration within the endosome, swelled the endosome in size, and

led to lysis of the endosome (Figure 19).

Figure 19. Schematic illustration of the proton sponge effect leading to endosomal escape for cationic

nanoparticles. ATPase stands for adenosine triphosphatase®’.

Given their cationic nature, after binding to the cell surface OM-pBAEs conjugates are
internalized, and a fraction of them escapes the endocytic network — as a result of the
proton sponge effect — and translocate to the nucleus, where genes encoded by the
foreign DNA are expressed. Normal cellular trafficking usually directs the endocytosed
particles to lysosomes, where the accumulated polyplexes would eventually be degraded
by the lysosomal hydrolytic enzymes, strongly limiting gene expression'®. In
consequence, the escape of vectors from the lysosomal tracking pathway is an important

step for efficient gene delivery. In this sense, it has been described that OM-pBAEs can
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actually scape from the endosomes through the previously described “proton sponge”
effect. In particular, the tertiary amines that are a major component of the OM-pBAEs
are important to the endosomal buffering capacity of these polymers. These titratable
amines provide OM-pBAE-containing particles with a mechanism to escape from
endosomes and accomplish their objective of reaching the cell cytosol and deliver their
genetic cargo to the cell. In other words, the OM-pBAE polyplexes have proved to be
effective gene delivery systems in terms of cell uptake and endosomal escape ability.
For these reasons, they will be used in the present chapter as a tool to study cell uptake

of different OM-pBAE-based complexes.

Considering the importance of endocytosis in the cellular fate of gene delivery systems
and the need to understand the interactions of nanoparticles with the environment, in the
present chapter a study of the cell uptake of different NPs is detailed. The effect of every
component of our gene delivery systems will be discussed and the isolation of the protein
corona formed around these systems will give clues on the reasons why differences in
cell uptake appear. The aim of this chapter is to help understand the disparities in cell
internalization profiles among different nanoparticles and to identify proteins that might

be key for cell uptake and transfection.

86



Chapter lll — The nanoparticle journey: from synthesis to inside the cell

3.2 Aims

In order to achieve the main objective, described in the previous subsection, the

following tasks were proposed:

>

>

Quantify the cell biocompatibility of our gene delivery systems.

Perform a broad study on cell uptake of the different nanoparticles and

complexes in different cell lines.

Study disparities in cell uptake of nanoparticles according to their

morphology.

Analyze the transfection efficiency of the complexes at different

concentrations of metallic components.

Study the protein corona of the different samples as an explanation to their

different cell uptake profiles.
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3.3 Materials and Methods

3.3.1 Materials

Reagents and solvents used in the present chapter were purchased from Sigma-
Aldrich. DMSA-coated SPIONs (hydrodynamic size = 45 nm; surface charge = -12 mV;,
stock SPIONs dispersion, dispersed in water as the dispersant) were performed by Unit
9 of the Platform of Production of Biomaterials and Nanoparticles of the NANBIOSIS
ICTS, by the Superficies y Particulas Nanoestructuradas del Instituto de Nanociencia de
Aragén (Pl J. Santamaria) group'®'*4. C6-pBAE NPs, gold NPs and SPIONs or AuNP-
containing NPs were synthetized as described in chapter II. Dithiothreitol and
iodoacetamide were obtained from Thermofisher. NUPAGE 4X LDS was obtained from
Invitrogen. Ammonium bicarbonate and acetonitrile were obtained from Fisher scientific.
Acetone MS grade was obtained from Fisher Chemical. Trypsin/lysine mixture was
obtained from Promega. HeLa and PANC-1 cells were obtained from American Type
Culture Collection (ATCC, Manassas, VA). Products for cell culture (media, PBS,

glutamine, penicillin-streptomycin solution) were obtained from Gibco and Hyclone.

3.3.2 Synthesis of Gold nanorods (AuNR)

Gold nanorods were synthesized using a seed mediated approach'®. The seed
solution was first prepared by dissolving cethyl-trimentylammonium bromide (CTAB,
0.273 g) in water (deionized, 7.5 mL) with mild stirring and slight heating. Hydrogen
tetracholoroaurate (HAuCls, 250 uL, 10 mM) was added, and the gold was reduced with
sodium borohydride (NaBH.4, 600 uL, 0.1 M). The solution was stirred for 5 min before
use. The growth solution was prepared by dissolving CTAB (15.49 g) in water (deionized,
425 mL) with mild stirring and slight heating. HAuCls (20 mL, 10 mM) was then added,
yielding a clear, bronze-colored solution. Silver nitrate (AgNOs, 8.5 mL, 4 mM) was
added, and then the gold was reduced with ascorbic acid (11.6 mL, 79 mM), yielding a
clear, colorless solution. Seed solution (960 pL) was injected, and the solution was left
undisturbed overnight. The nanoparticles were cleaned via 2x successive centrifugation

at 10000 rpm for 8 min and re-diluted to their original volume in deionized water.

3.3.3 Gold NR characterization

The morphology of the AuNPs and SPIONs was determined by TEM (FEI Tecnai G2

at 100 kV). ImagedJ was used to determine their size.
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The optical properties of the gold NR were characterized by UV-vis spectroscopy
(Agilent Cary 5000 UV-Vis NIR).

3.34 Cell culture

PANC1 cells (ATCC CRL-1469) are a tumor cell-line derived from a human carcinoma
of the exocrine pancreas. HelLa cells (ATCC CCL-2) are derived from a cervical cancer
taken from a 31-years-old patient. HeLa and PANC-1 cells were grown according to
ATCC guidelines. Cells were seeded in 96 well plates at a concentration of 1.2x10*
cells/well in DMEM complemented with 10% fetal bovine serum, 100 IU mL ' penicillin
and 1% streptomycin at 37°C in a humidified 5% CO- incubator for 24 h. The cell media
was then replaced with the NP solution for 48 h before performing MTT, MTS or
transfection assays. For ICP-MS, cells were seeded at a concentration of 7.2x10*

cells/well in 24 well plates maintaining the OM-pBAE NP/cell ratio.

3.3.5 MTT and MTS cytotoxicity assays

The MTT is a colorimetric assay used to assess cell metabolic activity and thereby
reliably estimate percentages of cell viability'®. Yellow MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide, a tetrazole) is reduced to purple and insoluble
formazan in the mitochondria of living cells. This reduction takes place only when the
NAD(P)H-dependent mitochondrial oxidoreductase enzymes are active and therefore
conversion can be directly related to the number of living cells. Cells cultivated in 96-well
plates were treated with different concentrations of SPIONs and incubated for 48 h at 37
°C and 5% COa. Then, they were washed with PBS and incubated in complete medium
supplemented with MTT solution (5 mg mL™), added at 10% v/v for 3 h at 37 °C and 5%
CO,. DMSO was then added to solubilize the insoluble formazan crystals formed.
Absorbance was measured (EIx808 Biotek Instruments Ltd, USA) at a wavelength of 550
nm and values were converted to percentages of cell viability relative to untreated cells,

by normalizing with the absorbance of non-treated cells.

MTS assays work with the same principle as MTT with the convenience of adding the
reagent straight to the cell culture without the intermittent steps required in the MTT
assay. The reduction of MTS tetrazolium compound generates a colored formazan
product that is soluble in cell culture media. MTS cell viability experiments were
conducted after a 48 h incubation with PBAE NPs (NP) or metallic complexes (NP-SP or
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NP-SPH) at different concentrations. Complemented media was used as a negative
control (Neg). Wells were then washed with PBS 1X three times and incubated with the
CellTiter 96 Aqueous One Solution at the concentration indicated by the supplier for 3 h

at 37°C. Absorbance was measured at 490 nm.

3.3.6 NPs cell uptake

The iron content of the cells treated with bare SPIONs, bare gold NPs, SPION-
containing nanoparticles or AuNP-containing nanoparticles was determined through an
Inductively Coupled Plasma Optical Emission Spectrometry (ICP- OES) or inductively
coupled plasma mass spectrometry (ICP-MS). The differences in the uptake of gold

nanoparticles of different morphologies were studied using Single Cell ICP-MS.

3.3.6.1 ICP-OES

In the case of ICP-OES, Hel a cells were seeded on a 24-well plate and incubated with
the different NPs for 48 h. Subsequently, cells were gently washed with PBS in order to
eliminate the SPIONs that were not internalized. Then, cells were trypsinized, counted
and digested with an oxidative mixture of hydrogen peroxide (30% v/v) and nitric acid
(50% v/v) while heating until nitrous vapors were observed. The obtained sample was
diluted to a final volume of 10 mL and a nitric acid concentration lower than 5%. The iron
content, in terms of mg of iron per mL, was calculated by an Optima 2100 DV ICP
analyzer (PerkinElmer, Waltham, Massachusetts, USA). Finally, the pg of iron/cell were
determined according to the number of cells counted and normalizing the untreated cells

(control) as zero pg of iron/cell.

3.3.6.2 ICP-MS

In the case of ICP-MS, HeLa and PANC1 cells exposed to the PBAE-metallic particle
complexes were gently washed with PBS three times, trypsinized and counted. The
pellets were then pulled down and digested with 1 mL of aqua regia for 24 h. Gold and
Iron content was determined by inductively coupled plasma mass spectrometry (ICP-
MS, ELAN DRC Il PerkinElmer, Waltham, Massachusetts, USA).

3.3.6.3 Single cell ICP-MS

For single cell ICP-MS analysis, HeLa cells were seeded in 24-well plates for 24 h and
then, incubated for 3 h with either bare gold nanospheres, gold nanorods or with one of
these two gold NPs complexed with pBAE-NPs. After the incubation, cells were gently

washed with PBS 1X three times, trypsinized, fixed using formalin 10 %, filtered through
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a nylon syringe filter of 0.45 ym diameter and analyzed through Single cell ICP-MS using
NexION® 2000 equipment (PerkinElmer, Waltham, Massachusetts, USA). The sample
introduction was controlled using an automated syringe system with the flux fixed at 20
ul min™'. The single cell operating mode requires from two calibrations: one to determine
the ionic or dissolved part and another for the determination of the number and size of
the NPs. These calibrations were performed by expert technicians from PerkinElmer.
Also, the transport efficiency (TE) factor was calculated. This factor defines the
percentage of NPs of a solution that arrive to the detector and is used by the equipment

for analytical calculations. Then, the different samples were analyzed.

3.3.7 Transfection Efficacy

Transfection of HeLa and PANC1 cells was first checked under the microscope and
then quantified by flow cytometry (FACS) (BD Fortessa cell analyzer). After incubation
with nanoparticles, cells were trypsinized and fixed with a solution of paraformaldehyde
2% in PBS 1X. GFP expression was quantified and compared to the positive control of

PBAE-NP and a negative control of untreated cells.

3.3.8 nanoDSC for protein corona characterization

The protein corona was formed around gold nanoparticles incubating them in a
solution of 10 mg mL™ of albumin (BSA) in water overnight. No washes were performed.
Then, the nanoDSC cell was filled with the solution formed with 1 mg of AuNPs or AuNR
and 10 mg of HSA. Three temperature cycles between 37 to 98 °C were performed. The
baseline was obtained, subtracting each third cycle from the respective first one using
Origin® software.

3.3.9 Protein Isolation for MS

PC isolation was performed as described elsewhere with minor alterations'®. Briefly,
AuNPs, SPIONs and PBAE NP alone or combined with metallic particles resuspended
in DMEM were centrifuged at 16000g for 1 h at 4°C to separate the excess of proteins
from the cell media. The supernatant was discarded and the pellets were resuspended
in a PBS-Tween20 0.05% (w/v) solution. The pellet was washed twice with the PBS-
Tween20 solution and a fourth time with PBS alone by centrifuging at 150009 for 1h at
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4°C. A solution of 8 yL of NUPAGE 4X LDS and 4 pL of 500 mM dithiotheitol (DTT) is
added mixed gently to resuspend each pellet. The solution is incubated at 70°C for 1h
and centrifuged for 15 min at 16000g and the 12uL-supernatant is used for the next
steps. The Protein precipitation and Cleanup protocol from Walkey et al. was followed
with no maodifications'®. The MS sample preparation was conducted with minor
modifications. In short, 95 uL of an aqueous solution of ammonium bicarbonate at 100
mM, 5 uL of acetonitrile and 5 pL of DTT 100 mM were added to the protein pellets and
left at 80°C for 45 minutes. The solution was left to cool down until room temperature
reached and 11.5 pyL of 500 mM iodoacetamide in ammonium bicarbonate 50 mM (pH
7-8) was added and incubated in dark conditions and room temperature for 1h. 460 pL
of pure acetone prechilled at -20C was added and the solution was left at -20°C for
protein precipitation. Proteins were centrifuged at 16000g for 10 min at 4°C, the
supernatant was discarded and pellets were air dried before resuspending them in 100
ML of ammonium bicarbonate at 50 mM (pH 7-8). 4 uL of a protease mixture of trypsine
and lysine was added at the concentration indicated by the supplier and incubated
overnight at 37°C. Finally, the protein digestion was stopped by a 10 min incubation at -

80°C and samples were kept at -20°C until MS analysis.

