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Abstract

Abstract

HARNESSING THE INTERACTION NANOPARTICLE-PROTEIN FOR THE
DESIGN OF SMART CARRIERS FOR DRUG DELIVERY

NPs have gained promise for its potential therapeutic applications as drug delivery systems. The
common procedure for this purpose is dissolving, encapsulating, and finally adsorbing or adhering a
drug on the NPs surface, avoiding the undesired damage to healthy cells and organs. In the same way,
mesoporous silica nanoparticles (MSN) have recently attracted a lot of attention in the nanomedicine
field due to their singular characteristics. However, the therapeutic efficiency of MSNs when used as
drug delivery systems is often compromised by the pre-release of loaded drug molecules during the
blood circulation and the lack of ability to do targeting. Considering these two problems, we propose in
this doctoral Thesis the utilization of the widely known protein corona to avoid this premature release
by fitting it into the pore. To achieve this, Human Serum Albumin-NP loaded with an antitumor drug for
selective liver targeting MSN has been constructed. The main objective of this work is the development
of a nanoparticle-protein complex capable of an efficient delivery of a therapeutic drug. This complex
should simultaneously avoid premature release and be able to do liver targeting both by effect of the
PC.

To reach this, first of all the synthesis of MSNs has been optimized, in order to obtain MSNs
reproducible and with defined properties. Then, the corresponding characterization of their
physicochemical traits showed that through the design of a DOE it is possible to elucidate which
parameters have a higher influence on MSN synthesis. Furthermore, it has been here demonstrated
that a qualitative and quantitative determination of the protein corona through an innovative use of
analytical equipment is possible, the nanoDSC and ITC. This allows the deepening in the PC knowledge
and control. It has also been assessed the effect of the protein corona in the release profile of an anti-
tumor drug. Finally, the protein corona has been shown to provide a more sustained release of the drug

to a liver tumor cell line, without affecting cell viability.

In conclusion, results have shown that the relationship between the pore size and the protein size
in HSA-MSN systems determine the system’s application. In this work it has been proposed the PC
engineering according to the size ratio between the pore and the protein to use the same proteins that

form the protein corona as gatekeepers while targeting the desired organ.
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Resumen

HARNESSING THE INTERACTION NANOPARTICLE-PROTEIN FOR THE
DESIGN OF SMART CARRIERS FOR DRUG DELIVERY

Las NP han surgido como prometedores sistemas de administracién de farmacos por sus posibles
aplicaciones terapéuticas. El procedimiento comun para este propdsito es disolver, encapsular v,
finalmente, adsorber o adherir un medicamento a la superficie de la NP, evitando el dafio no deseado
a las células y 6rganos sanos. De la misma manera, las MSN recientemente han atraido mucha
atencion en el campo de la nanomedicina debido a sus caracteristicas singulares. Sin embargo, la
eficacia terapéutica de las nanoparticulas de silice mesoporosas (MSN) cuando se utilizan como
sistemas de administracion de farmacos a menudo se ven comprometidas por la liberacion previa del
farmaco cargado durante la circulacion sanguinea y la falta de capacidad para llegar al destino
deseado. Teniendo en cuenta estos dos problemas, proponemos en esta Tesis doctoral la utilizacion
de la “protein corona” para evitar esta liberacion prematura siendo ésta encajada en el poro. Para lograr
esto, se han construido HSA-NP cargadas con un farmaco antitumoral para la direccion selectiva al
higado utilizando MSN. El objetivo principal de este trabajo es el desarrollo de un complejo de
nanoparticulas y proteinas, capaz de un suministrar eficientemente un farmaco terapéutico. Este
complejo debe evitar simultaneamente la liberacién prematura y ser capaz de atacar al higado por
efecto de la PC.

Para alcanzar esto, en primer lugar, se ha optimizado la sintesis de MSN, con el fin de obtener
MSN reproducibles y con propiedades definidas. Luego, la caracterizacion correspondiente de sus
rasgos fisicoquimicos mostré que, mediante el disefio de un DOE, es posible dilucidar qué parametros
tienen una mayor influencia en la sintesis de MSN. Ademas, en el presente trabajo se ha demostrado
que es posible una determinacién cualitativa y cuantitativa de la “protein corona” mediante un uso
innovador de equipos analiticos; el nanoDSC y el ITC. Esto permite profundizar en el conocimiento y
control de la PC. También se ha evaluado el efecto de la PC en el perfil de liberacién de un farmaco
antitumoral. Finalmente, se ha demostrado que la “protein corona” proporciona una liberacién mas

sostenida del farmaco a una linea celular de tumor hepatico, sin afectar la viabilidad celular.

En conclusién, los resultados han demostrado que la relacion entre el tamafo de poro y el tamafio
de la proteina en los sistemas HSA-MSN determina la aplicacion del sistema. En este trabajo se ha
propuesto que, mediante la ingenieria de la PC, segun la relacidon de tamario entre el poro y la proteina
se pueden usar las mismas proteinas que forman la “protein corona” para bloquear la salida prematura

del farmaco mientras se dirige al 6rgano deseado.

Vi
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Resum

HARNESSING THE INTERACTION NANOPARTICLE-PROTEIN FOR THE
DESIGN OF SMART CARRIERS FOR DRUG DELIVERY

Les NP han sorgit com prometedors sistemes d'administracié de farmacs per les seves possibles
aplicacions terapéutiques. El procediment comu per a aquest proposit és dissoldre, encapsular i,
finalment, adsorbir o adherir un medicament a la superficie de la NP, evitant el dany no desitjat a les
cel-lules i organs sans. De la mateixa manera, les nanoparticules de silice mesoporoses (MSN)
recentment han atret molta atencié en el camp de la nanomedicina per les seves caracteristiques
singulars. No obstant aixd, l'eficacia terapéutica de les MSN quan s'utilitzen com a sistemes
d'administracié de farmacs sovint es veuen compromeses per l'alliberament previ del farmac carregat
durant la circulacié sanguinia i la manca de capacitat per arribar al desti desitjat. Tenint en compte
aquests dos problemes, proposem en aquesta Tesi doctoral la utilitzacié de la "protein corona" per
evitar aquest alliberament prematura essent aquesta encaixada al porus. Per aconseguir aix0, s'han
construit HSA-NP carregades amb un farmac antitumoral per a la direccionalitat selectiva del fetge
utilitzant MSN. L'objectiu principal d'aquest treball és el desenvolupament d'un complex de
nanoparticules i proteines, capag¢ de subministrar eficientment un farmac terapéutic. Aquest complex
ha d'evitar simultaniament I'alliberament prematur i ser capag de fer targeting al fetge per efecte de la
PC.

Per assolir aixd, en primer lloc, s'ha optimitzat la sintesi de MSN, per tal d'obtenir MSN
reproduibles i amb propietats definides. Després, la caracteritzacié corresponent dels seus trets
fisicoquimics va mostrar que, mitjancant el disseny d'un DOE, és possible dilucidar quins parametres
tenen una major influéncia en la sintesi de MSN. A més, en el present treball s'ha demostrat que és
possible una determinaci6 qualitativa i quantitativa de la "protein corona" mitjangant un Us innovador
d'equips analitics; el nanoDSC i I'TC. Aixo permet aprofundir en el coneixement i control de PC. També
s'ha avaluat I'efecte de la PC en el perfil d'alliberament d'un farmac antitumoral. Finalment, s'ha
demostrat que la "protein corona" proporciona un alliberament més sostingut del farmac a una linia

cel-lular de tumor hepatic, sense afectar la viabilitat cel-lular.

En conclusio, els resultats han demostrat que la relacio entre la mida de porus i la mida de la
proteina en els sistemes HSA-MSN determina I'aplicacié del sistema. En aquest treball s'ha proposat
que, mitjangant I'enginyeria de PC, segons la relacié de mida entre el porus i la proteina es poden fer
servir les mateixes proteines que formen la "protein corona" per bloquejar la sortida prematura del

farmac mentre es dirigeix a I'd0rgan desitjat.
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Chapter | — Motivations and aims

Introduction: Protein Corona

Nanotechnology is rapidly progressing as a tool for drug delivery
systems allowing to solve several limitations of conventional drugs
such as nonspecific biodistribution and targeting, lack of solubility, poor
bioavailability and low therapeutic indexes. In this study, we describe
the development of a nanoparticle-protein complex capable of an

efficient delivery of therapeutic drugs".

1.1 State of the art

Nanotechnology is the modern multidisciplinary science which studies, understands
and controls the manipulation of materials on a nanometric scale. It is based on the
manipulation of individual atoms and molecules to produce materials from them for
applications well below the sub-microscopic level. Nanotechnology includes many
structures and techniques at a scale around 100 nm. One of the most popular structures
which are object of study by nanotechnology are nanoparticles (NP). NPs can be
classified in two broad families of nanobjects: organic nanoparticles including
dendrimers, liposomes, polymer systems and micelles and inorganic nanoparticles, such
as "quantum dots", carbon nantotubes and all kinds of transition metal nanoparticles and

silica among others (Figure 1)>>*°.

Figure 1: Size-comparison of nanoparticles at nanometer scale.
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NPs are supposed a discovery of the XX century, however artisans in Mesopotamia
were the first to use materials of this type as early as in the IX century BC, to obtain a
glittering effect on the surface of ceramic vessels®’. During the Renaissance and in later
times, the development of visual arts and printing and engraving methods contributed to
the technique of producing fine inorganic and organic dust particles used as dyes or
ink®%'1%"" Despite the usages of nanoparticles, Michael Faraday was the first to provide
a scientific description of the optical properties of nanometric metal particles, in a paper
he published in 1857'2. Ten years later (1867), James Clark Maxwell"®, suggested a
series of concepts of differentiation in nanotechnology, but without using the word
“nanotechnology” to define thin, monomolecular layers'. Despite these early advances
in nanotechnology it took almost 50 years more for the first accurate observations and
measurements, from the hand of Richard Adolf Zsigmondy, who used dark field
ultramicroscopy which allows the visualization of particles smaller than monochromatic
light wavelength and was able to observe 1/1.000.000 mm particles (1914). He was the
first author to apply the term “nanoparticles” explicitly to such particles'. In 1920, Irving
Langmuir and Katharine B. Blodgett, dealing with nanoparticle characterization and
related phenomena that define interface in colloid science, introduced the concept of

monolayer, a layer of material one molecule thick'®"".

In recent years, nanoparticles have helped to considerably improve, even
revolutionize, many technology and industry sectors such as information technology,
homeland security, medicine, transportation, energy, food safety, and environmental
science, among many others'®. Their application to medicine, known as nanomedicine,
concerns the use of precisely engineered materials at this length scale, as nanoparticles,

to develop novel therapeutic and diagnostic modalities'®%.