3.3.10 Proteomic studies: Inductively Coupled Plasma - Mass
Spectrometry (ICP-MS)

All mass spectrometric experiments were performed using an Orbitrap Fusion Lumos
mass spectrometer (Thermo Scientific). The MS was coupled to an EASY-nLC 1200
system (Thermo Scientific). The HPLC mobile phases were 96.1:3.9 water/acetonitrile
with 0.1% formic acid (A) and 20.0:80.0 water/acetonitrile with 0.1% formic acid (B). The
flow rate was 300 nL min™" and the following gradient was used for each run; 0% B for 5
min, 0-5% B in 10 min, 5-30% B in 150 min, 30-90% B in 30 min, 90% B for 10 min. The
tryptic peptide digests were diluted by a factor of ten with 0.1 % formic acid and aliquots
of 1 pL of the diluted digests were injected onto and separated by a PepMap RSLC, C18,
3 um, 100 A, 75 um x 150 mm EASY-Spray column (Thermo Scientific). Electrospray

ionization was performed at a voltage of 1.9 kV.

The mass spectrometer was operated in data-dependent mode. Survey scans were
collected in a range of 400-1600 m/z in the orbitrap at a resolution of 120,000 and an
AGC target of 2 x 10° (or maximum injection time of 100 ms). Precursor ions were filtered
by charge state (2-6 z), dynamic exclusion for 30 s at a 20 ppm mass width and

monoisotopic precursor selection. For charge states 2 and 3, the precursors were
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isolated in the ion trap with a 1.2 m/z isolation window and an AGC target of 2 x 10* with
a maximum injection time of 50 ms. CID was performed on the isolated parent ions using
a 35 % collision energy and 10 ms activation time. EThCD was used to dissociate
precursors having charge states of 3-6 using a 1.2 m/z isolation window and an AGC

target of 2 x 10* (or maximum injection time of 50 ms).

The Proteome Discoverer (PD) Software Version 2.1 (Thermo Scientific) was used for
peptide sequencing and protein identification. The SEQUEST search algorithm was used
to analyze the data against fasta files from a human protein database downloaded from
Uniprot. The cleavage enzyme was set to trypsin (full) and the maximum missed
cleavages was set to 2. Precursor mass tolerance was set to 10 ppm and fragment mass
tolerance to 0.6 Da. The following peptide modifications were also set for the SEQUEST
search; oxidation (methionine, dynamic), acetyl (N-terminus, dynamic), and
carbamidomethyl (cysteine, static). For protein validation the Percolator algorithm in PD
was utilized. It was set to a false discovery rate (FDR) of 1 %. All proteomic data
presented in this paper is based on identifications that met this 1% FDR threshold. The
protein identification output from the PD search was downloaded into an Excel

spreadsheet for further analysis.

Further analysis. Two biological replicates were conducted per sample and two
technical repetitions were used for analysis. Samples were filtered for those who had a
score sequest HT and peptide sequest HT = 2 to ensure high quality of the measurement.
EmPAI values were used to determine the top 50 proteins with the highest abundance
per each of the samples, leading to a list of 61 proteins in total. Exponentially Modified
Protein Abundance Index (emPAl) is an established method of estimating protein
abundances from peptide counts in a single LC-MS/MS experiment. EmPAI is defined

OPAI

as 1 minus one, where PAI (Protein Abundance Index) denotes the ratio of observed

1'% who found that

to observable peptides. EmPAI was first proposed by Ishihama et a
PAl is approximately proportional to the logarithm of absolute protein concentration®®.

Heatmap was generated with R function heatmap.2 from RStudio Version 1.0.153.
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3.4 Results and discussion

In the previous chapter, the physicochemical characterization of the complexes used
hereinafter was performed. Complexes with appropriated nanometric sizes and positive
surface charge values were obtained. These complexes were used to study intracellular
mechanisms and their locations within the cells. Here, they will be employed to shed light
to their cell internalization profiles and to help understand the overall cell response to

nanoparticles.

3.4.1 SPION or AuNP-containing polyplexes do not impair cell viability

Considering the physicochemical properties of gold nanospheres and SPIONs for cell
usage (chapter Il) and in order to study their cellular uptake, it was first evaluated if the
NP candidates induced any sign of cytotoxicity. In order to do so, cell viability was
determined by MTT and MTS assays on two types of cell cultures (HeLa and PANC-1)
exposed to both NPs and NP+SP or NP+AuNP at different concentrations. The untreated

cells (C-) were used as a reference for 100% viability.
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Figure 20. HeLa and PANC-1 cell viability when incubated with OM-pBAE-NPs. (A) MTT assay of HelLa cells treated
for 48 h with OM-pBAE NPs without SPIONs (NP) and with increasing ratios of SPIONSs; (B) MTS of PANC-1 cells treated
with OM-pBAE NPs without SPIONs (NP) and with increasing ratios of SPIONs (NP+SP) or AuNPs (NP+AuNPs). The
variability values are the mean + SD of triplicates. The significance of the difference in the data is ***p<0.001 and

****n<0.0001 regarding the controls of untreated cells (C-).

As expected, pBAE NPs alone did not impair the viability of neither HeLa nor PANC-1
cells. Metallic NPs were complexed to a fixed OM-pBAE NP concentration at increasing
ratios. In the case of Hela, the study was performed only with SPIONs. Up to 250 ug
mL™" these metallic particles did not compromise HeLa viability. In the case of PANC-1

cells, SPIONs showed a similar result, not impairing cell viability in the range of
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concentrations tested (0 to 100 yg mL™"). On the other hand, gold-based NPs led to
higher cytotoxicity levels compared to SPIONSs starting from 25 ug mL™". This increased
cytotoxicity was even more intensified when bare metallic nanoparticles were incubated
(Figure 21).
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Figure 21. HeLa and PANC-1 cell viability when incubated with metallic NPs. (A) MTT assay of HelLa cells treated
for 48 h with bare SPIONs; (B) MTS of PANC-1 cells treated with bare SPIONs (SP) or AuNPs (AuNPs). The variability
values are the mean + SD of triplicates. The significance of the difference in the data is ***p<0.001 and ****p<0.0001

regarding the controls of untreated cells (C-).

These results are in accordance with previously published data, where bare gold NPs
have impaired cell viability in different cell lines while SPIONs have shown high levels of
biocompatibility201. However, the incubation of the two tested cell lines with both
metallic complexes at the lowest concentrations did not cause significant drops in cell
viability (Figure 21). Therefore, further transfection studies were performed with metallic

NPs at concentrations below 25 pg mL™".

3.4.2 Cells internalize more metallic nanoparticles when they are
complexed with OM-pBAE-NPs

In order to understand the differences in cell mechanisms observed in chapter |, it was
next evaluated if the differences in composition of these gene delivery systems caused

differences in cell uptake.

3.4.2.1 Uptake of SPIONSs in HelLa cells

First, since SPIONs have been broadly employed as gene delivery systems

complexing biological molecules such as antibodies, peptides, hormones or drugs to
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their surface?022%3

, our aim was to demonstrate that a multicomponent nanoparticle
comprising, apart from the SPIONs, OM-pBAE and DNA would be more efficient in terms
of cellular uptake than the bare SPIONs. Therefore, the iron content of HeLa cells treated
with bare SPIONs and with SPION-containing S-type NPs was studied. 48 h after

transfection the cellular iron content was quantified through ICP-OES.
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Figure 22. HelLa iron content after incubation with nanoparticles. Inductively coupled plasma-optical emission
spectrometry (ICP-OES) analysis to determine cellular iron content of HelLa cells treated with SPIONs at two different
concentrations and with or without OM-pBAE polyplexes. Untreated cells’ iron content was normalized to 0 pg of Fe/cell.
Results are the mean + SD of triplicates. *p<0.05 and ***<0.001.

Given that cells have a basal level of intracellular iron content, the obtained results
were normalized so that only the excess of iron due to the presence of internalized
magnetic nanoparticles is plotted. As it can be observed in Figure 22, cells treated with
bare SPIONs (naked) at 2.5 ug of SPIONs mL™" internalized 4.91 + 2.02 pg of Fe/cell
more than untreated cells, whereas those treated with bare SPIONs at 5 ug mL™" had a
difference of 8.12 + 1.12 pg of Fe/cell. On the other hand, C6-CR3/pGFP (25:1) S
nanoparticles prepared at 2.5 ug of SPIONs mL™" showed 7.03 + 1.25 pg of Fe/cell more
than control cells, whereas those treated with the same nanoparticles prepared at 5 ug
of SPIONs mL™" internalized 14.98 + 2.25 pg of Fe/cell more. These results were in
accordance with what was expected since the more the SPIONs were provided to the

cells, the more the iron was internalized. In addition, several other studies have reported
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a range of 10-25 pg of Fe/cell in HelLa cells (the same employed here) when SPIONs

were used with a transfection agent?®*2%,

The fact that the cells treated with complexed SPIONs showed more iron content
compared to those treated with bare SPIONs at both SPION concentrations tested was,
at first, surprising. However, we could hypothesize the following: since the coating of 2,3-
dimercaptosuccinic acid (DMSA) causes SPIONs to be negatively charged, they may
experiment repulsion with cell membranes. This effect might be reversed by the
presence of positively charged OM-pBAEs, thus explaining the higher uptake values of
complexed SPIONs compared to the bare ones. Although it is not yet clear, it has been
reported that the mechanism of cellular uptake of DMSA-SPIONs may be related to
endocytosis®®. Moreover, such cell uptake pathways are susceptible to saturation.
Therefore, it is most probable that a high concentration of free SPIONs (in the naked
sample) will saturate the route of entry, and this may lead to a high number of SPIONs
to remain in the extracellular media. In other words, when one single SPION-containing
NP enters a cell, several SPIONs attached to the pBAE will enter at once. By contrast,

the bare SPIONs must be internalized one at a time by each cell receptor.

To sum up, these results indicated that more intracellular iron is obtained for a fixed
concentration of SPIONs when these magnetic nanoparticles were complexed with
pBAE and pDNA as compared to when SPIONs were internalized alone. Thus, in terms
of cell uptake, the gene delivery system consisting of a multicomponent nanoparticle was

more efficient than naked SPIONs.

3.4.2.2 Uptake of complexed SPIONs and spherical AuNPs in PANC-1 cells

Next, an uptake study regarding both SPIONs and spherical gold nanoparticles was
proposed. In this case, the cell line was PANC-1 and all samples contained polyplexes
at a fixed concentration. Complexes of OM-pBAE polyplexes and SPIONs or AuNPs
were incubated at different metallic NP concentrations for 48 h. After this incubation, the
washing and digestion procedure of cells, detailed in Materials and Methods section,
was carried out before determining their intracellular content of iron or gold through ICP-
MS.

In both the cases of iron and gold OM-pBAE-metallic complexes, higher uptake values

with increasing concentrations of the metallic NPs at a fixed OM-pBAE-NP concentration
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were obtained (Figure 23). For all the metallic NP concentrations tested (2.5 to 10 pg
mL™"), OM-pBAE-gold NP complexes showed higher cell uptake as compared to the OM-
pBAE-SPIONs at the same concentrations. This difference was accentuated at 10 ug
mL™" of metallic NPs. These results are in accordance with the higher impairment of cell

viability previously discussed for OM-pBAE-AuNP complexes.
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Figure 23. PANC-1 iron and gold content after incubation with nanoparticles. Inductively coupled plasma-mass
spectrometry (ICP-MS) analysis to determine cellular iron content of PANC-1 cells treated with SPIONs and gold NPs at
three different concentrations and with OM-pBAE polyplexes.

3.4.3 Gold NPs are internalized in a shape-dependent manner

Then it was studied if for a same metallic element, the shape of nanoparticles would
imply differences in cell uptake. To do so, non-spherical gold nanoparticles were
synthetized. In other words, aimed at analyzing differences in the uptake of metallic NPs
regarding their morphology, the uptake of gold nanospheres and gold nanorods (AuNR)
was compared. First, the physicochemical characterization of this type of gold NP was

carried out.

3.4.3.1 Gold nanorods synthesis and characterization

The synthesis of gold nanorods (AuNR) was performed as detailed in Materials and
Methods section. The TEM images in Figure 24A showed that rod-shaped gold
nanoparticles (AuNR) were effectively obtained. The sizes of these particles were
determined using ImagedJ software, resulting in a mean length of 26.9 £ 1.7 nm and mean
width of 10.3 £ 1.3 nm. Thus, the aspect ratio (length divided by width) of our AUNR was
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2.6. The UV-vis spectrum of AuNR (Figure 24B) showed two peaks, with their maximums
at 530 and 650 nm, corresponding to their two distinct surface plasmon resonances
(SPRs). There is one resonance that is due to the width of the nanorod (the one at 530
nm in this case), called the transverse SPR, and one caused by the length of the nanorod
(at 650 nm in our synthesis), called the longitudinal surface plasmon resonance
(LSPR)?®. These SPRs are easily tuneable with slight variations in synthesis. A red shift
of the LSPR occurs when the aspect ratio of the gold nanorods is increased while the
transverse SPR remains at the same wavelength®®. Size, aggregation, and changes in
the media surrounding the gold nanorods can also be observed using UV-Visible
spectrophotometry. To sum up, gold nanorods with the typical morphology and UV-vis

spectrum were obtained.
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Figure 24. Characterization of gold nanorods. (A) TEM images of gold nanorods. Scalebars = 10 nm in the upper

image and 50 nm in the lower one; (B) UV-vis spectrum of gold nanorods.

3.4.3.2 Single cell ICP-MS

Once the properties of these NPs were proven to be the desired ones, HelLa cells were
incubated with them and with gold nanospheres in order to study differences on cellular

uptake according to the shape of nanoparticles.

The gold content of HelLa cells treated with different-shaped gold nanoparticles was
quantified. Cells were treated with either bare gold nanospheres (AuNPs), bare gold
nanorods (AuNR) or complexes made of C6R OM-pBAE and one of these gold NPs (S-
type NPs). 3 h after incubation, the cellular gold content was quantified through single
cell ICP-MS.
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The introduction and development of Single Particle ICP-MS (SP-ICP-MS) has opened
a new area of research which allows the rapid detection and analysis of metal-based
particles in a variety of matrices and applications®'>?'*, The key feature of SP-ICP-MS
is that it allows discrete pulses of positively charged ions to be detected and measured
in a time-resolved manner using microsecond (us) data acquisition rates. Briefly, when
a nanoparticle enters the plasma, it is completely ionized, producing a burst of ions which
can be detected with ICP-MS. While conventional ICP-MS looks at a continuous signal,
the output from SP-ICP-MS looks at discrete signals: one nanoparticle yields one ion
burst, with the intensity of the resulting signal being related to the size of a particle (nm)
and the number of pulses being related to the particle concentration (part/mL). The key
to SP-ICP-MS is rapid, continuous measurement, which minimizes the chance of more
than one particle being detected at the same time and ensures that particles are all
counted. SC-ICP-MS allows users to monitor metal content within single cells for intrinsic
metal content, uptake of ionic and/or nanoparticulate contaminants, handle lower cell

numbers compared to conventional methods, and use minimal sample preparation®'*.
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Figure 25. Single cell ICP-MS analysis of HeLa cells.

The single cell ICP-MS analysis (Figure 25) verified, first, that untreated cells did not
contain a significant number of peaks corresponding to gold particles. By contrast, all the
other tested samples did. Interestingly, the cell content of gold for both spherical and
rod-shaped gold nanoparticles — and therefore the uptake of such particles — was
increased when combined with OM-pBAE polyplexes. The presence of OM-pBAE has

shown a similar effect on both spherical and rod-shaped gold nanoparticles. That is, OM-
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pBAE enhanced the internalization of gold nanoparticles. This result shows a shared
tendency with the ICP-OES performed in HelLa cells with SPIONs (Figure 22), where
iron particles were more internalized when complexed to our polyplexes. It is also
consistent with the prior ICP-MS performed in PANC-1 cells (Figure 23).

Between the two different shapes of gold nanoparticles tested, the spherical gold NPs
(AuNPs) showed higher cell uptake than the nanorods (NR). In fact, OM-pBAE-
complexed NR showed lower uptake than bare gold nanospheres. This result is in
accordance with previous studies that have reported that with increasing aspect ratios,
the cell uptake of nanoparticles is decreased and that, therefore, the spherical
morphology of nanoparticles favors their cell uptake'”"?'°. In addition, the traces of the
CTAB surfactant that is employed in the synthesis of gold nanorods lead to positive net

218 which may impair their interaction with proteins in the medium

charges of these NPs
and cellular receptors involved in cell uptake. The difference in the net charge of AuNP
versus NR might also be determinant in both their interaction with OM-pBAE molecules

and their cellular uptake profile.

According to the calibrations performed, the mass of a gold nanoparticle was
calculated to 275 ag (2.8*107"° kg). Using this value and the data from the equipment, it

was possible to build Table 5.

Table 5. Single cell ICP-MS results

Sample Most frequent Most frequent Average mass Average humber
mass detected number of NP/cell detected of NP/cell
AuNP 56 1.5 148 1.5
NP+AuNP 246 6.6 426 4.3
NR 46 1.2 136 1.4
NP+NR 141 3.8 289 29

This table shows the average and most frequent mass detected in each sample
(second and fourth columns) and the calculation of the equivalent numbers of gold
nanoparticles per cell (columns 3 and 5). This is one of the most interesting properties
of single cell ICP-MS, which allows to estimate the number of NPs internalized by each
cell. It is worth noting that since for gold nanorods no standard samples were available
for calibration, the analysis was performed as if they were gold nanospheres. Therefore,
although the mass of gold detected was correct, the calculated numbers of NP/cell were

an approximation.
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3.44 Transfection efficiency does not correlate with NP uptake

Once the different studies on cell uptake of the different complexes and metallic NPs
were carried out, it was next evaluated which factors were behind these results. To do
so, SPIONs and spherical gold nanoparticles were employed together with the C6R
polyplexes, but the gold nanorods were not used for this study, since they showed lower
cell uptake.

Considering that one of the major challenges for non-viral vectors is the effective
dissociation of nucleic acid from their carriers and subsequent endosomal escape when

internalized inside the cells?'”

, an efficient cell uptake does not necessarily imply a
successful transfection. For this reason, the transfection efficacy of our complexes was

explored.

To determine transfection efficacy, flow cytometry was employed. The percentage of
cells expressing the reporter gene GFP was the parameter used for quantification and
untreated cells were used as negative control (C-). Figure 26 shows that cells treated
with OM-pBAE-based NPs alone or with metallic complexes exhibited transfection
efficacies of at least 15%. This indicated that all vectors were not only uptaken by cells,
but also reached the cytosol and delivered their cargo to the nucleus for GFP to be
expressed. These results illustrated that metallic NPs did not impair the translocation to
the cells nuclei nor the GFP expression. In fact, PANC1 cells treated with complexes at
any metallic NP concentration led to significantly higher transfection efficacies as

compared to those incubated only with OM-pBAE NPs (Figure 26).
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Figure 26. Transfection efficacy of the complexes on PANC1 cells. (A) Representative fluorescent images of PANC1
cells treated with different complexes: I= C-; 1I=NP; llI=NP+SP at 5 yg mL™"; IV= NP+AuNP at 10 ug mL™. Scalebars =
100 um; (B) Transfection efficacy as measured by FACS. Error bars correspond to six independent replicates. P values

were calculated as compared to the cells exposed to pBAE NPs alone (NP), where ***p<0.001 and **p<0.01.
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GFP fluorescence increased for SPIONs concentration up to 5 ug mL™" and decreased
at 10 ug mL™". The same sweet spot was observed for the second metallic NP complexes
tested in this study, AuNP (Figure 26). In both cases, NP internalization did not correlate
with the transfection efficacy. While metallic NP concentration showed a positive
correlation with cell uptake (Figure 23), transfection efficacy exhibited a drop when cells
were incubated with NP-metallic complexes above 5 pug mL™'. This is especially
remarkable for NP+AuNP complexes at this concentration, which showed three times
more cell uptake than the NP+SP counterpart but no disparities in transfection efficacy.
Two explanations could be behind these findings: 1) despite multiple cleaning steps, OM-
pBAE-metallic particles measured with ICP-MS could be physically adsorbed to cell
surface rather than internalized. 2) In addition, as it has been previously stressed, not
only cell uptake defines a good transfection vector. The endosomal escape, DNA
integrity and dissociation from their carriers are equally important to ensure a good

218,219 and

transfection efficacy?'’. Although NP design helps ensure DNA integrity
dissociation?°, some studies point out that proteins found at the surface of the vector
may also play a key role not only in cell internalization, but also within the cell?'??2, Thus,
studying the PC formation of these OM-pBAE and OM-pBAE-metallic complexes is
crucial to understand the enhanced transfection efficacy to better engineer efficient gene

transfection vectors.

3.4.5 Protein corona modulates uptake and transfection

As discussed in the introduction of this chapter, NP cell uptake and subsequent release
of their cargo to the cytoplasm determine the efficacy of gene delivery vectors. Cell
uptake is altered by the components found in biological media that are adsorbed on their

223 A drastic surface modification is

surface and trigger distinct internalization pathways
suffered by NPs when placed in complemented cell medium, due to the presence of
biomolecules that immediately bind to their surface. This leads to the formation of a
dynamic multilayer protein deposition known as protein corona. This PC will vary
depending on the physical properties of the nanoparticle?”®. The PC confers a new
identity to the NP that will dictate the biological behavior of the vectors as some proteins
forming the PC may enhance or impair the NP internalization. For this reason, the
physical properties of the complexes have been characterized after incubation in
complemented cell medium. Since the most abundant proteins in FBS are mostly
negatively charged, the protein corona formed around the different complexes has led

to negatively charged vectors: -36.2 £ 1.9 mV for pBAE-NPs, -36.5 + 1.2 mV for NP+SP
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and -38.1 + 1.4 mV for NP+AuNPs. These very similar values of net charge obtained
among the different vectors indicated that the protein-driven interactions might be behind

the differences in cell uptake of these complexes.

3.4.5.1 Preliminary protein corona characterization

In order to demonstrate the role of proteins in modulating cell uptake, different
techniques were employed. First, the widely used Bicinchoninic acid assay (BCA) and
sodium dodecyl! sulphate polyacrylamide gel electrophoresis (SDS-PAGE) techniques
were proven inefficient for the characterization of the protein corona of OM-pBAE
complexes (data not shown). The reason, probably, was that polymeric nanoparticles
were destabilized by the washing steps and reagents used in these techniques, and

results were senseless.

Then, since in our group there is recent expertise in the use of nanoDSC for the
characterization of biocoronas, this equipment was employed for a preliminary
characterization of PC?°?2*, This technique enables the study of the denaturation of the
hard corona and provides a static information®®. Although nanoDSC is a technique
commonly used for thermal studies of biomolecules (conformational transition of
biological macromolecules)?®®, biochemical reactions®®’ or characterization of

nanoparticles?2®-2%

, only recently, nanoDSC has emerged as a standard technique for
the characterization of the protein corona. It should be noted that this technique studies
both hard PC and soft PC, due to the absence of previous washes during sample
preparation to remove weakly bound proteins. In nanoDSC while heating or cooling a
sample, thermal changes in the same sample are accompanied by an exchange of heat;

hence the temperature of these transformations and heat flow can be determined.

During the incubation, some of the proteins in the media begin to form the protein
corona. Consequently, after the protein corona formation, the amount of free proteins
decreases. During adsorption on the nanoparticles, proteins may undergo structural
rearrangements called “conformational changes”. The nature of a protein is different if
the protein is part of the protein corona or if it is a free (unbound) protein. It is possible
to differentiate the proteins’ stability according to the binding state of the protein. The
major part of proteins that form protein corona are less stable than the free proteins (soft
PC). It has been reported that the binding of proteins to planar surfaces often induces
significant changes in secondary structure. Study of a variety of NP surfaces and proteins

will allow the demonstration that the perturbation of protein structure appear. For
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instance, serum albumin adsorbed on NPs surfaces shows a rapid conformation change

at both secondary and tertiary structure levels®*'.

More in detail, in the present work, the T, of the protein coronas of two different
nanoparticles was compared to the Tn of the serum bovine albumin (BSA). This
temperature (Tw) is known as transition midpoint and it is considered as the temperature
at which 50% of the protein is in its native conformation, while the rest is denatured. The
proteins denatured undergo the destruction of both the secondary and tertiary structures,
only the primary structure (sequence of amino acids) remaining the same. Higher Tn,

values would be representative of more stable molecules??%2%’

Firstly, the BSA protein corona was formed on the AuNPs surface following the
methodology described in materials and methods. No washes were performed. After the
formation of PC, the cell of the nanoDSC was filled with this suspension. Three
temperature cycles were performed, between 37 and 98 °C (melting point of albumin
depending on literature and conditions is between 59.7 and 79.5 °C)?*2%3*, During the
first cycle the denaturation of the protein that form the protein corona occurred and
therefore the melting point (Tr) can be calculated in this cycle. The second one was to
cool down the cell. Finally, the third cycle, where all protein was denatured, was to obtain

the baseline.

AuNR
BSA
AuNPs

Figure 27. Thermograms of gold nanoparticles and nanorods incubated with BSA.
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Figure 27 shows the T of BSA at 79.1 °C. Then, the two T of the PC of gold
nanospheres (AuNPs) and gold nanorods (AuNR) are dependent on the characteristics
of each of the nanoparticles. Therefore, the thermodynamic profiles are different. Gold
nanospheres present their peak (Tm) at 80.5 °C, while nanorods Tn is found at 76.9 °C.
This result indicates that the protein corona formed on nanorods is less stable (lower
temperature of melting) than the bare BSA. By contrast, the deposition of albumin over
spherical gold nanoparticles increases slightly the T, of the system (from 79.1 to 80.5
°C). This is in accordance with the morphology of these two gold nanoparticles: as earlier
detailed, rod-shaped particles show a higher aspect ratio and therefore, their curvature
is lower (only present in the edges). Thus, the proteins deposited along the planes of the
nanorods have lower space available and might show steric impediments and repulsion
among them (Figure 28). For this reason, BSA molecules may deposit on the surface of

spherical gold nanoparticles (that possess high curvature) with higher stability.

AuNR
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Figure 28. Schematic representation of the BSA deposition on gold nanospheres and nanorods.

In conclusion, the less stable PC formation of NR as compared to nanospheres could
explain the differences in cell uptake observed in Figure 25. It has been here proved that

the morphology of NPs influences the protein corona formation and stability.