NPs can be used to overcome some of the limitations found in traditional therapeutic
and diagnostic agents: problems associated with the solubility, bioavailability,
immunocompatibility and cytotoxicity. Some of these limitations have already been
issued through the use of nanoparticles as drug delivery vehicles for increased
circulatory persistence and targeted delivery to specific sites; transporters to promote
their controlled release; adjuvants for vaccines; diagnostic tools and drug delivery

device821 ,22,23,24

One of the most exploited fields of nanoparticles’ technology is precisely their
application in drug delivery. The common procedure for this purpose is the following: the
drug of interest is dissolved, encapsulated, and finally adsorbed or adhered on the

nanoparticles. The advantages of the use of nanoparticles for the administration of drugs
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are mainly due to their particular size, since in many cases they can cross easily the
cellular membrane, get to inflammation sites, pass over the epithelium, and penetrate
into tumours or microcapillaries?>?®. Also, the small particles have a greater surface area-
volume ratio, which favours a greater association of the drug with the molecules of the
target organ (being more exposed) and therefore, a faster release of the drug. On the
other hand, the larger particles have large nuclei, which allows a greater amount of drug

encapsulated by the particles and make the release slower?’%,

After systemic administration, NPs are exposed to fluids, mostly blood, that contain
proteins and other biomolecules. The adsorption of proteins on NPs is so-called “protein
corona” (PC). This adsorption can modify the physicochemical properties of NPs such
as size, surface charge, and functionality, hence conferring a new biological identity to
NPs. This PC determines various biological responses such as fibrillation, cellular
uptake, circulation time bioavailability, and even toxicity, whence the physiological
response29’30’31’32’33.

The proteins in the corona can remain for a relevant time on the NP surface (hard
corona), possibly preventing the adsorption of the other molecules. Other proteins,
instead, dynamically exchange with those in solution (soft protein corona). Due to the
important role that the evolution of the corona plays in the way that NPs interact with
biological systems, it is crucial for any possible biological application to understand how
the processes of the protein adsorption and exchange occur. The formation and kinetic
evolution of the corona, depends on the nanoparticles’ synthetic identity
(physicochemical properties), such as the size, shape, curvature and pore size, among

the others 34,35,36,37,38,39

Figure 2: Schematic illustration of a hard and soft protein corona formation. Hard coronas are
characterized by slow exchange and lower abundance, with a high affinity of proteins, whereas soft coronas

are typed by rapid exchange and lower affinity of proteins with weakly bound outer layers on NPs.
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Since the formation of PC coats the NP surface, some researchers focus on
avoiding the formation of the PC in order to maintain the targeting abilities of the NPs
after their incubation in biological fluids. Moreover, protein corona induces a reduction in
the uptake of the targeted NPs. By contrast, some studies demonstrate that the PC does

40414243 These

not significantly affect the targeting ability of functionalized NPs
contributions prompt two considerations, the first one being the importance of studying
the physicochemical properties of NPs, and the second one the new NP identity provided
by the PC that may result in the loss of targeting properties, thereby affecting the

pharmacokinetics and its payload***.

In spite of these scientific advances, which state that the PC formation affects
negatively or does not affect targeting of the drug delivery system, some drug delivery
systems effectively attach proteins for tumour targeting. For instance, the commercial
complex of paclitaxel and albumin, so-called “Abraxane”, is used to treat pancreatic
cancer*®*’*® |n the same way, albumin is widely used for liver targeting. Some reports
have demonstrated the liver cancer cells’ overexpression of specific human serum
albumin receptors and their ability to internalize large amounts of HSA through the

49805152 = Also, albumin is the most

mechanism of caveolae-mediated endocytosis
abundant plasma protein involved in the natural transport of the nutrients within the body
facilitated by its multiple ligand binding sites, cellular receptor engagement, and a long
circulatory half-life of ~19 days due to interaction with the recycling neonatal Fc receptor.
Exploitation of these properties promotes albumin as an attractive candidate for half-life
extension and targeted intracellular delivery of drugs attached in the NPs’ surface. Thus,

albumin is an interesting next-generation “self’ drug delivery approach®>**®,

Considering all these advances, we propose the construction of a Human Serum
Albumin-NP loaded with an antitumor drug for selective liver targeting using mesoporous
silica nanoparticles (MSN)*®. MSN have attracted a lot of attention in the nanotechnology
field due to their characteristics, such as the high surface area that allows store a large
amount of cargo, the high pore volume, good chemical and thermal stability, non-toxicity
and biocompatibility, morphological ease of modification, among others®’ ¢,
Basically, the mesoporous form of silica has unique properties, particularly interesting
for loading therapeutic agents at high quantities and their subsequent releases®'%%6364,
These MSNs are constituted by a matrix of silica and have pores of a diameter ranged
between 2 and 50 nm®. This singularity provides these NPs with two differentiated

domains: an external surface and an internal one inside the pores®®",
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However, the therapeutic efficiency of MSNs used as drug delivery system is often
compromised by the pre-release of physically loaded drug molecules during the blood
circulation and a lack of ability to do targeting, which accounts for a low level of drug
accumulation in the target cancer cells and undesired damage to healthy cells and
organs®. To improve their therapeutic efficacy and minimize the side effects the block of
the pore of MSNs with desirable sealants for controlled drug release is needed’®. MSN
systems have shown particular promising results in preventing premature release of
drugs in physiological conditions’""*"%. Also, they have been used for controlling drug
release at targeted sites when the pores of MSN are capped with various gatekeepers
anchored to the surface such as metallic nanoparticles, quantum dots, and

macromolecules those being responsive to the complex tumour microenvironment’*">7¢,

To address these issues, the approach detailed hereinafter is that the specific
properties given by the pores allow both an internal space in the pore to load an antitumor
drug and the formation of a PC on the MSN’s surface. It is here proposed the study of
the relationship between the pore size and the protein size, which will determine the
system’s application. That is, three scenarios are possible: proteins adsorbed on the
NPs’ surface, proteins fitted inside the pore and proteins that will enter the NP silica
matrix. And this leads to different applications: organ or tissue targeting*®*°, blocking of
the pores for controlled drug release’” or release of the same protein from the

nanoparticle’®.

Aimed at understanding the influence of the pore size in the behaviour of proteins
and the necessity of blocking the premature release of the drug during the MSN
circulation, in this work it is proposed the PC engineering according to the size ratio
between the pore and the protein to use the same proteins that form the protein corona

as gatekeepers while targeting the desired organ.
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1.2 Aims

The main objective of this thesis is to develop a nanoparticle-protein complex capable

of an efficient delivery of therapeutic drug.

In particular, the specifics objectives goals of the present thesis can be summarized as

follows:

28

Development of a methodology for the preparation of MSN through a DOE in
order to obtain MSNs reproducible and with defined properties such as a size,
shape and pore size; and the corresponding characterization of the

physicochemical traits (Chapter 2. Synthesis Identity).

Formation of a protein corona in the MSN’s surface and correlation of the
synthetic identity with the biological identity that the proteins provide. The
quantitative and qualitative determination of the protein corona through an
innovative use of some analytical equipment to go deep in the PC knowledge and

control. (Chapter 3. Biological Identity).

Assessment of the effect of the protein corona in the release profile of an anti-
tumor drug, use of the protein corona to obtain a more sustained release of the
drug for its use as a drug delivery system to a liver tumor; and the in vitro uptake
and viability, i.e. the physiological response (Chapter 4. Physiological

response)
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1.3 Content of this Dissertation

The multiple important advances in the area of nanotechnology bring nanoparticles
closer to their goal as drug delivery vehicles. Even so, the understanding of how their
synthetic identity has an influence on their biological identity needs to improve in order
to increase the control over the physiologic response of nanoparticles. This way, the

treatment for some diseases could be addressed or enhanced.

Figure 3: Structure of the different chapters.

In this doctoral thesis, it is proposed to prepare a set of MSN with a wide range of
properties with the aim to assess the formation of PC. Therefore, different batches of
MSNs will be synthesized in Chapter Il, in order to have nanoparticles with different
physicochemical properties. To do so, a DOE (Design Of Experiments) is designed to
have differentiated physicochemical characteristics of the nanoparticles by changing the
synthetic conditions. This way, it will be possible to tune the synthetic identity of the
nanoparticles. Moreover, the resulting NP will be properly functionalized to introduce

electrostatic charges and modulate their lipophilicity.

Then, with the aim of obtaining drug delivery systems, the protein corona that is formed
after the systemic administration of nanoparticles will be studied. This protein corona will
be characterized in the Chapter Il through a newly application of a thermodynamic
equipment. The different profiles of PC that are obtained are correlated with the synthetic
identities described in Chapter Il. In the Chapter Il will be devoted to understand the
relationship between the formation of the PC and the pore. Later, in Chapter 1V, the
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mentioned protein-nanoparticle complexes will be exposed to a cellular environment to
evaluate their in vitro response. More specifically two hepatic cell lines are employed,
one being from hepatic carcinoma and the other one healthy hepatic cells. Previously, it
is needed the loading of a drug into the nanoparticle’s pores. In this case, since it is the
most widely employed anticancer drug, Doxorubicin is chosen. Due to the obtained
results it was needed to change DOX by 5-Fluorouracil, an anti-cancer chemotherapeutic

drug with a different molecular structure.

The deep knowledge of the relationship between synthetic identity, biological identity
and the physiological response is key to reach the main aim of this thesis. A nanoparticle
is safe and effective only when its physiological response is understood and can be
controlled. For this reason, this thesis proposes an innovative way to control and
understand the biological behavior of mesoporous silica nanoparticles that can lead to

their use for hepatic cancer treatment.
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Chapter Il — Synthetic Identity

2.1 Introduction

Although several pieces of legislation in the European Union (EU) and USA have
specific references for nanoparticles’, a single internationally accepted definition for
NPs does not exist. However, nanoparticles can be described as materials with length
of 1-1000 nm in at least one dimension although they are commonly defined to be of
diameter in the range of 1 to 100 nm®#'828% Many different criteria can be applied in
order to classify NPs, being one of this the presence or absence of intentionally designed
modifications performed onto nanometric materials. According to this benchmark, the
European Committee for Standardization (CEN) divides NPs in two types: non-

engineered and engineered NPs®*.