3.4.5.2 Proteomics studies of PC

It was next studied the PC formation in a mixture of proteins, rather than a dispersion
with one single protein, as for nanoDSC experiments. The aim was to correlate uptake
and transfection studies performed so far with specific proteins present in the cell

medium that may adsorb on nanoparticles’ surface.

When designing gene delivery vectors, it is desired to obtain vectors with a net positive
charge so that they can interact with anionic cell membranes. However, the study of how
the protein corona around NPs modifies their charge has been gaining relevance as it

impacts gene transfection. The PC formation was initially categorized as an unavoidable
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234235 Nonetheless,

but undesired phenomenon that impairs transfection efficacy
different studies have proposed that some components of the biocorona might have a
positive impact in cell uptake and, similarly, the presence of certain proteins can also
enhance transfection?*®2%_ Thus, the goal of the proteomic studies presented here was
to characterize the PC of the carriers studied in this work in order to better understand
the enhanced transfection efficacy with OM-pBAE-metallic complexes obtained so far

(Figure 26).

To this end, the protein corona formed when NPs were added to the cell media
complemented with FBS was characterized with MS. Since proteins from the soft corona
exchange with high dissociation rates, the hard PC is more likely to interact with cell
receptors to allow internalization and cause some effect on transfection. Therefore, the

hard corona was isolated using a protocol described elsewhere'%®

. OM-pBAE polyplexes,
metallic NPs and complexes of both were incubated with DMEM complemented with
FBS. After PC isolation, LC-MS was used to determine the Exponentially Modified
Protein Abundance Index (emPAl) value for each sample, which is proportional to the
absolute protein concentration. Then, the 50 most abundant proteins were selected and
a heatmap was built (Figure 29). This figure shows different protein corona profiles for
each of the samples characterized in this work. Bare gold nanoparticles (AuNP) resulted
in a less diverse protein corona spectrum as compare to bare SPIONs (SP). This is in
agreement with a previous work that showed that the NP material, among other

parameters, plays a key role in the biocorona formation and composition®3,
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Figure 29. Mass spectrometry data for the different NPs used. . (A) Heatmap of the bare metallic particles (AuNP
and SP), the OM-pBAE alone (NP) and the OM-pBAE combined (NP+SP and NP+AuNP) where blue indicates high
emPAl value and white indicates absence of protein; (B) Venn Diagram of the proteins found in each transfection complex
studied.

Similarly, complexation of pBAE NPs with metallic NPs also led to distinct protein
profiles. Differences in the protein coronas of these three systems (NP, NP+SP and
NP+AuNP) were less noticeable as compared to the clear differences in PC profiles
between the two bare metallic NPs, probably because the addition of metallic particles
did not modify entirely the surface area of original polyplexes as reported in chapter Il.
However, the data here presented indicated that the addition of metallic NPs greatly
modifies individual protein abundances, which may trigger the observed differences in
cell transfection. Due to the high sensitivity of this technique, 68% of the proteins from
this top 50 list were shared, at least at low abundances, between the tree vectors (Figure
29B).

Previous studies have linked albumin — the most abundant protein in serum — adsorption
with higher transfection rates by triggering unspecific cell uptake and endosomal escape
under acidic conditions239,240. Although both OM-pBAE-metallic complexes exhibited

higher emPAIl values for albumin presence compared to bare OM-pBAE NP, the
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differences of NP+AuNP with the bare OM-pBAE counterpart resulted non statistically
significant. Only three proteins found in both pBAE-metallic particle complexes were
absent in the bare OM-pBAE polyplexes (Figure 29B): secreted phosphoprotein 24,
hyaluronan-binding protein 2 and serotransferrin. Phosphoprotein 24 (Spp-24) is a
secreted bone matrix protein that is involved in bone remodelling. It binds to bone
morphogenetic proteins (BMPs), which orchestrate cell survival and have been linked to
cancer initiation and progression. Spp-24 has been shown to affect the activity of BMP
by triggering cell apoptosis of PANC-1 cells241. Hyaluronan-binding protein 2 (HABP2)
is a serine protease that undergoes an autocatalytic cleavage that converts the
expressed single chain into a functional heterodimer. It may play a role in the coagulation
cascades as it is known to activate the coagulation factor V11242. Similarly, to the Spp-
24, it may act as a tumor suppressor by inhibiting cell proliferation and migration243. In
the present work, no differences in cell viability have been observed between complexes
that lack these proteins on the biocorona (bare OM-pBAE NP) and those that contain
them (Figure 20

Figure 20. HeLa and PANC-1 cell viability when incubated with OM-pBAE-NPsB, 5 ug
mL-1). These proteins found in the OM-pBAE-metallic complexes may have been found
at too low concentrations to impair the cell viability in PANC-1 cells. Serotransferrin is
known to bind to iron and was also found in the top 50 most abundant proteins for both,
bare SPIONS and NP+SP. This was the only transferrin found in the top 50 list from all
the NP studied and was not found in OM-pBAE NP alone but on the NP-metallic
complexes. This protein has been linked to higher cell uptake through two internalization
pathways depending on their size as proposed by Simdes et al. Larger carriers are
unspecifically uptaken by cells through non-coated pi-mediated endocytosis, similarly to
albumin. On the other hand, smaller complexes found in the range of the particles used
in this work undergo a transferrin receptor (TfR) driven endocytosis®?'. The latter
internalization pathway has been previously described in different cell types, especially
in tumor cells which overexpress this TfR**4%%°_ Thus, the presence of transferrin upon
the addition of metallic NPs might trigger a higher cell uptake as compared to the bare
OM-pBAE NPs. More importantly, this protein has been described as a transfection
enhancer as it facilitates the endosomal escape into the cytoplasm??%244246.247 Thege
internalization pathways triggered by albumin and transferrin explain, at least partially,
the enhanced transfection of both metallic complexes. Thus, the different protein corona
profiles observed might drive the enhanced gene transfection efficacy of the carriers

studied in the present work.
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It is important pointing out that because of the complex and dynamic behaviour of this
biocorona, multiple events can be triggered simultaneously. That is, other proteins
composing the PC may also contribute to the enhancement of the transfection efficacies
observed so far in this work. Although this proteomic data may not completely explain
the uncorrelated effects between transfection and cell uptake, it has shown an effect in
transfection efficacy, probably due to the role of distinct protein adsorption. Therefore,
studying the PC of gene delivery systems is crucial to understand the proteins that are
implied in NPs’ cell uptake and endosomal destabilization. That is, knowledge on PC of
gene delivery systems is key to understand the overall cell response to their presence.
These findings could be further exploited to pre-form the biocoronas to engineer high

performance gene delivery vectors.
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3.5 Concluding remarks

In this chapter, the quantification of the cell biocompatibility of our gene delivery
systems has been performed in order to establish the working concentrations range with
no adverse effects. Cell viability of both HeLa and PANC-1 cells was not impaired by
either bare SPIONSs, bare gold nanoparticles or complexes of these metallic particles
with OM-pBAEs in a broad range of concentrations. SPIONs showed cell compatibility
up to 100 pg ml™" in HelLa cells. AuNPs showed higher levels of toxicity as compared to
SPIONSs, since PANC-1 viability was reduced from 25 pg of AuNP ml™" on. For these
reasons, the working concentration for any further cell experiment comprising SPIONs

or gold NPs was fixed below 25 ug mL™ of metallic particles.

Different versions of Inductively Coupled Plasma (ICP) have been employed for the
study of cellular uptake. A broad study comprising different cell lines (HeLa and PANC-
1), nanoparticles and complexes has been carried out. Cell uptake of the complexes
increased at higher metallic NP concentrations, with AuNP exhibiting greater
internalization compared to SPIONs. Moreover, rod-shaped gold nanoparticles have
been also effectively synthetized. However, as expected, they showed a less efficient
cell uptake than spherical gold nanoparticles. This might be explained by both the
morphology and net charge differences between the two types of gold nanosystems.
Interestingly, cell uptake of both gold nanospheres and nanorods as well as of SPIONs
was increased when the metallic particles were complexed to OM-pBAEs. In the specific
case of SPIONSs, the internalization of such particles was nearly doubled in the presence
of OM-pBAEs.

On the other hand, the addition of metallic particles to the OM-pBAE NPs enhanced
the transfection efficacy on PANC-1 cells at any of the ratios tested (2.5 to 10 yg mL™ of
metallic particles). However, differently to cell uptake, transfection profiles showed a
sweet spot at 5 uyg mL™" of SPIONs and AuNPs. Therefore, higher uptakes did not

correlate completely with higher cell transfection rates.

In order to understand the obtained differences in the uptake and transfection profiles
among NPs, the protein corona of the different complexes was isolated and analyzed.
Proteomic data identified protein candidates that correlate with this enhanced
transfection. Albumin and transferrin have been previously linked with higher transfection
efficacies due to an enhanced unspecific and receptor-driven cell internalization,
respectively. More importantly, they have shown to trigger endosomal escape allowing

the cargo molecules to reach the cytosol of the cell. These findings highlight the
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importance of understanding the biocorona composition and its correlation with
transfection, which can be used to engineer pre-formed PC to enhance gene delivery

efficacies.

Once the cell uptake and the transfection of our gene delivery system and the factors
that might affect them have been assessed, in the next chapter the properties of SPIONs
and gold nanoparticles will be exploited in order to obtain improved gene delivery
systems and to modulate cellular mechanisms in cell lines that are difficult to modify.
Different ways to incorporate the SPIONs onto the OM-pBAE polyplexes will be explored,
a selection of effectively transfected cells will be tested and a platform for designing and

tuning further transfection experiments will be proposed.
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Chapter IV — Designing and enhanced transfection system for mesenchymal stem cells

4.1 Introduction

In the previous chapters we have detailed a profound view into the cell mechanisms
that rule the overall fate of gene delivery systems, so that genetic modification of cells
could be better understood. In this chapter, this knowledge is applied and additional
features from our gene delivery systems will be exploited to amplify their applicability. In
other words, taking into account the cellular mechanisms behind cell transfection,
discussed in chapter Il, and the effect of protein corona on the cell uptake profiles of
different nanoparticles, reviewed in chapter Ill, it is here proposed the application of our
gene delivery systems to a more challenging purpose: the modification of mesenchymal
stem cells for further use as cell therapy strategies. To do so, research on improved gene

delivery vectors will be first approached.

As discussed earlier in this thesis, the success of gene therapy is largely dependent
on the development of a vector or vehicle that can selectively and efficiently deliver a

248 Also, substantial efforts have been devoted

gene to target cells with minimal toxicity
to the development of new Magnetic Nanoparticles (MNPs), the understanding of their
behaviour, and the improvement of their applicability in many different areas. Magnetic
cell labelling, hyperthermia, magnetic resonance imaging (MRI), tissue engineering and
repair and biochemical separations are some of the applications for which MNPs have

d?*%-%' Moreover, they have become key players in what is

been extensively investigate
called theranostics, which consists on the combination of diagnostic and therapeutic
entities into one drug delivery vehicle®?. These new tools will have a profound impact on
disease prevention, diagnosis and treatment, and, in the end, on the development of
personalized medicine®®. In fact, magnetic nanoparticles in combination with polyplexes
were employed in previous chapters of this thesis. The biocompatibility of these systems,
their modification of the interaction of gene delivery systems with proteins present in the
medium, and the alteration of their cellular internalization and intracellular fate were

proven.

Superparamagnetic Iron Oxide Nanoparticles (SPIONs) are a type of magnetic
nanoparticles that consist of a magnetic core, surrounded by a hydrophilic and
biocompatible coating to prevent agglomeration and ensure stability. These MNPs stand
out due to their magnetic core that generally involves either magnetite (FezO.) or
maghemite (y-Fe2Os3) and provides superparamagnetic properties. In addition, they can
be functionalized with ligand molecules to achieve a certain function (e.g., targeting,

membrane crossing or endosomal escape) and can also transport different substances
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and molecules, such as chemotherapeutic agents, antibodies, nucleic acids,
radionuclides, etc. To date, they have been used: (a) as contrast agents for MRI and
magnetic cell labelled tracking in diagnostic applications?*9?%%4 and (b) for
magnetofection, which is a transfection technique that uses magnetic fields to attract
particles containing magnetic nanoparticles into cells®®*®, SPIONs are, by far, the most

commonly MNP employed for medical applications®®

. Also, in the previous chapters, it
has been demonstrated that the presence of SPIONs alters the autophagy process in
Hela cells, increases cell uptake of OM-pBAE polyplexes in HeLa and PANC-1 cells and
results suggest that they also improve the transfection efficiency of such systems in

PANC-1 cells.

Considering that such SPIONs are biocompatible, have been already used as part of
gene delivery systems, and have shown to play a role in the cellular mechanisms behind
cell transfection, their expanded use in combination with OM-pBAEs and genetic material
was proposed. A broad transfection study comprising different carriers and cell lines
ranging from more permissive to highly restrictive cells was carried out in order to find

the best performing systems that could be further used to transfect stem cells.

In the present work, 2,3-dimercaptosuccinic acid (DMSA)-coated SPIONs were
employed. Since surface coating is the most important parameter affecting cell
interaction and in vivo distribution®®, magnetite-based ferrofluids need a surface coating
in order to stabilize them and avoid their reactivity with non-desired molecules or their
aggregation at a physiological pH. Due to its chemical properties as chelating agent, the
FDA approved the use of DMSA for treatment of heavy metal poisoning in humans in
1989. This fact has been used to support its application as a biocompatible stabilizing
coating for MNPs, since DMSA alone shows low-toxicity in various biological systems

already studied®?.