Nowadays, the modern multidisciplinary science studies, understands and controls
the manipulation of materials on a nanometric scale engineer NPs for its intentional using
application on modern knowledges, both for their synthesis and characterization. These
nanoparticles can be classified in different categories according to their bulk material,
i.e. if they are made of metals (including Au, Ag, Zn, Ni, Fe, and Cu), metal oxides (TiOx,
Fe,04, SiO,, CeO,, and Al,03)%°%¢, nonmetals (quantum dots)®’, carbon (graphene and
fullerene), polymers (alginate, chitosan, hydroxyethylcellulose, polyhydroxyalkanoates
)88

and polyhydroxyalkanoates, poly-E-caprolactone and pBAEs)™, or lipids (soybean

lecithin and stearic acid)®*°.

Figure 4: Nanoparticles for drug delivery. The mechanisms of the engineered nanoparticles for drug delivery
in cancer stem cell therapy. A summary of nanoparticles that have been explored as carriers for drug delivery

in cancer stem cell therapy, together with illustrations of biophysicochemical propertiesg1.
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Regardless of the material used for the synthesis of the nanoparticles, the most

9293 -
2 je.

important aspect of NP for drug delivery are their physicochemical properties
shape, size, surface charge and functional groups®, affect the way cells in the body “see”

NPs and thus dictate their distribution, toxicity and targeting ability®™ "% (Figure 4).

Among the nanoparticles reported, mesoporous silica nanoparticles (MSN) are
probably the most extensively studied for “smart” drug delivery®®'%"°". Specifically, MSN
offer appealing inherent properties including biocompatibility, controllable uniform
particle size, high mechanical strength and stability, as well as high drug loading
capacities'%2'931%41% The advances on MSNs, exploding their unique structural for drug
carriers, have been well established in pharmaceutical research over the recent
decade'®'"". Typically, MSNs used as drug delivery systems are featured by their
ordered arrays of 2D hexagonal mesopore structure, uniform particle sizes'*® (80-500
nm), large surface areas®*®® (>1000 m?-g™"), high pore volumes (0.5-2.5 cm*-g™"), tunable
pore diameters (1.3-30 nm), controllable particle morphology'® and both exterior and
interior surfaces that could be independently modified with a variety of functional
groups®"'"°. The main special feature when using this type of nanoparticles for drug
delivery is the presence of the porous and the controllable morphology of the NPs''*''2,
This singularity provides these NPs with two differentiated domains, that will be exploited
for the goals of the work here presented: an external surface and an internal one inside
the pores, which provides the NP with an added value'*®. The presence of the pores
arranged in the whole matrix of the nanoparticle allows a high loading of the drug due to
the large surface area. In turn, this porous matrix allows the drug’s ease of release at the
time of need due to the ease with which the drug passes through the rigid structure and
it accesses to the outside. To sum up, this type of NPs gives a high loading capacity of
drug, an ease release of the same and the capacity of differentiation of the two domains
(an external surface and an internal one), on which the capacity of drug release depends.
In addition, by modifying the synthetic methodology slightly, MSNs can be obtained
nanoparticles with well-defined and uniform shapes and sizes will determine their
physiologic response’™. For that reason, they have optimal characteristics for their use

as a drug delivery.

The synthetic methodology for MSN is based on the condensation of silica
precursors, typically sodium silicate or tetraethylorthosilicate, in the presence of cationic
surfactants under basic conditions [4]. In fact, this procedure is an adaptation of the
method described by Stéber in 1968 for obtaining silica nanoparticles. In particular, the

standard preparation consists of mixing a silicate precursor, usually
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tetraethylorthosilicate  (TEOS), with a cationic surfactant, such as a
cetyltrimethylammonium bromide (CTAB), at a temperature between 30 and 80 °C and
pH = 11. The nanoparticles are formed by the sol-gel process catalyzed in basic

medium'">%,

In the first stage of the process, the hydrolysis of the alkoxide takes place. Then,
the silanol groups polymerize by condensation, forming three-dimensional structures
linked by siloxane bonds (Si-O-Si). In the following step, the presence of cylindrical
micelles formed by the surfactant is critical, since they act as a template and will give
rise to the formation of the pores. The cationic surfactant attracts the negative charges
of the silica species, which are concentrated around the micelles forming a tubular silica
structure. The nanoparticle increases in size until the negative charge, introduced by the
silica species, is so high that it stops growing. It should be noted that the size, hexagonal
shape, regularity of the particles and the pore size, i.e. the synthetic identity depend on
various variables such as temperature, rate of addition, agitation, pH and the amount of

S115,94

catalyst used with respect to that of TEO , Which are studied through a design of

experiment.

Finally, the surfactant should be removed from the inside of the pores. To do so,
three methods have been recommended: reflux in acidified alcohol with hydrochloric
acid, treatment with ammonium nitrate or by calcination. These treatments allow the
rupture of the electrostatic interaction that exists between the groups of the cationic
surfactant head and the anionic silicates, which facilitates the elimination of the

surfactant in the mesoporous and the final formation of the particles>""®""".

Figure 5: Schematic representation of mesoporous silica nanoparticles for drug delivery by stimuli.

MSN with different properties can be obtained by altering the factors of its synthesis.
The main objective of this chapter is the obtaining of MSNs with physicochemical

characteristics differences, that is to say with differentiated synthetic identities for its later
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application as a drug delivery for improve the safety and efficacy of the
drugs''®8119120.121.122123 ‘s requires cross-disciplinary research opportunities to design
and develop multifunctional devices that can target, diagnose, and treat devastating
disease such as cancer'®'?*_ In addition, the characterization of the parameters will be
studied hereafter, both for the DOE study and for the correlation in chapters to come
(Figure 22).
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2.1.1 Objectives

Figure 6: Graphical abstract of the Chapter II.
In order to achieve this objective, the following tasks were proposed:

> To optimize a synthetic methodology for obtaining mesoporous silica
nanoparticles with different synthetic identity (size, shape, pore sizes...) and

adequate properties for its use as a drug delivery.

» To use and analyse a Design Of Experiment for the obtaining of

nanoparticles with different physicochemical properties.

» To use different equipment to assess the characteristics of the obtained

nanoparticles and correlate them with the factors studied in the DOE

» To characterize the MSNs’ physicochemical properties, and evaluate the
DOE.

» To obtain new synthetic identities through the addition of functional groups

for the future study of MSN as drug delivery systems.
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2.2 Materials and Methods

2.2.1 Synthesis of MSNs

A solution of 0.2 g of CTAB in 48 mL of A M NH,OH was allowed to rise to B °C
during 30min at C rpm. Then 1 mL of TEOS at D ml/h was added dropwise by an
automatic injector, followed by the addition of E ml of APTES. The solution was stirred
at the same temperature for another 3 h. Solid samples were collected via centrifuging
at 13000 rpm for 13 min, washing and dispersing with deionized H,O and EtOH twice.
Surfactant templates were removed by extraction in acidic ethanol, 0.5 ml of HCI in 20
mL of EtOH at 65 °C for 24 h. Again, samples were collected via centrifuging at 13000
rpm for 13 min, washing and dispersing with deionized H,O and EtOH twice. Then, they
were lyophilized.

Sample A B C D E
(M) (°C) (rpm) (mL/h) (mL)
1 02 60 1100 2  3.85
2 02 80 1100 4 20
3 02 80 1100 2 128
4 02 60 1100 7 20
5 05 60 1100 4 128
6 05 80 1100 7  3.85
7 02 60 550 7 128
8 05 60 550 2 20
9 02 60 550 4 385
101 |05 80 550 7 128
102 |05 80 550 7 385

2.2.2 Synthesis of S112

A solution of 3 g of PVP and 30 mL of 1-pentanol were sonicated during 2 hours at
room temperature. Then, 3 mL of absolute ethanol, 0.84 mL of ultrapure water and 0.2
mL of 0.18M sodium citrate dihydratate (0.5294g/10mL) were added. The solution was
shaken by hand and 0.675 mL of ammonia (30% p/p) were added. The solution was
shaken again and finally 0,3 mL of TEOS were added. Then, the solution was aged,

without stirring for 24 h. Solid samples were collected via centrifuging at 1500 g for 15
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min, washing and dispersing with deionized H,O and EtOH twice. Then, they were

lyophilizated.
2.2.3 Characterization of MSNs

2.2.3.1 DLS

Particle size and surface charge measurements of the NPs were determined by
Dynamic Light Scattering (DLS) at room temperature with a Zetasizer Nano ZS (Malvern
Instruments Ltd, United Kingdom, 4-mW laser) using a wavelength of 633 nm. Samples
were prepared at a concentration of 5 mg-mL" in MilliQ (pH 6.3) water or PBS 1x buffer
solution (pH 7.4). Better results are obtained if MSNs have just been sonicated during
15 minutes. Sometimes, samples need to be filtered in a 0.45 ym nylon filter. Normally,
in order to adjust concentration range, the initial concentration must be diluted 1/10 or
1/3. Results were plotted as mean and standard deviation of triplicates analysed by

intensity.

2.2.3.2 SEM

The images were done with the microscope J-7100F (Jeol). Samples were
ultrasonically dispersed in H,O at a concentration of 1 mg of MSN in 20 ml. The sample
were deposited on an amorphous, porous carbon grid. In order to make the sample

conductive a layer of graphite was made.

2.2.3.3 BET

The analysis of adsorption/desorption of nitrogen was carried out with the
micromeritic gemini V Surface area and pore size. Prior to conduct adsorption
experiments, 17 mg of the samples were lyophilized at 0,05 mBar, -0,759 °C, 24 h,
directly inside BET tubs to remove the solvent at a reduced pressure and low
temperature. Pore size distribution curves were obtained from analysis of the absorption

portion of the isotherms using the BJH (Barrett-Joyner-Halenda) method.

2.2.4 Synthesis of different superficial chemistry

2.2.4.1 Isothiocyanate group

200 mg of MSN with the surface aminated were treated with toluene at 50 °C for 24
h. 40 mg of the resulting MSN-(NH;) were suspended in 35 mL of toluene and 95 mg of
thiocarbonyldi-2(1H)-pyridone (5) (0.409 mmol, 12 eq.) in 15 mL of dry DCM were added.
The suspension was stirred for 24 h at room temperature. Solid samples were collected

by centrifugation at 13000 rpm for 13 min and then were washed and dispersed with
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DCM and EtOH. This procedure was repeated six times and finally MSN-(NCS) were

rotary evaporated under reduced pressure and stored dry.

2 mg of MSN (S1) were suspended in 2 mL of EtOH, then 1.075, 0.5375, 0.268 and
0.054 mg of FITC were added in order to obtain the 20%, 10%, 5% and 1% of fluorescein
in the surface. The mixture was allowed to react for 24 hours in the orbital shaker at room
temperature in the dark. Finally, it was collected via centrifuging at 13000 rpm for 13 min,

washing and dispersing with deionized H,O and EtOH twice. Then, they were lyophilized.