In iron oxide nanoparticles, DMSA molecules are bound
symmetrically to the magnetite nanoparticle surface through oxygen atoms, and the Fe—
O-C linkage is similar to a polar covalent bond. These SPIONs have been proved to
have excellent properties in terms of efficiency and biocompatibility for application to

201

target cancer cells such as MCF-7 breast cancer cells®', and have been already used

for nanothermometry, magnetic separation, and bioremediation®*2,

124



Chapter IV — Designing and enhanced transfection system for mesenchymal stem cells

Rl

sH 0
HO !\)k
o
+ T oH
o =2

Meso 2,3-dimercaptosuccinic acid (DMSA)

Figure 30. DMSA coating of SPIONs

Thus, we have here explored different strategies to form OM-pBAE nanoparticles
containing both pDNA and SPIONs to transfect a variety of cell lines, aiming to determine
whether SPION-containing OM-pBAE nanoparticles were able to enhance the efficiency
of transfection of pPDNA/pBAE polyplexes. Additionally, the magnetic feature of SPIONs,
will allow the separation of efficiently transfected cells through the application of a

magnetic field.

When cells are genetically modified, they can next be employed for several further
purposes including immunotherapy, stable transgene expression in eukaryotic cells,
theranostics, ex vivo models for clinical applications, and cell therapy strategies®*®-2¢3,
Most of these applications, especially the ones related to cell therapy, require a selection
of successfully modified cells to increase the probabilities of achieving a final beneficial
effect, and, therefore, the enrichment and selection of genetically modified cells become
a key matter®'. At this point and given the current growing interest in the combination of
both gene and cell therapy strategies, a system allowing simultaneously the genetic
modification of cells and their subsequent selection for in vivo implantation would be of

great interest.

Taking advantage of the fact that we have a well-performing gene delivery system with
the possibility to perform cell selection after cell modification, the work presented here
could help improve current stem cells therapies. There is a great difficulty of efficiently
deliver genetic material to stem cells due to their reluctance to be transfected, and clinical
application of these strategies is hindered by expensive and complex regulatory
requirements. Also, the lack of successfully modified cells can lead to counterproductive
therapies. Putting together the knowledge of our gene delivery systems in terms of
uptake and cell trafficking and the possibility to perform magnetic selection, the work
presented here could be of great interest for further use of stem cells in cell therapy

strategies.
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It has been discussed that OM-pBAE polyplexes are valid and well-known gene
delivery vectors and that they are able to enter cells efficiently and cause an effect. These
polymers will be the basis of the delivery systems that will be used in the present chapter.
As reported in chapters Il and Ill, multicomponent nanoparticles composed of OM-pBAE
polyplexes and a metallic component will be employed. Moreover, new ways to
incorporate the metallic nanoparticles to the polyplexes will be also explored.
Considerable attention will be devoted to the metallic component of the particles,
including gold and iron-based MNPs, with a special focus on the SPIONs because of

their high impact on cellular mechanisms shown in chapter II.

So, in the present chapter a wide range of transfections will be performed, and results
will be analyzed according to what has been exposed in the previous chapters. Also, the
magnetic selection of cells will be employed as a complement to the gene delivery
systems allowing for clinical implantation of such systems. Finally, a platform for cell
modification applicable to more challenging cell lines will be proposed. In conclusion, the
overall results of this thesis will allow for the design and application of gene delivery
systems with enhanced cell transfection efficacies. Through the understanding of the
cellular responses behind cell transfection, it will be possible to customize new cell

therapies thus improving their efficiency.
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4.2 Aims

In order to achieve the main objective of the present chapter, the following tasks were

proposed:

» Explore different ways to complex SPIONs and OM-pBAE polyplexes to form
different types of nanoparticles and study the ability of such complexes to

transfect different cell lines.

» Analyze the effect of the presence of SPIONs on the transfection efficiency of
polyplexes made of OM-pBAE and GFP plasmid in both permissive and reluctant

to transfection cell lines, and select the best performing systems.

» Perform an efficient sorting of magnetic labelled cells according to the
internalization of SPIONs that allows the separation of cells containing the
nanocomplexes formed by SPIONs, DNA and OM-pBAEs from the non-

containing ones.

» Study the potential of the newly developed gene delivery systems as vectors for

improved cell therapy applications in mesenchymal stem cells.
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4.3 Materials and Methods

4.3.1 Materials

Reagents and solvents used in this chapter were purchased from Sigma-Aldrich.
Plasmid pmaxGFP (3486 bp) was obtained from Amaxa. CR3 (NH2-Cys-Arg-Arg-Arg-
COOH) peptide was obtained from GL Biochem Ltd (Shangai). DMSA-coated SPIONs
(hydrodynamic size = 45 nm; surface charge = -12 mV; stock SPIONs dispersion,
dispersed in water as the dispersant) were performed by Unit 9 of the Plataform of
Production of Biomaterials and Nanoparticles of the NANBIOSIS ICTS, by the
Superficies y Particulas Nanoestructuradas del Instituto de Nanociencia de Aragon (Pl
J. Santamaria) group'**'**. Cos-7, HelLa, U-87 MG and AMSC cells were obtained from
ATCC (Manassas, VA). Products for cell culture (media, PBS, glutamine, penicillin-
streptomycin solution, Lipofectamine® 2000) were obtained from Gibco, Hyclone and
Invitrogen. SYBR™ Safe was obtained from Invitrogen (CA, USA). Magnetic and sterile-
stored MS Columns were purchased from Miltenyi Biotec S.L., (Bergisch Gladbach,

Germany).

4.3.2 PBAE synthesis and modification with oligopeptides

One of the best performing poly(B-amino ester) basic structures is C32 polymer, which
is obtained by addition of 5-amino-1-pentanol to 1,4-butanediol diacrylate, as described
in literature®4-2%6, However, the positive charge provided by the tertiary amine of the C32
structure was proved to be inefficient for DNA encapsulation. To overcome this issue,
the modification of C32 ends with short and positively charged oligopeptides, as
described by Dosta et al."*” was proposed. In particular, R3 oligopeptide (Cys-Arg-Arg-
Arg) was used. Tri-arginine end-modified pBAE C32-CR3, was obtained by end-
modification of acrylate-terminated C32 polymer with thiol-terminated tri-arginine
oligopeptide. Although good DNA complexation and cell transfection results were
obtained with oligopeptide-modified C32, the hydrophilic nature of this polymer leads to
unstable nanoparticles. Therefore, the addition of a partially hydrophobic chain was
suggested. 1-hexylamine, which is more hydrophobic than 5-amino-1-pentanol, was
used. Nanoparticles synthesized at a ratio of 1.2:0.5:0.5 1,4-butanediol
diacrylate:hexylamine:5-amino-1-pentanol were found to be more stable and to transfect
cells with higher efficiency'’. The modification of C6 ends with short and positively

charged oligopeptides (C6-CR3), follows the same scheme as for C32.
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4.3.3 SPION-containing nanoparticles manufacturing

Three types of nanoparticles were formed and tested: (a) Nanoparticles where the
SPIONs and DNA are encapsulated by the polymer, named “T” (together); (b)
Nanoparticles where the DNA is encapsulated by the polymer and then SPIONs are
added to the solution, named “S” (separated); (c) Multicoating nanoparticles consisting
of 4 layers: a nucleus formed by SPIONs; a polymer layer encapsulating the nucleus; a
plasmid DNA layer and another polymer layer to ensure the DNA encapsulation, named
“M” (Figure 31).

Figure 31. Scheme of the different structures hypothesized for SPION-containing nanoparticles

All these nanoparticles were freshly prepared in sodium acetate buffer solution (25
mM, pH = 5.5) and incubated for 30 min at 37 °C. Then they were nanoprecipitated in
serum-free DMEM (4.5 g glucose mL™ without glutamine, pH = 7.2) prior to each
transfection or in PBS (1X, pH = 7.4) prior to its DLS analysis. The complexes
polymer:DNA:SPIONs were synthetized mixing equal volumes of polymer solution with
DNA and/or SPIONSs solution at different ratios.

The synthesis of 50 pL of S-type C32-CR3:pGFP (50:1) SPION-containing
nanoparticles at 5 pyg of SPIONs mL™" is described in detail as an example: One
Eppendorf was prepared with 25 uL of pGFP DNA solution in Sodium Acetate buffer 25
mM to get a concentration of 3x102 ug of DNA pL™". Another Eppendorf was prepared
using 0.75 uL of C32-CR3 at 100 mg mL™" diluted in Sodium Acetate buffer 25mM at 25
uL final volume. The Eppendorf containing the DNA solution was homogenized with a
micropipette and its whole volume (25 pL) was added to the polymer solution Eppendorf,
which had just been vortexed for 10 seconds. This mixture was incubated at 37 °C for
30 min. Then, nanoparticles were further diluted 10 fold in PBS or DMEM and the
necessary volume of SPIONs was added in order to have a final concentration of 5 ug
of SPIONs mL™".
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4.3.4 Gel retardation assays
Gel retardation assays or electrophoretic mobility shift assays (EMSA) were performed
to confirm the complexation of plasmids with polymers and SPIONs. T,S and M-type
nanoparticles were used. The polymer to pDNA ratio was fixed to 50:1 (w/w) with 2.5 or
5 ug mL" SPIONs. pBAE—pDNA complexes were freshly prepared and added to wells
of agarose gel (0.8%, SYBR™ Safe used as staining agent). Samples were run at 80 V

for 30 min (Apelex PS 305, France) and visualized by UV illumination.

4.3.5 Biophysical characterization of SPION-containing nanoparticles

4.3.5.1 Dynamic Light Scattering

The particle average hydrodynamic diameter (size) of the nanoparticles was
determined by Dynamic Light Scattering (DLS) using a Zetasizer nano ZS (Malvern
Instruments Ltd., United Kingdom, 4-mW laser). All the measurements were performed
at 25 °C with 30 seconds equilibrium time using a wavelength of 633 nm. Correlation
functions were collected at a scattering angle of 90 °, and the Malvern particle sizing
software (DTS version 5.03) was used to determine the particle size. The equipment was
set to perform 3 measures each of which consisting of 10 cycles of measurements. The
final size value of each sample was equivalent to the mean of these 3 measures. The
size distribution was given by the polydispersity index (PDI). This is a value between 0
and 1 that indicates how does the size of the nanoparticles in the sample differ among
them; a value of 1 indicates a lot of variability in sizes and thereby that the sample is not
homogeneous; a value close to 0 means that the nanoparticles of the sample are very
uniform in size. The samples to analyze by DLS were prepared diluting 100 pL of
nanoparticles solution (in acetate buffer) in 1 mL final volume of PBS 1X previously

filtered (0.22 ym) to simulate cellular environment.

The surface charge of the SPIONs:pBAE:DNA polyplexes (C potential) was determined
from the electrophoretic mobility by means of the Smoluchowski equation®’. The
potential measurements for each sample were performed in ftriplicates and every
measurement consisted in 10 cycles of an applied electric field. The difference in
potential when applying a constant voltage of 20 mV was determined by the DLS
equipment. For this measures, 700 uL of the previously diluted nanoparticles were added

into a ¢ potential cuvette.
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4.3.6 In vitro experiments

4.3.6.1 Cell lines
Different cell lines were used in the present chapter, all of them obtained from ATCC:

= Cos-7 cells (ATCC CRL-1651) are fibroblasts derived from African green

monkey kidney tissue.

» Hela cells (ATCC CCL-2) are derived from a cervical cancer taken from a 31-

years-old patient.

= U-87 MG cells (ATCC HTB-14) are human primary glioblastoma cells with
epithelial morphology. This cell line was obtained from a stage IV 44-year-old

cancer patient.

= AMSCs (ATCC PCS-500-011) are adipose-derived mesenchymal stem cells

from healthy human adults.

All cell lines were thawed and cultured in cell culture dishes. Culture media of these 3
cell lines was DMEM (4.5 g glucose mL™" without glutamine, pH = 7.2) supplemented
with 10% Fetal Bovine Serum (FBS, Hyclone, Utah USA), 1% penicillin/streptomycin
mixture and the amino acid glutamine. Cells were grown on incubators at 37 °C with 5%
CO. atmosphere during successive passages, most of the times at ratio 1:5 every 2 or 3
days. Depending on the experiment, cells were cultured in 6, 12, 24 or 96-well plates,
being this last one the most frequently used. Maintenance cell passages were done in
100x20mm polystyrene cell culture dishes (Thermo Fisher Scientific, Waltham, MA
USA).