2.2.4.2 BOC group

The differentiation between the functionalization of the surface and the pores was
made through the addition of the BOC group when the pore remain with the surfactant.
For that, prior to the elimination of the CTAB from the pore, 180 mg on MSN with the
surfactant were dispersed in 88 ml of H,O and 62 mg of (BOC),0 were added. 1 mL of
triethylamine was added to the solution and it is heated to 30-35 °C and stirred at 600
rpm during 6 hours. Then, MSNs were collected via centrifuging at 13000 rpm for 13 min,
washing and dispersing with deionized H,O and EtOH twice. Finally, in order to remove
the surfactant, nanoparticles were dispersed in 15 mL of EtOH and 200 mg of ammonium
nitrate were added and stirred at room temperature overnight. The utilization of NH;NO3
versus HCI is to not remove the BOC on the surface. Samples were washed and

lyophilized as previously described.

2.2.4.3 PEG chains

2.2.4.3.1 Synthesis of 2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethyl 4-
methylbenzenesulfonate (2)

The first step was the obtaining of 2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethyl 4-
methylbenzenesulfonate (2). For that, 2.2360 g (11.5 mmol) of tetraetilenglicol was
dissolved in 5 mL of THF. To this solution was added another one of 1.85 M of NaOH,
and it was stirred at 0 °C while 20 mL of a solution 0.57 mM of TsCl in THF was added.
After 2 hours stirring at 0 °C the reaction was quenched adding 100 mL of cold water.
Then the resulting mixture was extracted three times with DCM. The combined organic
layers were wash twice with H,O and dried with MgSO, anhydrous and evaporated under

reduced pressure.

2.2.4.3.2 Synthesis of 1-azido-3,6,9, 12-tetraoxatetradecane (3)

2.45 g (7 mmol) of the product 2 were dissolved in 85 mL of EtOH and 4.87 g (75

mmol) of NaN3; were added and the solution is stirred at 70 °C overnight using a reflux.
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To the reaction, 62 mL of water were added, and two thirds were evaporated under
reduced pressure. Finally, the mixture was extracted three times with AcOEt. The
combined organic layers were dried with MgSO, anhydrous and evaporated under

reduced pressure.

2.2.4.3.3 Synthesis of 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethanol (4)

To 1 g of product 3 (4 mmol), 18 mL of a 1 M of NaH in THF anh. were added slowly
at 0 °C while stirring. Then, the solution was heated for 2 hours at 50 °C, until it turns
brown. 1.5 mL (9 mmol) of BrAcOEt were then added and it was allowed to react in the
microwave during 1 hour at 125 °C. The formed precipitate was filtered, and the solvent
was evaporated under reduced pressure. To the product was added pentane and it was
stirring at room temperature overnight. After 24 hours, 50 mL of water were added and
it was extracted with AcOEt three times. The organic phase was wash with brine twice,

and it was dried with MgSO, anh. and evaporated under reduced pressure.

2.2.4.3.4 Synthesis of 3,6,9,12-tetraoxatetradecan-1-amine (5)

10 mL of MeOH and 10 mg of Pd/C were added in to a two-neck round-bottom glass
flask. The system was purged three times with H,. Then, 100 mg of 4 (0,45 mmol)
dissolved in 10 mL of MeOH were added into the flask, and it was allowed react during
30 min. Then, it was filtered with a celite filter (to prevent the degradation of the product).
The PEG was evaporated under reduced pressure without temperature, due it was

extremely unstable.

2.2.4.3.5 Characterization by "H-RMN

PEG n=4 was characterized by'H-RMN (Nuclear Magnetic Resonance). The
spectra were recorded on a Varian 400-NMR spectrometer with frequency generators
for ranges 'H-'°F and "N-*'P, temperature control system, automatic tuning probe and
sample introduction robot 50 positions (*H-NMR at 400 MHz and "*C-NMR at 100.6 MHz
Chemical shifts are reported in part per million (ppm) on the & scale, and are referenced
to tetramethylsilane (TMS) in "H-NMR spectra and to solvent signal of CDCl; (77.0 ppm),
DMSO-ds (39.5 ppm), or methanol-d4 (49.0 ppm) in 13C-NMR spectra. Coupling
constants were reported in Hertz (Hz). Spectral splitting patterns were designed as: s
(singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublets), ddd (doublet of

doublet of doublets), m (complex multiplet) and brs (broad signal).

v’ TEG-TsCI

49



Chapter Il — Synthetic Identity

'H NMR (400 MHz, Chloroform-d, TMS) (ppm): & 7.80 — 7.76 (m, 2H), 7.33 (dddd, J =
7.2,2.8,1.4,0.7 Hz, 2H), 4.17 — 4.12 (m, 2H), 3.71 — 3.62 (m, 10H), 3.59 (s, 2H), 3.55
(9, J=1.1 Hz, 2H), 2.43 (dd, J = 1.8, 0.8 Hz, 3H)

v’ EtO-N;
'H NMR (400 MHz, Chloroform-d, TMS) (ppm): & 4.36 — 4.06 (m, 4H), 3.66 (dd, J = 4.0,
1.2 Hz, 10H), 3.38 (t, J = 5.2 Hz, 2H), 1.87 — 1.76 (m, 2H), 1.32 — 1.20 (m, 3H)

v" OH-N3
'H NMR (400 MHz, Chloroform-d, TMS) (ppm): & 3.76 — 3.70 (m, 1H), 3.69 — 3.65 (m,
11H), 3.62 — 3.59 (m, 1H), 3.39 (td, J = 5.1, 3.6 Hz, 2H), 2.17 (s, 2H).

2.2.4.3.6 Anchoring of the PEG onto the surface of the nanoparticle

To a 10 mg of MSN-SCN (S1) 4,5 mL of EtOH were added and sonicated for the
correct dispersion. It was added 2,5 mg of the product 5 (0,03668 mmol) dissolved in 0.5
mL of EtOH with two drops of triethylamine. The reaction was stirred at room temperature
during 48 hours. Then, it was collected via centrifuging at 13000 rpm for 13 min, washing

and dispersing with deionized H,O and EtOH, twice. Then, they were lyophilized.

Regarding the addition of C12, it was used the same procedure with the same

quantity of nanoparticles and 5.7 mg of C12 (0.03668 mml).

2.2.4.4 Oleylamine funtionalization

The same methodology was followed as in the anchoring of the PEG using 2.45 g

of oleylamine (0.0366mmol).
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2.3 Results and discussion

2.3.1 Synthesis of mesoporous silica nanoparticle

Mesoporous silica nanoparticles were synthesized according to the co-condensation
methodology in three synthetic steps The methodology followed was reported by Victor
S.-Y. Lin et. al.'®, and afforded MSN with good characteristics to be used inas a drug
delivery at the same time as reached different morphologies. In this procedure, the first
condensation TEOS acts as a silica precursor and the second reagent, APTES
introduces the functional groups in both inner and outer surface, in this case a surface
aminated. Finally, in the last step the surfactant is removed from the porous, through

consecutives washes.

In order to prepare MSN with suitable with a wide range of physicochemical properties
(size, shape,...) a Design Of Experiment (DOE) is proposed to respect the original
methodology varying some parameters, which the literature revealed that affect the most
the NPs’ physicochemical characteristics'*®'#"'%_ The factors that can be controlled are:

e (A) Temperature (C°)

e (B) Stirring (rpm)

e (C)pH (NHz M)

e (D) Flow rate (ml / min): the rate in which the reagents are added
e (E) % TEOS / APTES: the proportion of the reagents

Finally, five factors are proposed: temperature, stirring and the pH of the reagents
at level 2 and flow time and the % at level 3 represented on Table 1. The level is chose

depending on the importance of the effect that each factor has on literature.

Table 1: Factors and levels of the DOE

Factors Level 1 Level 2 Level 3
Temperature (°C) 60 80 -
Stirring (RPM) 550 1100 -
Concentration 02M 0.5M -
Flow rate (ml/h) 2 4 7
% TEOS/APTES 3,85 12,8 20
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In order to delimit the DOE’s matrix, the degrees of freedom are defined through the
factors and levels. Three factors are obtained at 2 levels, 3 degrees of freedom (df), and
two factor at 3 levels, 4 df. In global, the design reach 7 df, for that reason a Taguchi
method matrix Lg(34) is proposed for the design of experiences, represented in Table 2.

Consequently 9 experiments are needed to develop this DOE.

Table 2: Matrix of the DOE

T Stirring  pH Flow % T/A

Exp. A B c D E
1 1 2 1 1 1
2 1 2 2 2 2
3 1 2 1 3 3
4 2 2 1 2 3
5 2 2 2 3 1
6 2 2 1 1 2
7 1 1 1 3 2
8 1 1 2 1 3
9 1 1 1 2 1

2.3.2 Characterization of the MSN

The realization of the DOE rendered 9 different type of MSN. To these nanoparticles
must be added two types that were synthesized to optimize the methodology prior to the
DOE, that they are named S101 and S102. To these samples it is also added the sample
S112, which is a type of nanoparticle without pores, as a control sample. Each MSN
batch was characterized by means of Dynamic Light Scattering (DLS), Scanning
Electron Microscope (SEM) and N, adsorption and desorption isotherms (BET, BJH), in
order to be able to correlate it with the properties of the biological identity and to know in

depth the synthetic identity in the next chapter.

2.3.2.1 Determination of the MSN size and zeta potential via Dynamic Light Scattering

Dynamic light scattering (DLS) of NP in solution offer the most frequently used
technique for accurate estimation of the particle size and size distribution. In this
technique solution of spherical particles in Brownian motion causes a Doppler shift when

they are exposed against shining monochromatic light (laser). Such monochromatic light
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exposure hits the moving particle which results in changing the wavelength of the
incoming light. Extent of this change in wavelength determines the size of the particle.
This parameter assists in evaluation of the size distribution, particle’s motion in the
medium, which may further assists in measuring the diffusion coefficient of the particle

and using the autocorrelation function. '

Nanoparticles size analysis using DLS measurements relate particles movement
with their hydrodynamic radius. Differences in functional groups and media, among other
factors, can result in variations in DLS results. In this case, because of the synthetic
methodology, the surfaces of all samples were aminated in order to be able to compare
their sizes. Moreover, MSN were characterized by measuring their zeta potential in order
to estimate the charge on the surface of the nanoparticles. The zeta potential is
extremely related with the cellular uptake. Positively charged NPs are taken up more

easily by cells than negatively charged ones'.

Figure 7: Results of the DLS analysis of each sample. Top: Hydrodynamic radius, Bottom: zeta potential

(black in PBS and grey in H20). Results correspond to mean + SD values of at least three replicates.
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Regarding the hydrodynamic radius measured in water, the samples show a Z-
average, which is the mean value of MSNs size, between 200 nm and 400 nm. On the
other hand, the zeta potential was measured in both water and PBS, due to the fact that
the medium is a determinant factor for these measurements. In water, the pH of the
medium causes the amines to be protonated and the zeta potential of the nanoparticles
to be around 30 mV positive; in the case of PBS the pH decreases the zeta potential to

an average of 13 mV.

Here, the homogeneity of the NPs’ samples regarding the size and the zeta potential
was demonstrated. The values of the NPs’ sizes were reported to be influential in the
formation of PCs. In the next chapter will be determine if the different between the sample
were enough to observed different in the composition or quantity of the proteins which
form the PC.

2.3.2.1 Analysis of the image from scanning electron microscope

Another property of the synthetic identity that influences the PC formation is the
shape of the nanoparticle. Thus, characterizing this property will be key to relate the
synthetic identity with the biological one in chapter Ill. This will allow the design of MSN
with defined physical properties for the obtaining of a desired PC. Here, in this work, the
shape was referenced using the Aspect Ratio. The Aspect Ratio (AR) is defined as the
relationship between its width (A) and its height (B). Hence, nanoparticles spherical have
an aspect ratio equal to 1, while rod shape MNPs show higher values of AR. To do that,

needed images are taken with a FE-SEM.

Also, using the SEM it can obtained the radius of the NPs. Due to the hydrodynamic
ratius effect, there ir a pronounced difference between the size obtained by either DLS
or SEM. In fact, in the case of MSN, DLS size is always higher than SEM, superficial

amines make the measurement obtained by the DLS greater.
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Figure 8: SEM images. From left to right, and from top to bottom: S1, S2, S3, S4, S5, S6, S7, S8, S9,
S101, S102 and S112.

The images were analysed with a digital image processing program called ImageJ,
with the purpose of valuing the properties of the nanoparticles. In Figure 9, the difference

between the AR in the samples can be observed.
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Figure 9: Aspect Ratio obtained from the SEM images.

In Figure 9, three mains groups can be differentiated: the first one being composed
of the nanoparticles with a rod-shape which were S101 with an AR of 1.9; the second
one composed of NPs with an elongated-spherical shape S5 which have an AR of 1.3
and S8 of 1.5; and the last one composed of the nanoparticles with a spherical shape,

samples with an AR lower than 1.2.

Thanks to the utilization of the DOE, some MSN with different shapes were
obtained. The influence in the PC formation will be determined in the next chapter. The
three groups will be studied under the effect of the MSN incubation in different biological

medium.

2.3.2.2 Surface Area and pore size characterization

The last parameter to complete the MSN characterization for their next correlation
with the PC is the pore size. The pore is the most distinguished feature of the MSN and
it also affects the PC formation. This parameter was studied using the
adsorption/desorption technique. The main objective of this assay is obtaining of the
nanoparticle’s specific surface. The adsorption/desorption technique consists in
impregnating a sample with nitrogen at a constant temperature to determine the specific
surface of a material. The specific surface of the particles is the sum of the areas of the
exposed surfaces by unit of mass. The method developed by Brunauer, Emmett and
Teller (BET) is the most used to determine the total area surface. This method is based
on the ability of the solids to absorb gases in their surface. The BET method provides
essential information about solid porosity. The results obtained through this method are

translated as adsorption-desorption isotherms. In the case of mesoporous nanoparticles,
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the curve obtained, as it shown in Figure 10 is as isotherm of type IV, which presents a
cycle of hysteresis associated of a characteristic of mesoporous materials (pore diameter
between 2-50 nm). Regarding the study of the porosity, the most accepted and used
method is the one proposed by Barrett, Joyner and Halenda (BJH) for the information on
the porosity of the particle in the mesoporosity range. The characterization of the pores

using the BJH method can be determined from the adsorption-nitrogen desorption.

Figure 10: N2 adsorption-desorption and BJH pore size distribution plots of MSN.
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Figure 11: Results from BET analysis. In black the BET surface area and in grey the pore size.

In Figure 11, it can be observed the difference between the surface area (m%g) and
the pore size (A) among samples. No significant differences are shown in the surface
area of nanoparticles. On the other hand, regarding the pore size, it is possible to make
a classification into three groups. Large pore group is composed of the samples S1, S3,
S9 and S102, which have a pore size bigger than 37.7 A. Samples S5 and S8 have the
pore smaller, lower than 30 A. Samples that are between a pore size less than 37.7 A
and greater than 30 are: S6 with a pore size of 36 A; S101 of 34.9 A; S4 of 34.2 A; S2
of 31.5 A and S7 of 30.9 A. The last nanoparticles are S112 which do not have pore.

2.3.2.3 Analysis of the DOE

Once the nanoparticles have been characterized, the design of experiment can be
analysed in order to know which factor affects more in the studied physicochemical
properties. The analysis is done through the results from the DLS, both size and zeta
potential, the SEM, using the AR value, and the BET surface area and pore size. The

characterization is summarised in Table 3:

58



Chapter Il — Synthetic Identity

Table 3: Table analysis of the DOE

T Stirring  pH Flow % T/A Results
Exp. A B Cc D E Size | Pot-Z AR BET Pore
1 1 2 1 1 1 175.6 | 28.8 | 1.162 | 827.3 | 38.8
2 1 2 2 2 2 2924 | 25.7 | 1.094 | 750.0 | 31.5
3 1 2 1 3 3 360.0 | 26.9 | 1.083 | 783.0 | 38.3
4 2 2 1 2 3 217.0 | 27.7 | 1.199 | 663.7 | 34.2
5 2 2 2 3 1 430.1 | 31.7 1.19 | 674.0 | 28.8
6 2 2 1 1 2 180.8 | 28.3 | 1.039 | 780.7 | 36.0
7 1 1 1 3 2 2589 | 26.2 | 1.442 | 730.1 | 30.8
8 1 1 2 1 3 2740 | 30.7 | 1.353 | 566.0 | 27.1
9 1 1 1 2 1 185.8 | 28.2 | 1.025 | 757.6 | 37.7
101 2 3 2 2 1 3741 | 33.6 1.9 688.0 | 34,9
102 1 3 2 2 1 241.0 9.1 1.002 | 769.0 | 38,6

In the Pareto ANOVA graph shown in Figure 12, the percentage of the contribution
is represented with respect to each of the factor in every MSN’s characteristic. From this
graph, it can be deduced that 56% of the variability of the results is attributed to the
influence of the media pH factor for the values obtained from DLS for the size and 50%
for the zeta potential. The 38% of the variability comes from the rpm of the reaction for
the aspect ratio. Lastly, the reagents flow addition has the higher influence for surface

area values, 43% and a 75% for the pore size.

Figure 12: Contribution of the different DOE factors.
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Pareto ANOVA method was used to analyse the results for the optimization, in this
case, of the MSN’s physicochemical characteristics. It is a simplified ANOVA method
which uses Pareto principles, in order to determine how the factor that has a higher
contribution affects. From the Pareto ANOVA method, the results of shows that the
media pH have strong influence on the MSN’s size and on the zeta potential, and it is a
positive effect, a basic media results in the formation of bigger and positive nanoparticles.
Thus, for the formation of small MSNs and less positive, the concentration of NH; must
be decreased. Regarding the AR, the agitation of the reaction has a positive effect, what
means that the faster the agitation, the more spherical the nanoparticles will be. By last,
flow addition of the reagents has the strongest influence on the values obtained from the
BET. The flow addition has a positive effect on the surface area: the faster reagents are
added the more surface area will be obtained. On the contrary, this factor has a negative
effect on the pore size. When the flow addition is more controlled, the MSNs get a larger

pore size.

Based on the results it can be concluded that nanoparticles with favourable
characteristics can be obtained at a higher concentration of NH3, stirring at high agitation
and, the most important, using a controlled flow addition. That is the optimal combination
to get MSNs with some of the desired characteristics for MSN to be used as drug delivery

carriers.
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Figure 13: Effect of the DOE levels.

2.3.3 Synthesis of functionalized MSN

Once the intrinsic characteristics of the nanoparticles have been studied and it can
be tuned through the DOE, modifications of the chemical surface are proposed to give a
new synthetic identity. The different Sis allow the study of how they affect the biological
identity when used as drug delivery systems. In this work, it is proposed the addition of
isothiocyanate groups, BOC (tert-Butyloxycarbonyl) groups (on the surface or inside the
pore or both in the surface and inside the pores) and finally the incorporation of PEGs of
different lengths and oleylamine for the study of the influence of the adsorption of

protei n368,37,36,39
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2.3.3.1 Isothioyanate groups onto the MSN surface

The first modification was adding isothiocyanates. The highly selectivity of the SCN
to amines groups allows the easy modification because of their presence on the MSN’s
surface, both the surface and the pore, as previously detailed in their synthesis. In
addition to the study of the difference adsorption of the proteins on the surface, it is used
for the rapidly incorporation of other functional groups. As is the case of the PEGs and
oleylamine. For this, nanoparticles were dispersed in toluene and left for 24 hours at 50
°C and stirring. After the time, toluene is changed and thiocarbonyldi-2-(1H)-pyridone is
added in DCM and it was left overnight at 50 °C.

Figure 14: Schematic representation of the isothiocyanate groups’ synthesis.

Rapidly, the white colourful of the MSN’s surface was replace for a deep brown,
while the capacity of dispersity and the others visual properties remain inalterable. By
monitoring FTIR spectrum of the surface modified, MSN-SCN, it can be observed the
formation of the new band at = 2100 cm™ corresponding to the isothiocyanate group
(Figure 15).
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Figure 15: Infrared spectroscopy of the SCN

Another isothiocyanate groups addition is carried out through the conjugation of the
isothiocyanate fruorescein (FITC), that is widely used as a bioconjugation through the
formation of a isothiourea. This addition is useful for the monitoring of the nanoparticles

in the followings of vitro assays. In the same way, its effect on the formation of the protein
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corona will be studied, although in this case no change in the protein corona of MSN with
and without FITC is expected. For that, two methods of anchoring are studied. The first
one is adding FITC during the own synthesis of the MSN, and the second one is the
anchoring once the nanoparticles have already been synthesized. It can be observed

qualitatively in Figure 16 that all the nanoparticles are enough fluorescently labelled.

Figure 16: MSN covered post-synthesis with fluorescein at four different concentrations. The surface is
covered with 20%, 10%, 5% or 1% of FITC for its study.