4.3.6.2 Cell transfection

For a 96-well plate, the detailed procedure of transfection was as follows. Cells were
seeded on the plate at a concentration of 4x10* cells/cm?. Seeded cells were incubated
at 37 °C in 5% CO, atmosphere for 24 h before transfection. SPION-containing

pBAEs/DNA nanoparticles were prepared as described above using pGFP. Polyplexes
were nanoprecipitated and diluted in serum-free DMEM at a final concentration of 1.5 ug
pGFP mL™. Then, cells were washed with PBS and 200 pL of the nanoparticles solution
were added to each well at a final pGFP concentration of 0.3 pg/well. Cells were
incubated for 2 h at 37 °C in 5% CO,atmosphere. Subsequently, transfection media was
removed and fresh supplemented media was added to the cells. Twenty-four hours later,

GFP expression was observed by fluorescence microscopy and 48 h after transfection,
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cells were incubated for 5 min with trypsin-EDTA at 37 °C in 5% CO; atmosphere and
fixed with previously filtered paraformaldehyde (PFA, 0.22 pym, 2% in PBS). GFP
expression was quantified by flow cytometry (BD LSRFortessa cell analyzer) and
compared against a negative control of untreated cells and a positive control of

Lipofectamine® 2000 (Invitrogen by Life technologies, Thermo Fisher Scientific).

4.3.7 Magnetic cell sorting

HelLa cells, were transfected with different transfection agents: C6CR3-based
nanoparticles without SPIONS (NP), S- and M-type nanoparticles at 5 ug of SPIONS
mL™" (S and M), and lipofectamine 2000 (C+). After that, they were trypsinized and fixed
and further sorted using MS columns. For these sorting experiments, 24-well plates were
employed. For each sample, a new column was used. First, the column was placed in
direct contact with strong magnets and it was equilibrated by loading 1 mL of previously
filtered PBS. The sample was then loaded, and the eluted fraction (nonmagnetic cells)
was collected. Then, the magnet was removed, the column was placed on another
Falcon tube, and the retained fraction (magnetic cells) was eluted by adding 2 mL of PBS
and pressing the plunger. Thus, two fractions were obtained from each sorted sample.
Apart from the sorted samples, replicates that were not sorted were also prepared. Then,
these non-sorted samples together with the magnetic and nonmagnetic fractions of each
sorted sample were centrifuged at 1000 rpm for 5 min. The supernatant was discarded
until only 200 yL of media or PBS was left, and the pellet was resuspended. This was
analyzed by flow cytometry (FACS) in terms of GFP expression and number of cells, and
it was possible to determine whether the SPIONs and the DNA/pBAE complexes entered

together in the cells or not.

4.3.8 Statistical analysis

GraphPad Prism software was used for the statistical analysis. Two-way ANOVA and
t-test were applied to find out statistical differences between groups or between each
condition as compared to the control group, respectively. The significance of the
difference in the data is *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 regarding
controls of untreated cells (C-) or cells treated with DNA/OM-pBAE nanoparticles without

SPIONs (NPs), depending on the experiment.
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4.4 Results and Discussion

In the previous chapters, the characterization of the gene delivery systems used
hereinafter was performed. These complexes were used to study both their interaction
with proteins modulating their cellular uptake and the intracellular mechanisms affecting
overall transfection results. Also, their locations within the cells were assessed. Here,
besides the addition of SPIONs to the pre-formed OM-pBAE/DNA polyplexes, other
ways to complex SPIONs to these polyplexes were exploited with the aim of finding
possible better performing systems. Then, these multicomponent nanoparticles were
employed to transfect different cell lines and to select effectively transfected cells.
Finally, the overall results of this thesis altogether will open the door to the design of

improved stem cell modifications for use in cell therapy strategies.

4.4.1 Manufacturing of multicomponent nanoparticles

Considering previous results from our group and results disclosed in previous chapters
in this thesis, it has been demonstrated that DNA can be encapsulated by means of
cationic OM-pBAEs'®" and that SPIONs can be incorporated in such polyplexes,
respectively. Aimed at finding SPION-containing nanoparticles with high efficacies in cell
transfection, different ways to form DNA-loaded SPION-containing nanocarriers were
explored. In particular, the three types of nanoparticles explained in the Materials and
Methods section were formed and tested: (a) Nanoparticles where the SPIONs and DNA
were encapsulated by the polymer, named “T” (together); (b) Nanoparticles where the
DNA was encapsulated by the polymer and then SPIONs were added to the solution,
named “S” (separated); (c) Multicoating nanoparticles consisting of 4 layers: a nucleus
formed by SPIONSs; a polymer layer encapsulating this nucleus; a plasmid DNA layer;

and another polymer layer to ensure the DNA encapsulation, named “M”.
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Figure 32. Manufacturing and characterization of SPION-containing nanoparticles. (A) Scheme of the different
structures hypothesized for SPION-containing nanoparticles (T = together nanoparticles; S = separate nanoparticles; and
M = multicoating nanoparticles); (B) EMSA of naked pGFP (pGFP) and the plasmid complexes with only pBAE (NP) and
with pBAE + SPIONSs, at the indicated concentrations, with the different type of structures (T, S or M); (C) Hydrodynamic
diameter (in nm) and zeta potential (in mV), by DLS analysis, of nanoparticles without SPIONs and different SPION-
containing nanoparticles at a fixed SPIONs’ concentration; (D) Polidispersity Index (PDI) of the same nanoparticles; (E)
Layer by layer zeta potential analysis of M-type SPION-containing nanoparticles. All data correspond to mean +/s SD

values of, at least, three replicates.

“T” type of SPION-containing nanoparticles was formed following the most similar
procedure to the SPION-free nanoparticles (NP without SP). First, a gel retardation
assay confirmed the complexation of the plasmid with the pBAE polymer, without and
with the presence of SPIONs (Figure 32B). As shown in Figure 32C, these nanoparticles
showed a bigger hydrodynamic diameter than nanoparticles without SPIONs (NP wo SP)
but in the acceptable size range and a positive surface potential. “S”-type nanoparticles
are equally formed as the NPs with the exception that just when they precipitate, SPIONs
are added to the solution. Thus, SPIONs are thought to be attached to the nanoparticle
surface. These NPs showed almost the same size and zeta potential than nanoparticles
without SP (NP wo SP). Although it could be expected a negative surface charge due to
the hypothesized presence of the SPIONs at the external part of the nanoparticle, these
nanoparticles remain cationic because we did not add enough SPIONs to form a
continuous layer surrounding the whole nanoparticle surface. This was made in order to
maintain the cationic character of the nanoparticles, required to enhance cell
transfection. Finally, “M”-type SPION-containing NPs are the most differently formed
from conventional DNA/OM-pBAE NPs, as they imply a layer by layer (LbL) deposition
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of the different elements. The LbL deposition of oppositely charged polyelectrolytes on
the surface of condensed DNA or viral particles has been largely employed®27°,
However, LbL on the surface of inorganic nanoparticles, such as the SPIONs employed
here or the gold nanoparticles, has recently attracted attention from researchers because
of their capability to deliver therapeutic genes to human cells®’. The higher
hydrodynamic diameter and PDI (Figure 32C and D) of these particles was expected

because of the LbL procedure®-?"",

Evidence of the LbL deposition could be observed analyzing the zeta () potential of
multicoating nanoparticles of C32-CR3 pBAE at a weight ratio of 50:1 with the pGFP and
ata SPIONSs concentration of 5 ug mL™ (Figure 32E). As previously mentioned, a nucleus
of SPIONs, which are negatively charged due to its DMSA coating, was covered with an
initial layer of polymer, which was positively charged, inducing a drastic change of the ¢
potential of the nanoparticles formed, from clearly negative to positive values.
Subsequent addition of DNA produced a change of the { potential from positive to
negative, thus demonstrating that it was interacting with the positive nanoparticles
previously formed. Similarly, further additions of either polymer or DNA layers switched
the C potential of the polyplexes. The plot on Figure 32E shows the { potential switches
derived from three polymer layers. However, because of their excessive size (data not
shown), M nanoparticles with three polymeric layers were not employed. Further
experiments were carried out with two polymer layers M-type nanoparticles, which are
formed by a total of 4 layers including the SPIONs nucleus, the 2 polymeric layers and
the DNA layer.

4.4.2 SPIONs’ optimal concentration for transfection assays

Once these three approaches to form SPION-containing nanoparticles were
characterized in terms of size and polydispersity, their transfection efficiency was next
analyzed. We first determined the optimal SPIONs concentrations to work with and then

which type of SPION-containing nanoparticles should be chosen for further experiments.

First, a screening of different SPIONs concentrations into DNA/OM-pBAEs polyplexes
was conducted with the aim to choose the ones showing more transfection efficiency.
Considering the cell compatibility results obtained with the SPIONs (chapter lll), a range
between 0 and 20 ug of SPIONs mL™" was chosen. This experiment was performed with
Cos-7 cells, since they are considered a permissive cell line, and with one common type

of nanoparticles (T-type) for all the SPIONs concentrations. The other types of SPION-
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containing nanoparticles would be latter deeply analyzed in terms of transfection

efficiency.
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Figure 33. FACS analysis regarding the transfection efficiency screening of different SPIONs concentrations into
C32-CR3:pGFP(50:1) T nanoparticles. Their percentage of GFP expression was measured by FACS. The values are
the mean * SD of experiments carried out in triplicate. The significance of the difference in the data is *p<0.05, **p<0.005,

***p<0.0005 and ****p<0.0001 regarding cells treated with DNA/OM-pBAE nanoparticles without SPIONs (0). “ns” means

no significance. C+ are cells treated with Lipofectamine® and 0.1 pg of pGFP/well and C- are untreated cells.

The expression of the reporter gene GFP was used to evaluate the transfection
efficiency. FACS analysis allowed for the quantification of transfection efficiency as
detailed in Figure 33. Remarkably, this figure indicates that at a SPIONs concentration
ranged between 2 and 10 ug mL™ the transfection efficiency significantly increased in
comparison to nanoparticles that did not contain SPIONs (NPs), indicating that probably,
below 2 pg of SPIONs mL™ the amount of these magnetic nanoparticles might not be
enough to cause any effect on the cells. On the other hand, at concentrations higher
than 10 pug of SPIONs mL™, these magnetic nanoparticles (MNP) may agglomerate
leading to inefficient uptake of polyplexes. This plot also reveals that the highest
percentage of transfected cells was observed around 5 pg mL™" of SPIONs. From
concentrations higher than 5 yg SPIONs mL™", transfection ratios decreased. Thereby,
0.5, 2.5 and 5 pg of SPIONs mL™" were the chosen concentrations to work with in further
experiments. Interestingly, these working concentrations are far from the toxicity range
of SPIONs showed in chapter Ill. Also, this is in accordance with previous results where
S-type NPs at 5 ug of SPIONs mL™ showed increased transfection efficiency in PANC-

1 cells.
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4.4.3 Transfection screening of the different SPION-containing nanoparticles

Once the SPIONs concentrations were established, the most efficient type of
nanoparticle had to be chosen. In order to do so, Cos-7 cells were treated with the three
types of nanoparticles formed (T, S and M) at 0.5, 2.5 and 5 ug of SPIONs mL™. The
transfection efficiency of all the different conditions was first observed by fluorescence
microscopy (Figure 34A) and then quantified by FACS (Figure 34B).
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Figure 34. Transfection screenings of the different nanoparticles. (A) Fluorescence microscopy images of the T, S
and M C32-CR3:pGFP (50:1) nanoparticles transfections on Cos-7 cells at different SPIONs concentrations. (I): 0.5 T;
(I11): 0.5 S; (lll): 0.5 M; (IV): 2.5 T; (V): 2.5 S; (VI): 2.5 M; (VII): 5 T; (VIIl): 5 S; (IX): 5 M; (X) NPs without SPIONSs; (XI):
Positive control of Lipofectamine®; (XIl): Negative control of untreated cells and (B) Screening of T, S and M C32-

CRS3:pGFP (50:1) nanoparticles transfections on Cos-7 cells at different SPIONs concentrations.
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Given the results showed in Figure 34, S nanoparticles were chosen because of their
higher transfection results at the two largest concentrations of SPIONs. In addition, S
nanoparticles’ transfection results showed lower variability in comparison to T
nanoparticles. Moreover, the presence of SPIONs improved cell transfection of S
nanoparticles at all the concentrations tested, as compared to non-loaded NPs.

Therefore, in further cell transfections this type of nanoparticles was selected.

On the other hand, despite not showing significant differences with NPs in two of the
three concentrations of SPIONs tested, M nanoparticles were also chosen for further in
vitro studies because of their singularity due to their LbL structure. In many applications,
this kind of structures could be very useful, for the possibility to load different types of

active principles in the different layers of the complex.

444 SPIONs improve cell transfection of OM-pBAE/pDNA polyplexes

Experiments detailed in chapter Il showed that the presence of SPIONs altered
autophagy and exosomes production, suggesting the modification of the fate of gene
delivery systems. Also, results from chapter Il and above in this chapter suggested a
positive effect of SPIONs on cell transfection. In order to confirm it and to determine if
the results obtained so far were applicable to different types of cells, transfection
efficiency of S and M nanoparticles, prepared at 0.5, 2.5 and 5 pg of SPIONs mL™" was
studied in three different cell lines (Cos-7, HeLa and U-87 MG). In particular, the
expression of the reporter gene GFP was analyzed through flow cytometry analysis.
These experiments were performed using two different polymers: C32-CR3, abbreviated
as C32-R and C6-CR3, named C6-R. The latter was used because of its capability to

form more stable nanoparticles, due to its hydrophobic moiety'*’

, able to be lyophilized
without changing their physicochemical properties®. The balance between stability of
the polyplexes and cytotoxicity would determine the best performing polymer for each

cell line.