Also, the optimization of the obtaining of different concentration of FITC in the
surface is studied for minimizing the change that have on the protein corona. Four
different concentration are synthesized: 20%, 10%, 5% and 1% of FITC.

2.3.3.2 BOC group introduction

The previous modification of the amino groups by different groups is carried out
indistinctly to the groups that are on the surface and in the pores. The differentiation of
the two zones is very interesting for the use of the nanoparticles in drug delivery. For
this, prior to the elimination of the surfactant in its synthesis, the surface groups are
protected with BOC, so that when the subsequent elimination is carried out, the amino
groups have been differentiated. This protection is accomplished by adding (BOC),0 in
DCM. The reaction is left stirring for 4 hours at room temperature. Subsequently, the
MSN are suspended in water and ammonium nitrate is added for the elimination of the
surfactant, as detailed in materials and methods. HCI is changed to ammonium nitrate,
since with the strong acid the conditions would be too extreme and the BOC would also
be eliminated. In this way, it is possible to react the amines of the pores, having the pores
protected with BOC; the amines of the surface can be reacted when the pore is clogged
with the surfactant; and lastly, it can be reacted indistinctly inside and outside the pore

using the primary amines.

To determinate the differentiation of the existing amino groups in the pores it cannot
be done through an IR due to no well-defined bands of the BOC group are observed,
since the proportion of BOC groups on the surface respect the amines of the nanoparticle

is too small. Therefore, it can be analysed through the addition of ninhydrin. Ninhydrin
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reacts with the amino groups, binds two ninhydrin for each amino, replacing the two

protons of the amine and making an aromatic group with lilac coloration.

The resulting colours can be seen in Figure 17. From left to right are the
nanoparticles with the pore uncovered without BOC group, having amino groups both on
the surface and in the pore; the nanoparticles with the uncovered pore and BOC group
on the surface, would only present amino groups in the pores; and finally the
nanoparticles with BOC group and clogged pore, does not present exposed amino
groups. It is observed how many more amino groups have exposed more intense is the
colour, due to the reaction of ninhydrin. On the other hand, it is also determined through
the zeta potential. The zeta potential of the initial MSN is 30 mV, after incorporation of

the BOC group the zeta potential is 19.1 mV. Corroborating the correct addition.

Figure 17: BOC both surface and pore, only pore and without BOC. From left to right are the nanoparticles
with the pore uncovered without BOC group, the MSNs with the uncovered pore and BOC group on the
surface, and the MSNs with BOC group and clogged pore.

2.3.3.3 PEG chain decoration

Poly(ethylene glycol) (PEG) has a wide variety of applications, which often involve
its capacity to limit protein adsorption. PEG, immobilized to surfaces, greatly retards
protein adsorption and shows antifouling activity”®'?'. Two lengths were chosen for this
study, PEG n=4 (C4) and n=12 (C12). For this purpose, the synthesis of a C4 with an
amine head and an ethyl ester tail is carried out. The synthetic route is shown in Figure
18, and the products are characterized through a 'H-RMN (see Materials and Methods).
Once the C4 has been synthesized it is easily added to the MSN, with the previous
surface modification to SCN. The amine head reacts with the isothiocyanate group

forming the isothiourea.
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Figure 18: Synthetic route of PEG n=4.

On the other hand, the incorporation of the PEG n=12 is done. To test the surface
anchoring a FTIR has been done of the two types of PEG’s lengths. The FTIR are shown
in Figure 19 obtaining the typical band around 1500 cm™, confirming the properly union.
It is observed in the IR how the higher is the length of the PEG's chain, the greater its

characteristic band results.
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Figure 19: IR of the incorporation of the C4 and C12 to the MSN. On the top C4’s IR, on the bottom
the respective of the C12.
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2.3.3.4 Oleylamine functionalization

It is reported in the literature that Oleic acid forms a complex with albumin®®'3"132,

Because of this complex, it can increase the ratio of albumin respect others proteins that
form the PC, yielding a different and interesting for the study of the correlation between
the synthetic identity and the biological identity fingerprint. For that reason, nanoparticles

with isothiocyanate bonds are used to add oleylamine in the same way as the PEGs.

The FTIR of the nanoparticles with the incorporation of the oleyl group is shown in

Figure 20, where appears the typical band at =1560 cm™”
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Figure 20: IR of the incorporation of the oleyl group
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2.4 Concluding remarks

The results of this chapter show that mesoporous silica nanoparticles can be
designed with different physiochemical properties. The optimization of a synthetic
method and the application of a design of experiments renders twelve nanoparticles with

different synthetic identity.

It is proposed a DOE varying the temperature, stirring, pH, flow rate and the % of
the reagents (TEOS/APTES), which renders the synthesis of nine samples plus the two
nanoparticles synthesized for optimized the synthetic method. After the analysis of the
size and zeta potential of the MSNs through the DLS, the AR using the image from the
SEM and the surface area and pore size with the BET, it is possible the analysis of the
DOE. The DOE allows the study of the different parameters' influence in the MSN's SI.
The pH of the media has a positive effect on the size and the zeta potential, also have a
positive effect the agitation of the reaction on the pH size and the zeta potential. Finally,
the flow addition has a positive effect on the surface area, opposite that on the pore size,
where its effect is negative. Neither temperature nor the percentage of the reagent has

any influence on the parameters of study.

Regarding the characterization of the physicochemical properties, in this chapter
mesoporous silica nanoparticles with different sizes around 200 nm, and a zeta potential
of +30 mV in water measure with the DLS, and +10mV in PBS have been obtained. At
the same time, using a SEM it is possible the determination of the shape through the
aspect ratio. Samples are composed by nanoparticles with a rod-shape (samples S5, S8
and S101 have an AR higher than 1.3) and the majority with a spherical shape (the other
sample have an AR lower than 1.2). Lastly, regard the BET results, the nanoparticles
present different pore size, which will be interesting for the next chapter. The samples
can be classified into three groups: bigger than 37.7 A (S1, S3 and S102), smaller than
30 A (S5 and S8), and which is included between these groups, a pore size less than
37.7 A and greater than 30. (S6, S101, S4, S2 and S7). On the other hand, silica
nanoparticles without pores were synthesized as a control group. These NP ha 320 nm,
a zeta potential of -8mV in water and -3mV in PBS, a spherical shape (AR equal to 1)

and do not have pore.

Finally, for the study of the surface chemical’s influence, it has been synthesized
some new synthetic identity. From the aminated surface of the sample S1 are obtained
some different groups as an isothiocyanate, BOC (both an external surface and an

internal one inside the pores), PEG and oleylamine. The analysis is done through IR.
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Consequently, once the nanoparticles have been synthetized and characterized,
the next chapter goes a step further and through the incubation of the MSN with
biological media which allow the adsorption of the proteins, due to its future use as a
drug delivery, the correlation between the synthetic identity and the adsorbed proteins

will be performed.
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3.1 Introduction

In recent years, significant efforts have been made to progress in the use of
nanotechnology for targeted drug delivery, focusing on formulate therapeutically active
agents in biocompatible nanoforms such as NPs. These systems offer many advantages
in drug delivery, mainly focusing on improved efficacy, biosafety and stability of the

drugs123,133,119,85.

Nanoparticles used for drug delivery can be administrated via three main routes:
direct injection, inhalation and oral intake. Regardless of the way, once NPs were
administered, they were exposed to blood, that is composed of several thousand
biomolecules, mainly proteins, being each of whom at considerably different
concentrations®. It has been demonstrated in lots of reports that nanoparticles can
adsorb immediately proteins on their surface. Thus, when a NP enters a biological
medium a competition between different biological molecules to adsorb on the surface
of the nanoparticles begins immediately. This coating that was formed around on the

NP’s surface was known as the protein corona (PC).

To some extent, the nature of the PC determines the biological response, such as
the cellular uptake, the circulation time, bioavailability, and even toxicity, and it was
crucial to achieve the goal as a drug delivery. For that reason, it was highly important to
understand and control the PC"**'%_ Protein corona could be schematically represented
as a double-layer coating wrapping the NP. This two layers are differentiating according
to both the speed at which the proteins in the medium begin to form part of the protein
corona and the affinity of the proteins for the NPs’ surface. In the initial stage, most
abundant proteins were adsorbed on the surface; however, over the time they will be
replaced by proteins with higher affinity. Thus, the part that forms a “fast” protein corona,
that was built on a time scale of seconds, but it has a lower affinity and thus a higher
turnover of loose interactions between proteins and NPs was known as the “soft” protein
corona. On the other hand, the other part that forms a “slow” protein corona, which was
formed in minutes or even hours and have a high affinity for the NPs’ surface, was known
as the “hard” protein corona. The proteins that forms the hard protein corona slowly
replace the protein that form the soft corona. For this reason, the protein corona was
determined by the kinetic and equilibrium binding, depending on the composition of the

medium and on the properties of the NP3%343537:36
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The formation of the protein corona was governed by the “Vroman effect”'®.

Although this effect remains one of the quintessential mysteries of the biomaterials
surface science and the exact mechanisms underlying this process have not yet been
resolved, this effect proposes that the adsorption of the proteins from plasma occurs
through a complex series of adsorption-displacement steps. This continuous state of
dynamic exchange concomitantly occurs with the displacements of the low molecular-
weight (MW) proteins, that arrive first in the NP surface, for the relatively higher MW
proteins, that arrive later. At any time, a protein may desorb, allowing other proteins to
interact with the nanoparticle’s surface, until a stable corona was established (hard

corona)'¥.

Figure 21: Schematic representation of the formation of the protein corona.

In the previous chapter (Chapter Il) have been studied the geometrics parameters,
nanoparticle shape (curvature) and roughness (pore size), among others. The pores
distributed along the matrix of the porous nanomaterial are designed for the diffusion and
desorption of the drug in a controlled and homogeneous way once NPs have been
internalized in the cell, suitable for its use in drug deIivery4. The blood enters into the NP
structure and slowly dissolves the drug while releasing it to the medium. NP’s structural

integrity is kept intact thanks to their matrix'®.

However, the importance of the pores in the use of MSN for drug delivery has not
been widely studied. Despite the extensive studies and the known influence of the
physicochemical properties in the formation of the PC, only a few reports pay attention

and focus on the influence of the nanoparticle roughness in the formation of the PC,

78



Chapter Ill — Biological Identity

which will be key in the final physiological response of the nanoparticle’*'°. Some
researchers show the importance of the PC in the biodistribution™" or in the targetability
of the MSN''2 among others effects, but regardless of the relationship with the pore.
The biocompatibility is also related with the pore size, even though it has yet not been
elucidated, due to the diversity of engineered MSNs, to which extent this parameter has

an influence on biocompatibility by itself'.