As mentioned before, Cos-7 is considered as a quite permissive to transfection cell
line. Then, cells from a cervical cancer (HelLa), which are more difficult to transfect®’,
were analyzed. Finally, the glioblastoma cell line U-87 MG was employed as a model of
cells that are highly difficult to modify using non-viral vectors?’2. This growing complexity
in cell modification was designed in order to optimize the nanoparticles’ formulations and

solve the large issue of modifying mesenchymal stem cells.
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Figure 35. Transfection efficiency results of S and M-type C32-CR3:pGFP (50:1) (A to C) and C6-CR3:pGFP (25:1)
(D to E) SPION-containing nanoparticles into Cos-7 (A and D), HeLa (B and E) and U-87 MG cells (C and F). Values
correspond to the mean + SD of triplicates of a same experiment. t-test was applied to find out statistical differences. S

Lipofectamine transfection reagent; C- = cells incubated

= multicoating nanoparticles. C+ =

separate nanoparticles; and M

with only media. Scale bars are different depending on cell line to facilitate the reading.

As previously shown, SPIONs remarkably increased transfection efficiency of C32-

CR3 polylpexes in Cos-7 cells (Figure 33 and Figure 35A). The transfection efficiency of

these polyplexes was almost doubled when 2.5 or 5 ug of SPIONs mL™" were added to

the NPs, and for any of the three SPIONs concentrations tested it was higher than when

using NPs. No significant differences were observed between the two highest

concentrations of SPIONs or between S and M nanoparticles. On the other hand, we
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also tested C6-CR3 polymer. This polymer is very similar to C32, although due to
modifications on its lateral chains, it is more hydrophobic. This small change did not
induce changes in the physicochemical properties of nanoparticles (data not shown). In
the case of C6-CR3-based polyplexes (Figure 35D), differences were observed between
the types of nanoparticles used: not all the nanoparticles tested increased the
transfection efficiency of the nanoparticles without SPIONs. This only happened with 2.5
and 5 ug of SPIONs mL™ for S nanoparticles and 5 ug of SPIONs mL™" for M ones.
Therefore, for C6-CR3 based polyplexes 5 ug of SPIONs mL" was the best performing
concentration of the three evaluated, and S NPs were the best type of nanoparticles.
According to the absence of cytotoxicity at both 2.5 and 5 pg of SPIONs mL
concentrations, and given that both concentrations showed similar transfection efficiency
results, we selected the one with the higher SPIONSs loading to facilitate magnetic sorting

in future experiments.

Regarding HelLa cells (Figure 35B and E), the transfection efficiency of C32-CR3
polyplexes was remarkably increased when 2.5 or 5 ug of SPIONs mL™ were added to
the S nanoparticles or when 5 ug of SPIONs mL™" were added to the M ones. At this
SPIONs concentration, S and M showed the same transfection efficiency and, at lower
concentrations, the transfection was higher in S ones. In the case of C6-CR3 polyplexes
the transfection efficiency was only clearly increased with the S NPs at 5 pg of SPIONs
mL™" (Figure 35E).

Finally, the percentages of GFP expression in U-87 MG cells gave evidence of their
reluctance to transfection (Figure 35C and F). However, the transfection efficiency of
C32-CR3-based polyplexes on these cells was significantly enhanced by the presence
of SPIONs at their highest concentration (5 yg mL™) on M nanoparticles, and at any of
the concentrations tested for S nanoparticles. The best performing SPIONs
concentration was clearly 5 ug mL™ and at this concentration S and M nanoparticles
showed 3-fold enhanced transfection efficiency. The transfection efficiency of C6-CR3-
based polyplexes without SPIONs (NP) was higher than that of C32-CR3 ones on U-87
MG cells. Regarding SPIONs, they had a positive effect on transfection efficiency on this
cell line for any concentration and any type of C6-CR3-based SPIONs-containing
nanoparticles tested. Interestingly, S nanoparticles with 5 ug of SPIONs mL™' showed the
best result, doubling the transfection efficiency of NP. In conclusion, SPIONs show a

clear enhancer effect on the transfection of U-87 MG cells.

The fact that in the three cell lines tested C6-CR3 polyplexes without SPIONs (NPs)
showed higher or at least the same transfection efficiencies than C32-CR3s was not
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surprising because C6 polymers were designed to improve the stability, packaging
capacity and transfection efficiency of their C32 counterparts™’. Also, C6-based
polyplexes in general needed higher amounts of SPIONs to show significantly increased
transfection efficacy. It has been discussed that although not all the combinations
between DNA, OM-pBAEs and SPIONs tested were able to significantly enhance cellular
transfection, the clear majority of them did show higher transfection efficiency than the
same NPs only combining OM-pBAE with DNA (NP). This assertion applies to the two
types of nanoparticles tested (S and M) although better results were obtained with the S
ones. Thereby, the transfection efficiency enhancer effect of SPIONs in Cos-7, HeLa and

U-87 MG cell lines was clearly proven.

Taking an overview of the three cell lines tested, it is possible to assert that in the case
of a permissive cell line as Cos-7, the best performing SPION-containing nanoparticle
tested (C32 5S) can duplicate the transfection capability of C32-CR3-NP. However, in
cells that are more difficult to transfect, such as U-87 MG or HelLa, which show a
transfection efficiency of around 10% when using NPs without SPIONSs, the effect of the
presence of SPIONSs in the polyplexes can achieve 3-fold higher values of transfection
efficiency. Thereby, although the absolute values of transfection on such cell lines are
much lower than in Cos-7 cells, the increase in cell transfection efficiency due to the
presence of SPIONs is higher. These are encouraging results regarding cell therapy
strategies, since the cells that are used for these purposes usually show high reluctance

to genetic modification.

It is worth remarking that transfection efficiency could be further improved by adding a
magnetic field when performing the transfection, to facilitate the movement of the
SPIONs. However, in the present study it was not used, since the capacity of the whole
complexes to transfect cells without external forces was the issue to study, with the aim

to compare with particles without SPIONs loading.

4.4.5 SPIONs allow the selection of effectively transfected cells

As mentioned before, the second major point of this chapter was to select those
genetically modified cells benefiting from the magnetism of SPIONS-containing NPs. To
do so, magnetic columns were used due to their ability to recover the magnetic fraction,

ease of preparation, capacity to work with high number of cells and allowance of a rapid
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and efficient cell separation. The first parameter evaluated was the expression of GFP
before performing the sorting in both fractions (magnetic and non-magnetic) obtained
after the sorting (Figure 36A).
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Figure 36. Magnetic cell sorting. FACS analysis regarding (A) the transfection efficiency of C6-CR3 S and M
nanoparticles on both magnetically sorted and no sorted HelLa cells and (B) each fraction of sorted HelLa cells treated
with S and M nanoparticles. Results are presented as mean +/s SD of triplicates. S = separate nanoparticles; and M =

multicoating nanoparticles; C+ = Lipofectamine transfection reagent; C- = cells incubated with only medium.

As Figure 36A shows, S nanoparticles, as well as the M ones, showed significantly
increased levels of GFP expression on their magnetic fractions as compared to their non-
sorted samples. Accordingly, the eluted or non-magnetic fraction showed lower

transfection efficiency. By contrast, negative and positive controls and NPs (samples
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without SPIONs) maintained their GFP expression level in both sorted and non-sorted

cells, thus demonstrating that sorting did not negatively affect cell transfection.

Next, the magnetic labelling of cells was evaluated. To do so, the number of cells was
normalized between the magnetic and the non-magnetic fraction of the different
conditions and the percentage of each fraction was determined. The magnetic labelling
of HelLa cells treated with both S and M nanoparticles was around 95%. As expected,
the samples without SPIONs (NP, C+ and C-) showed a clear majority of cells that are
not magnetic (95-99%). The low percentages of their magnetic cells can be considered

as default error of the sorting system.

Once the transfection efficiency and the magnetic labelling was analyzed, we next
evaluated what percentage from the total number of cells did represent every category
(Figure 36B), namely: (a) cells expressing GFP and magnetically labelled (GFP+SP+);
(b) cells expressing GFP but no magnetically labelled (GFP+SP-); (c) cells not
expressing GFP but magnetically labelled (GFP-SP+); and (d) cells that neither express
GFP nor were magnetic (GFP-SP-). The first fraction (GFP+SP+) would contain the
desired cells, being both magnetic (have internalized SPIONs) and genetically modified
(express GFP coded by the pDNA). For further clinical applications, enriching this
fraction might be very important to ensure that all the cells re-implanted in a patient are
carrying the therapeutic gene and therefore increase the success’ probability of the
therapy. Collecting these four fractions from the total number of cells, allowed us to

discard false positive and negative events.

Figure 36B shows that the fraction of cells expressing GFP and being magnetically
labelled (GFP+SP+) represented almost the 80% in the case of cells treated with S
nanoparticles. Cells treated with M nanoparticles showed around 60% of this “desired
fraction”, where both transfection and magnetic labelling had occurred. These results
confirm the efficacy of our system. On the other hand, the fraction of cells that were
magnetic but not transfected (GFP-SP+) represents the false positive events. Since
previous studies report that, in cell therapy applications, stem cells could favor tumor
self-growth in vivo®’®, the percentage of cells in this fraction should be reduced. To this
purpose, an appealing strategy could be the covalent attachment of the magnetic

nanoparticles to the polymer.

On the other hand, as shown in Figure 36B, the non-magnetic fraction of samples
without SPIONs (NPs, C+ and C-) represented most of the cells. In the case of NPs and

C+, these non-magnetic cells were distributed between the GFP+ and the GFP-

143



Chapter IV — Designing and enhanced transfection system for mesenchymal stem cells

fractions, according to their transfection efficiency, while in the case of C-, the cells were
GFP- in large majority. To sum up, this magnetic sorting has allowed the massive
separation of each sample into four fractions according to transfection efficiency and

magnetic labelling of cells, showing promising results.

Overall, the obtained results have revealed the enhancer effect of SPIONs on the
transfection of both permissive and reluctant to transfection cell lines. Furthermore, the
presence of SPIONSs in the polyplexes allowed not only such unexpected increase of cell
transfection but also the selective magnetic separation of genetically modified cells. The
enrichment of the transfected cells fraction might be crucial for further clinical cell therapy
applications and therefore, the results presented here open the door to SPION-

containing nanoparticles as promising tools for stem cell-based therapies.
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Figure 37. Schematic summary of transfection and magnetic sorting results'®.

4.4.6 AMSCs transfection with multicomponent nanoparticles

Finally, considering the results of this and the previous chapters, the systems here
developed were transferred to stem cells. The goal was to benefit from the advantages
of such gene delivery systems, namely the high transfection efficacy, the ability to modify
intracellular processes, and the possibility to perform a magnetic cell sorting, to try to

modify stem cells. These cells are usually employed for cell therapy applications and
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present high reluctance to be modified by means of non-viral gene delivery systems.

Thus, the challenge for out multicomponent nanoparticles was substantial.

Adipose-derived mesenchymal stem cells (AMSCs) were employed. Instead of
transfecting these cells and try to understand the obtained results, the strategy used
hereinafter was the following: an intracellular study similar to the one presented in
chapter Il was designed aimed at then helping understand, predict and try to further

improve the low transfection efficiencies that these cells present.

4.4.6.1 Basal autophagy and exosomes production levels in AMSC

cells

Same as with HelLa cells, AMSCs were incubated with the different complexes made
of polymeric nanoparticles (OM-pBAE and pDNA) with or without metallic components
(AuNPs or SPIONs) in order to study alterations on autophagy and exosomes production
cellular mechanisms. First, the basal levels of these mechanisms had to be assessed.
To do so, AMSCs cells were seeded and 24 h later, they were incubated for different
exposure times with regular cell medium. Afterwards, the immunostaining procedure was
performed, and their autophagy and exosomes production basal levels were assessed.
These samples were used as negative controls of untreated cells. CD9 and LC3 were

labelled to monitor exosomes production and autophagy, respectively.

As shown in Figure 38, AMSCs untreated cells showed very low levels of CD9 signal
intensity over the tested timepoints (0.5 to 48 h). Similarly, the autophagy marker (LC3)
showed a slight increase at t = 8h kept until 48 h time. In conclusion, the basal levels of
CD9 and LC3 expression in AMSCs are much lower than the basal levels observed in

Hela cells (chapter II).
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Figure 38. Basal levels of exosomes production and autophagy in AMSC cells at different timepoints. (A) Confocal
images are the merge of DAPI staining channel (blue) and CD9 or LC3 channel (yellow). (B) Quantification of the CD9 or
LC3 intensity. Scalebars = 20 um

4.4.6.2 Assessing exosomes production and autophagy in AMSC

cells transfected with OM-PBAEs-based gene delivery systems

After studying the basal levels in untreated AMSCs of CD9 and LC3 as markers of
exosomes and autophagosomes, respectively, cells were incubated with different

complexes in order to study variations on the expression of such markers.

Same as with HelLa cells in chapter Il, AMSCs were seeded and exposed to the
samples detailed in Table 4 for different timepoints. Here, besides SPIONs, spherical
gold nanoparticles (AuNPs) were also employed. Although these nanoparticles showed
to have a lesser impact on cellular mechanisms as compared to SPIONs on Hela cells
(see chapter Il), they showed to modify cell uptake of bare OM-pBAE polyplexes in both
HelLa and PANC-1 cells (see chapter lll).