The relationship between the pore size and the protein size determines the NPs
application. Proteins in these systems can be used for targeting some organs**°, for
blocking the pores for controlled drug release as a gatekeeper’’ or for being released
from the nanoparticle’®. The function of the protein will be determined according to the

ratio between the protein and pore size.

Aimed at studying these three possible applications, in this chapter the use of
nanoDSC and ITC is proposed. In order to understand how the pores’ characteristics,
affect the formation of the PC, finding one optimal protein is needed to interact with MSNs
and form a pure PC. To do so, Human Albumin Serum (HSA), the most abundant protein,
which is an always-found component in the plasma was chosen. This election was
inspired by the non-specific interaction and the great potential of albumin in the field of

drug delivery™.

The enormous influence of the pore size on the PC formation has been
demonstrated and it has been extracted as an independent geometric parameter. Even
so, the mechanism of the PC formation in relation to the pore is not known. To analyse
the soft corona of the MSN, the adsorption processes of HSA will be analysed by means
of MicrolTC measurement. This technique allows the characterization of the PC
performing titrations of HSA solutions into suspensions of different MSN, while
monitoring the interaction in situ. MicrolTC will be used in order to analyse the formation
of the protein corona regarding the pore size, as a dynamic study where the protein is
fitted in the pore during the analysis. On the other hand, to analyse of the hard corona
will be performed by using nanoDSC*'*. This technique enables the study of the
denaturation of the hard corona and provides a static information'®. In this assay, the
cell is filled with the formed at the MSN surface, the denaturalization process of this
system will depend on the pore size. Therefore, the complementarity of this two

techniques allows an entire insight of the PC formation related to the pores of the
MSN29,147,148,149,145,2,150,64
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To summarize, having MSN characterized in the previous chapter, now an
explanation to the behavior of proteins once it was formed the protein corona around
MSN because of their purpose according to their pore size was here proposed in Chapter
lll. For this purpose, two thermodynamic equipment were used: the nanoDSC and the
ITC.
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3.1.1 Objectives

Figure 22: Graphical abstract of the Chapter lII.
In order to achieve this objective, the following tasks were proposed:

» To characterize the protein corona of the different samples in quantity,
composition and thermodynamic characteristics using nanoDSC and
MicrolTC.

» To correlate the properties of the protein corona with the nanoparticle’s
synthetic identity, in order to determine how the Sl affects in the Bl and be
allow to design the MSN with defined properties in function of the wanted

purpose.

» To postulate a mechanism through which the protein corona is formed, to

understand, finally, which process take place during PC formation.

81



Chapter Il — Biological Identity

3.2 Materials and Methods

3.2.1 BCA

BCA quantification assays were performed by using PierceTM BCA Protein Assay
Kit, by following instructions of the manufacturer. Rapidly, a calibration curve was
prepared for subsequent quantification (125 pg/mL — 2 mg/mL in PBS). Analyses were
performed in 96 micro-well plates (SPL), and 10 pL of standards and 20 of samples were
charged, per triplicate, in each well. 200 uL of BCA reagent were added to standards
and samples, and incubated at 37 °C during 30 minutes. After incubation, samples were

allowed to cool and finally absorbance was measured at 562 nm.

For the subsequent protein quantification in the corona of MSNSs, different
nanoparticles were incubated with human serum albumin (296% purity, Sigma Aldrich).
MSN were incubated with 10 mg of HSA in a total volume of 1 mL (PBS). Samples were
mixed carefully, to avoid protein denaturation due to mixing, and incubated 24 hours at
37 °C. Purification of hard corona was carried out by centrifuging samples at 13000 rpm
for 13 minutes and including three washing steps in the purification procedure. Samples
were first centrifuged and supernatants (SN) were discarded and 1 mL of fresh PBS was
added to suspend nanoparticles. Procedure was repeated 3 additional times, in order to
wash nanoparticle solution from non-attached protein present in solution. Finally, 100 uL
of 10% SDS were added to the washed pellet; samples were mixed and heated at 95 °C
for 10 minutes to allow corona proteins desorb from NP surface. Samples were

centrifuged under same conditions to separate the MSN of the PC.

For the PC formation with FBS, 100 uL were added to MSN solution to a final volume
of 1 mL. For the Lys and GO were added also 10 mg of each protein. To the samples S1

with oleyl, PEG, SCN and FITC were add also 1 mg of sample.

3.2.2 SDS-Page

Protein corona were formed and removed of the nanoparticles with the same protocol as
for the BCA for the SDS-Page analysis. Gels were reticulated with a 7% of acrylamide.

Each gel run included one lane of a molecular weight ladder standard (BIO-RAD).

3.2.3 DSC

The hard corona was formed with the method described previously (without the
washes), for HSA, FBS, Lys and GO coronas. Then, the cell was filled with the solution

formed with 1 mg of MSN and 10 mg of HSA. Three temperature cycles between 25 to
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98 °C were performed. The baseline was obtained, subtracting each third cycle from the

respective first one using Origin® software.

3.24 ITC

The calorimetric measurements were performed using a ITC200 Microcalorimeter
(MicroCal). Injection parameters were specific for each sample, depending on the BCA
assay: the range of MSN concentration was in the range from 2 mg/mL to 3 mg/mL of
MSN in the sample cell, and HSA was charged at 7 mg/mL in the syringe. The reaction
started by HSA titration over NPs suspension and in the end a total volume of 400 uL (2
uL x 20) was titrated. The time between the titration steps was 150 s and was chosen to
reach an equilibrium state. During all experiments the temperature of the ITC device was
kept constant at 37 °C. The nanoparticles inside the sample cell were permanently stirred

at 500 rpm. Sample data was analysed by Origin® software.

3.2.5 Suspension stability

The suspension stability was made in H,O due to in PBS the Pdl was 1 in the studied
concentrations. 5 mg on nanoparticle were sonicated in 1 mL of H,O and they were

added to a solution of different concentration of HSA. The concentrations studies were:

0 1 10 20 50 100 | 200
H,O (uL) 1000 | 955 | 950 900 850 | 500 0
HSA (1g/mL) (uL) | © 5 50 100 150 | 500 | 100

3.2.6 Aggregation regard the size (DSL)

The kinetics in the plate reader was run during 1 hour with a read every 10 seconds
at a 300 nm. For the measurement of the NP without PC, 2.5 mg of S1 were sonicated
in 1 mL of PBS, then it was placed in the cuvette. Regarding the sample with PC, 2.5 mg
of S1 were incubated in 1TmL of PBS with 50 pL of FBS, then it was filled the cuvette with

the sample.

3.2.7 Proteomics

Nanoparticles were incubated and the protein corona was removed of the surface
with the usual method. Then the solution of 10% of SDS with the PC.
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3.2.8 Deconvolution program
The peaks of the DSC were deconvolved using OriginPro 9.0.0.0 (64-bit) SR2
software.
3.2.9 CryoTEM

Negative-staining TEM to image MSN. 8 uL of MSN were placed on a TEM grid and
full evaporated at room temperature. Then, the TEM grid was submerged with 8 pl of
uranyl acetate 2% was placed on the grid for 1 min before draining it off. The equipment
used was JEOL JEM (2011).
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3.3 Results and discussion

3.3.1 Study of the influence of the Sl on the PC.

To determine how differences in the Sl lead to the formation of different protein
coronas, MSNs were incubated with HSA in PBS during 24 h at 37 °C, in order to
simulate the physiological conditions. Afterwards, the MSN were recollected via
centrifugation, at 13000 rpm for 13 min, and the supernatant was discarded.
Nanoparticles were then dispersed in 1 mL of PBS and centrifuged, discarded the
supernatant again, three times in order to remove the free proteins that were not part of
the hard protein corona for its correct characterization, including the quantification of the

proteins.

As has been discussed before, the biomolecular interface can be divided into the
“hard” and “soft” protein corona, even in the case that PC itis composed only by a single
protein, understanding it as a dynamic layer, as in this case HSA. The “hard” protein
corona consists of proteins with an irreversible protein binding (adsorption). On the other
hand, there are proteins with a lower affinity which are reversibly bound to MSNs or are
connected with the hard protein corona (protein—protein interactions), these proteins
form the so called “soft” protein corona. Hard corona is responsible for the interaction
pathways, for that reason in this work we study this PC. It is crucial to understand how

34,35,36,31 In

the processes of protein adsorption and exchange occur in the corona
practice, the “hard” corona can be defined as the proteins which were not removed from
the MSN's surface during preparation procedures such as washing and centrifugation,
which that can interrupt the relatively weak protein—protein interactions which would

remove the soft protein corona.

Two nanoparticle were chosen to check that the characteristics defined in the

chapter Il render different PC. The properties were summarized in Table 4.

Table 4: Synthetic properties of the S101 and S102.

DLS SEM BET
Exp. Size | Pot-Z Size AR Area Pore
S101 374 33,6 [ 320x130 1,9 688 34,9
S102 241 9,1 120 1 763 38,8
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To analyze if the PCs were indeed different, the nature of the two fingerprints formed
of the protein corona on the S101 and S102 nanoparticles were analyzed. For this
purpose, a SDS-Page was carried out, which although the resolution in the protein
separation was not very high, will give an idea of the protein profile. Sodium dodecyl
sulphate polyacrylamide gel electrophoresis, SDS-Page, is a very common method for
separating proteins by electrophoresis (separation of macromolecules in an electric field)
that uses a discontinuous polyacrylamide gel as a support medium and sodium dodecyl
sulphate (SDS) to denature the proteins. This system is also called the Laemmli method
after U.K. Laemmli, who was the first to publish a paper employing SDS-PAGE in a

scientific study™".

The SDS-Page result (Figure 23) shows (the last lane of each gel) that the proteins
that form the protein corona. For both gels, the first lane after the lane for the standard
protein marker was the supernatant and the following lanes were the washes until there
were no proteins in the medium. It can be clearly observed how the PC profile was

different between the different samples.

Figure 23: SDS-Page of S101 and S102, respectively. From left to right: marker, washes 1 to 5 and

final protein corona of the MSN.

It was also studied the change in the zeta potential of the nanoparticle through the
DLS. The MSN’s zeta potential in PBS of S1 was + 5,8 mV, while the zeta potential of

the MSN when were incubated in a medium with HSA was -10 mV.

3.3.2 Behavior of the nanoparticles with protein corona

3.3.2.1 Suspension stability

The suspension stability is also dependent on the surface nature. The behavior of
nanoparticles when they have an aminated surface and when they are surrounded by
proteins affects their capacity to remain in suspension or to fall to the bottom by gravity.