Then, after the immunohistochemistry procedure, samples were observed under the
confocal fluorescent microscope and the intensity of the CD9 or LC3 markers was

quantified (Figure 39 and Figure 40).
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Figure 39. Exosomes production in AMSCs in response to different nanoparticles at different timepoints. (A)

Confocal images are the merge of DAPI staining channel (blue) and CD9 channel (yellow). (B) Quantifications of the CD9
intensity. Scalebars = 20 ym

Figure 39 shows, in general, low levels of CD9 in all the samples and timepoints tested.
No significant differences can be appreciated between the negative control of untreated
cells (Figure 38) and the cells treated with OM-pBAE-NPs in terms of exosomes
production. The samples that contain SPIONs (SP and NP+SP) seem to slightly increase
the production of exosomes from t = 3h, whereas gold nanoparticles samples (AuNP and
NP+AuNP) showed their maximum CD9 signals at t = 8 and 48 h exposure times.

At the timepoints tested, AMSCs appear to be less sensitive to polyplexes and metallic
particles in terms of exosomes production than HelLa cells (chapter Il). Although no

significant differences appeared, HelLa cells treated with bare SPIONs and SPIONs
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complexed with OM-pBAE NPs showed increases in CD9 signal as compared
untreated cells (Figure 12)).
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Figure 40. Autophagy in AMSCs in response to different nanoparticles at different timepoints. (A) Confocal images

are the merge of DAPI staining channel (blue) and LC3 channel (yellow). (B) Quantifications of the LC3 intensity.
Scalebars = 20 ym

Regarding autophagy, Figure 40 shows that the presence of OM-pBAE NPs did not
increase the LC3 expression as compared to the control of untreated cells (Figure 38).
Similarly, the samples that contained gold nanoparticles, either alone (AuNPs) or
complexed with OM-pBAE NPs (NP+AuNP), showed no gain in LC3 signal at any
timepoint tested compared to the negative control. By contrast, the presence of SPIONs
doubled the AMSCs autophagosome signal from t = 3h in the case of bare SPIONs (SP)
and even earlier, at t= 0.5 h, in the case of complexed SPIONs (NP+SP). The peak of
LC3 expression in these two samples was found after 8 h of incubation.
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These results are comparable to the ones obtained with HelLa cells (chapter Il), where
the process of ferritinophagy was described as a cell clearing mechanism to eliminate
the excess of Fe caused by the presence of SPIONs. Also, SPIONs increased the LC3

levels in Hela cells already after 30 minutes of incubation.

The differences between HelLa cells and AMSCs in terms of exosomes production and
autophagy in response to our different nanoparticles could tentatively help explain the
difficulty to genetically modify stem cells using non-viral vectors’’. The hypothesis that

we posed in chapter Il was summarized as follows:
Cell uptake — T Autophagy — | Exosomes production

Endosomal escape > Autophagy — T Transfection

In brief, the cell internalization of nanoparticles would cause an increase in the
endosomal escape process, damaging the endosomes and causing the triggering of
autophagic mechanisms. However, if the endosomal escape is greater than the
autophagy, the system will be efficient in terms of cell transfection although having the
autophagy rate increased. In parallel, this triggering of autophagy and endosomal

escape will be a handicap for exosomes production.

Since the NPs used for both HeLa and AMSCs were the same and the cell media too,
the biological identity of the NPs (the one that the cells “see”) was the same. Therefore,
the systems are comparable. The first process that could be distinguished between the
two cell lines is the cellular uptake. It has to be kept in mind that the internalization route
of cationic polyplexes or nano-carriers is highly cell type dependent and may vary
between different cell lines*. In order to study if the uptake is indeed very different in
AMSCs as compared to HelLa cells, ICP studies of OM-pBAE nanoparticles containing
metallic components could be designed. This way, if uptake was indeed deficient, the
low transfection efficiency of AMSCs could be enhanced by designing and pre-forming
protein coronas around the NPs enriched in proteins that favor cell uptake. Then, as it
has been discussed earlier, the level of autophagosomes in AMSCs was rather low. This
could be used in a favorable way: on the one hand, the gene delivery systems that were
able to escape from endosomes, if not autophagocytosed, they could deliver their cargo
and transfect cells. In the same vein, if the desired cell application was to produce stem
cell-derived therapeutic exosomes, which is a new trend in nanomedicine®1%-1%°_ this

low autophagic flux would be favorable and could be even more diminished using
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autophagy inhibitors®>#™*. In fact, it has been reported that the blockade of autophagy
increases transfection efficacy of polyplexes?’®. Finally, another key process to tackle
when designing gene delivery systems for mesenchymal stem cells would be the
endosomal escape. A study on the cell localization of the polyplexes, labelling
endosomes would be of great interest. It has been reported that cationic nanoparticles
are internalized by mesenchymal stem cells were located inside cellular compartments
resembling endosomes?’®, but a wider study with our gene delivery systems would be
more conclusive. As detailed in the above formula, the endosomal escape needs to be

greater than the autophagy flux in order to allow an effective cell transfection.

In conclusion, it has been here discussed the application of the knowledge disclosed
throughout this thesis to MSCs-based cell therapies with the goal of improving their
success rates. By having a deeper knowledge of the cellular mechanisms behind cell
transfection, the interaction of nanoparticles with their environment, and the use of
multicomponent nanoparticles, improved systems for cell therapy strategies can be

designed and employed.
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4.5 Concluding remarks

In this chapter, three types of SPION-containing nanoparticles with potential as gene
delivery carriers have been successfully developed and characterized. (a) nanoparticles
where both SPIONs and DNA are encapsulated by the polymer (T); (b) nanoparticles
where the DNA is encapsulated by the polymer and then SPIONs are added (S); (c)
multicoating nanoparticles consisting of 4 layers (M).

The SPIONs concentrations into DNA/pBAEs polyplexes showing more transfection
efficiency have been stablished by screening transfection in vitro tests on Cos-7 cells. In
addition, the influence of the type of nanoparticle on the transfection efficiency has been
assessed. S and M nanoparticles have been selected for further transfection studies
because of their higher transfection efficiency and their singularity in their LbL structure,

respectively.

In vitro transfection experiments have demonstrated that the presence of SPIONs on
the polyplexes formed by pDNA and C32-CR3 or C6-CR3 enhances their cell
transfection efficiency both on a permissive cell line (Cos-7) and on highly reluctant
cultured cells (HeLa and U-87 MG).

The best performing SPIONs concentration and type of SPION-containing
nanoparticle, regarding both polymer backbone (C32-CR3 or C6-CR3) and structure (S
or M nanoparticles) have been established for every cell line studied. In the case of a
permissive cell line as Cos-7, the best performing SPION-containing nanoparticles
tested (C32 5S) can duplicate the transfection capability of C32-NP, achieving around
80% of transfected cells. For cells more difficult to transfect, such as U-87 MG or Hela,
where the transfection efficiency of SPION-free nanoparticles (NP) is around 10%, the
incorporation of SPIONs in the polyplexes can achieve 3-fold higher values of

transfection efficiency.

A commercially available magnetic cell sorter has allowed an effective separation and
the recovering of both magnetic and non-magnetic cell fractions. Therefore, the presence
of SPIONs in these polyplexes has allowed not only this unanticipated increase of cell
transfection but also the selective magnetic separation of genetically modified cells from
the ones that do not contain the foreign DNA. Since the enrichment of the transfected
cells fraction might be crucial for further clinical cell therapy applications, the results here
presented open the door to SPION-containing nanoparticles as promising tools for cell
therapy approaches. The results here presented might be of great value for further steps

towards stem cell-based therapies.
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Finally, the overall results of this thesis have been put together to help understand the
rationale behind the difficulty to genetically modify mesenchymal stem cells. By
comparing the autophagy and exosomes production levels in HeLa and AMSCs, and
using the hypothesis formulated in chapter Il, three key processes of AMSCs have been

pointed out: endocytosis, autophagy and endosomal escape.

In order to improve further transfections in AMSCs, the protein corona engineering,
the modulation of autophagy using inhibitors and the labelling of endosomes have been
proposed as useful tools to overcome the limitations offered by endocytosis, autophagy

and endosomal escape processes.
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Conclusions

In this thesis, multicomponent nanoparticles have been employed to perform a
thorough study of the cellular mechanisms induced upon cell transfection. Gene delivery
systems composed of polyplexes made of OM-pBAEs and pDNA and a metallic
component being either gold nanoparticles or SPIONs have been used to (1) unbox cells
and analyze the intracellular processes that dictate the fate of internalized vectors, (2)
study their interaction with proteins and demonstrate that this phenomenon is key for
their cellular uptake and finally (3) apply the knowledge of their properties and abilities
to genetically modify reluctant to transfection cells that are used for cell therapy

strategies.

Firstly, in order to gain insight into the cell processes of autophagy and exosomes
production, a study using different nanoparticles was proposed. These NPs included
bare OM-pBAE polyplexes, OM-pBAE polyplexes combined with SPIONs or gold

nanoparticles and these metallic nanoparticles without the polyplexes.

e The addition of metallic particles onto OM-pBAE polyplexes was

demonstrated to render particles suitable for cell usage.

e |t has been validated the use of confocal microscopy as a technique to
monitor the basal levels of exosomes production and autophagosomes in

Hela cells.

e The presence of SPIONs increased exosomes production in HelLa cells.
They also triggered their autophagy probably through what is known as

ferritinophagy or iron-related autophagy.

e However, the partial inhibition of exosomes release due to autophagy
activation was proposed as an explanation to these results. That is, SPIONs
increase both autophagy and exosomes production but this later process is
partially hindered by autophagic redirecting of internalized nanoparticles. At
the same time, the damage in endosomes caused by internalized
nanoparticles trying to escape from them was pointed out as a triggering

factor of autophagy.

o After two days, there were still C6R molecules remaining inside cells which

were about to be eliminated via exosome release or autophagy degradation.
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The characteristics of nanoparticles that affect their cellular internalization were next
studied. Also, the cellular uptake of different metallic complexes was quantified and a

proteomics study was carried out to analyze the different protein corona profiles.

e The cell biocompatibility of the different complexes employed in this work
was assessed. OM-pBAE polyplexes, OM-polyplexes with AuNPs or
SPIONs and these metallic particles alone showed no cytotoxicity in a broad

range of concentrations tested.

e Cell uptake of the complexes increased at higher metallic NP
concentrations, with AuNP exhibiting greater internalization compared to
SPIONSs.

¢ Rod-shaped gold nanoparticles have been also effectively synthetized and,
as expected, they showed a less efficient cell uptake than spherical gold
nanoparticles. Interestingly, cell uptake of both gold nanospheres and
nanorods as well as of SPIONs was increased when the metallic particles

were complexed to OM-pBAEs

e The addition of metallic particles to the OM-pBAE NPs enhanced the
transfection efficacy on PANC-1 cells at any of the ratios tested. However,
higher uptakes did not correlate completely with higher cell transfection

rates.

e In order to understand the obtained differences in the uptake and
transfection profiles among NPs, the protein corona of the different
complexes was isolated and analyzed. Proteomic data identified protein

candidates that correlate with this enhanced transfection.

e Specifically, albumin and transferrin have been previously linked with higher
transfection efficacies and they have shown to trigger endosomal escape.
These findings highlight the importance of understanding the biocorona
composition and its correlation with transfection, which can be used to

engineer pre-formed PC to enhance gene delivery efficacies.

Finally, considering the insights into the cell mechanisms that rule the overall fate of
nanoparticles and the factors affecting cellular uptake and transfection, the application
of our gene delivery systems to a more challenging purpose, such as the modification of

mesenchymal stem cells for further cell therapy strategies, was proposed.
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Three types of SPION-containing nanoparticles with potential as gene delivery

carriers have been successfully developed and characterized.

The SPIONs concentrations into DNA/pBAEs polyplexes showing more
transfection efficiency have been stablished by screening transfection in vitro
tests on Cos-7 cells. In addition, the influence of the type of nanoparticle on the

transfection efficiency has been assessed.

The best performing SPIONs concentration and type of SPION-containing
nanoparticle, regarding both polymer backbone and structure have been
established for every cell line studied. In the case of a permissive cell line as Cos-
7, the best performing SPION-containing nanoparticles tested can duplicate the
transfection capability of their C32-NP counterpart (without SPIONs). For cells
more difficult to transfect, such as U-87 MG or Hela, the incorporation of SPIONs

in the polyplexes can achieve 3-fold higher values of transfection efficiency.

The presence of SPIONs in these polyplexes has allowed not only this
unanticipated increase of cell transfection but also the selective magnetic
separation of genetically modified cells from the ones that do not contain the
foreign DNA.

Finally, the overall results of this thesis have been put together to help understand
the rationale behind the difficulty to genetically modify mesenchymal stem cells.
By comparing the autophagy and exosomes production levels in HelLa and
AMSCs, and using the hypothesis formulated in chapter Il, three key processes
of AMSCs have been pointed out: endocytosis, autophagy and endosomal

escape.

In order to improve further transfections in AMSCs, the protein corona
engineering, the modulation of autophagy using inhibitors and the labelling of
endosomes have been proposed as useful tools to overcome the limitations

offered by endocytosis, autophagy and endosomal escape processes.
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