The time that nanoparticles, with or without protein corona, remain in suspension can be
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determined by a kinetic study using the absorbance plate reader. The MSN in the cuvette

in suspension will absorb light whereas if they fall to the bottom they will not absorb.

Figure 24: Suspension stability of MSN in PBS (black) and MSN with protein corona of HSA in PBS
(red).

Nanoparticles without PC fall abruptly to the bottom by gravity in 4.3 minutes.
Whereas, the same nanoparticles with protein corona needed 9.7 minutes to fall down.
In turn, the deposition of nanoparticles with protein corona was more prolonged in time,
more progressive. For the purpose of drug delivery, the colloidal stability of the NP’s is a

mandatory requirement.

3.3.2.2 Aggregation regarding the size

The aggregation of nanoparticles due to electrostatic processes is an important
factor for their use as drug delivery systems. If nanoparticles get aggregated during the
circulating time in the body, the biological system could collapse. Nanoparticle’s increase
in size can be monitored as HSA is added. Increasing amounts of albumin were titrated

onto a constant quantity of nanoparticles and size was measured through DLS.
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Figure 25: Relationship of the increase in size with the addition of protein of the size. Albumin was

titrated over the sample of MSN in PBS and the size was monitored.

It can be observed in Figure 25 how, from a ratio of HSA and MSN was 100
[HSAJ/[MSN] on, the size of the nanoparticles begins to grow exponentially. This
increase was not due to the presence of the protein corona but to the aggregation. From
the experiment it can be concluded that, the nanoparticles were not aggregated until a
ratio of 100 [HSA]/[MSN].

3.3.3 Characterization of the protein corona

3.3.3.1 Quantification of the protein corona using BCA assay

Nanoparticles were incubated with a solution of human serum albumin (HSA). This
protein corona could be considered part of the soft corona because in a real biological
media, albumin and its derivatives belong to the more abundant proteins in plasma,
which form firstly the PC but with a low affinity®>. However, in this work it was taken as
hard protein corona, due to the fact that some researchers assert that the incubation
conditions allow the formation of strong bindings since the long incubation times confer
extra stability. Furthermore, the washes for the treatment of the samples allow the
elimination of proteins that do not have a strong enough binding to be considered hard

corona®,

Once the four washes and the extraction of the PC were performed (see Materials
and methods), a quantification of the protein corona was done. The quantification was
carried out via Bicinchoninic acid assay (BCA), which consist of a method for colorimetric
detection and quantification of total protein153. The protein corona was given as the total

weigh of protein that form the PC per weigh of nanoparticle (ug prot/mg NP). It can be
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observed that different types of nanoparticles yield different amounts of proteins that

form the protein corona (Figure 26).

Figure 26: BCA quantification of the Hard Protein Corona incubated with HSA.

On the other hand, nanoparticles were also incubated with fetal bovine serum
(FBS). The diversity of proteins in FBS with different concentrations, sizes, Isoelectric
points (pl) and behaviors allow the formation of hard PCs composed by different proteins.
The amount of the PC on the MSN were similar between the protein corona composed
of FBS and only of HSA. That means that the characteristics of the nanoparticles

influences the quantity of proteins absorbed in their surface.

Figure 27: BCA quantification of the Hard Protein Corona incubated with FBS.

In Chapter Il some new chemical identities adding oleyl group, PEG (C4 and C12)
and SCN were synthetized. To these samples were also added MSN with oleyl groups
on the surface, maintaining the NH, groups inside the pore (oleyl-NH;). Using the BCA

assay it can be analyzed the effect of the surface nature on the PC formation.
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Table 5: BCA quantification of the Hard Protein Corona incubated with HSA and nanoparticles with

surface modifications (Oleyl, C4 and SCN) compared to NH>.

S1 c4 c12 | Oleyl | Oleyl-NH,
PC 85,7 42,9 38,9 52,3 101,3

It can be observed in Table 4 how the quantity of proteins that form part of the PC
decreases regarding the surface modification. Compared to S1, which was the
unmodified MSN, when adding to these S1 nanoparticles PEG, both C4 and C12, the
PC decreased to the half. Although bibliographically it is considered that the PEG groups
avoid the formation of protein corona, the presence of oleyl does practically the same
function. Finally, MSNs with the pore aminated and the surface with oleyl group show
more proteins forming their PC. To know the identity of the proteins that form the PC, a
SDS-PAGE has to be carried out.

3.3.3.2 Influence of the FITC in different media on the formation of the protein corona

The preliminary study of the addition of FITC for following in vitro assays was made.
In this chapter, it was corroborated the no-influence of FITC in the amount of protein
corona. No change in the PC was desired since the study and the optimization of the PC

properties have to be maintained with the FITC.

Figure 28: pH depending on the PC formation. S1, MSN without modification; S1 (20% FITC), S1 with
a20% of FITC, S1 (10% FITC), S1 with a 10% of FITC; S1 (5% FITC), S1 with a 5% of FITC; S1 (1% FITC),
S1 with a 1% of FITC, S1 (FITC), S1 with 20% FITC added during the formation.
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In Figure 28 it can be observed that the PC both in H,O (MilliQ) and PBS was the
same with any quantities of FITC. Conversely, when FITC was added during the
nanoparticle formation cause changes that will change the protein corona. This addition
changes the synthetic properties of the MSN causing a S| change and irretrievably a Bl

change. On the other hand, the zeta potential was also the same.

3.3.3.3 PC fingerprint characterization through SDS-Page

Once it was determined that changes in the synthetic identity have an influence on
the protein corona formation regarding the quantity of proteins, and it had been seen that
the fingerprints of two sample were different, SDS-Page was used to know the fingerprint

of the hard protein corona of every sample incubated in HSA and in FBS solutions.

Figure 29: SDS-Page on the left MSN incubated in HSA and on the right MSN incubated in FBS. Every
lane matches with the number of the sample: S1, S2, S3, S4, S5, S6, S7, S8, S9, S101 and S102.

Figure 29 shows the fingerprints of the PC, on the left with HSA and on the right
with FBS. In the acrylamide gel it can be observed that three samples present protein
enough to appear in the gel. At the same time, the band of S1 was greater than S3 and
S9, which corroborates the BCA results, where they were the three samples that had
more PC. On the other hand, in the gel of the MSN incubated with FBS (right) it can be
observed four bands, S1, S3, S6 and S9. Regarding the composition of the PC it seems
to be formed by the same proteins, but SDS-Page was not accurate enough to be

conclusive.

It was also analyzed the fingerprint of the nanoparticles with the surface modified
with PEG, both C4 and C12, and with oleyl and oleyl-NH.
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Figure 30: SDS-Page from the left to the right S1, S6, S9, S101, S102, C4, C12, Oleyl, NH2-Oleyl. PC:
87.7,71.2, 88, 23.3, 82.3, 42.9, 38.9, 52.3 and 101.3 ug FBS/mg MSN.

The first five lanes correspond to the naked samples S1, S6, S9, S101 and S102.
Comparing the sample S1 to MSN with PEG in the surface, it can be observed how the
proteins that form the PC decreased considerably. On the other hand, it was
corroborated that the proportion of albumin in the PC was increased in the samples with

oleyl, being more notably with the aminated pores.

3.3.3.4 Thermal study of the hard protein corona using nanoDSC

Although, nanoDSC is a technique commonly used for thermal studies of
biomolecules (conformational transition of biological macromolecules)'™, biochemical

reactions'®® or characterization of nanoparticles'®1°71%8.15

, 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 corona was compared to
the T, of the albumin. This temperature (Tn) 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 T, values would be representative of more stable

molecules'*'%°,

Firstly, the HSA protein corona was formed in the MSN surface following the usual
methodology (see materials and methods) but without the washes and centrifuges. After
the necessary formation of PC, the cell of the nanoDSC was filled with this suspension.
Three temperature cycles were performed, between 25 and 98 °C (melting point of HSA
depending on literature and conditions is between 59.7 and 79.5 °C)'®". 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.

S1

HSA
S101
S7
S$102
S$112
S8

Figure 31: Thermograms of the different MSN incubated with HSA.
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Figure 31 shows the peak displacement, corresponding to the change in T,,. That
means that the nature of the protein corona formed was dependent on the characteristics

of the nanoparticle. Due to, each MSN’s S| have one thermodynamic profile.

The reproducibility of these experiments was demonstrated by running each sample
twice. Figure 32 shows some of the repetitions of the thermograms (for samples S1, S5,
S7 and S102).

Figure 32: Example of reproducibility of the DSC results.

The DSC assay was also carried out with the PC formed with FBS (S1). The
comparison was done with the same FBS batch, since the composition can change
among different lots. There can be observed two major proteins. The first one was the
albumin with a Ty, of 79 °C, which suffers the same effect as when incubating NPs with

the albumin alone, and the second one was hemoglobin with a T, of 59 °C"'®%,
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Figure 33: Thermogram obtained of the DSC with MSN incubated in FBS.

As stated previously, the goal of this work is the advantageous use of mesoporous
silica nanoparticles as vehicles for drugs (inside their pores) and at the same time the

employment of protein corona to protect these drugs from the outside (environment).

In order to be able to compare the behavior of the protein corona of the different
mesoporous NPs, two blanks were made using silica nanoparticles without pores (S112)
and gold nanoparticles (Au NP) (Figure 34). Comparing this NPs without pore in relation

to MSNs, it can be isolated the specific impact of the pore property.

Figure 34: DSC thermograms of nanoparticles incubated with HSA without pore (Au NP and S112).

The thermogram of the NP without pores were dissimilar from each other, it will be
shown later in this chapter an explanation of the behavior of the pore with regard to the
PC.
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3.3.3.1 Thermal study of the soft protein corona using ITC

A complementary technique for the characterization of the corona was used: The
MicrolTC. This technique provides thermodynamic information about the superficial
interactions between MSN and HSA. A HSA solution was titrated into a nanoparticle
solution in the sample cell at 37 °C to simulate the physiological medium. This process
allows the formation of both soft and hard PC. The difference in temperature of the
sample cell was monitored. If the reaction is endothermic, heat needs to be provided to
the sample cell and a positive signal is obtained. On the other hand, if the sample in the
cell emits heat, a negative signal is obtained'®.

When analyzing the first step, the endothermic one, a positive value of heat during
the formation of the complex indicates that this interaction (protein-NP) is an enthalpically
unfavorable (entropically driven) process. This means that the reaction takes place
spontaneously since the change in entropy is positive. In this process the disruption of

the water bound to the NP surface was energy dependent.
AG = AH — TAS

Equation 1: Third Law of Thermodynamics.

Figure 35: Thermograms of the ITC titrated with HSA.

3.3.4 Correlation between synthetic identity and biological identity

To study the relationship between synthetic identity and the biological identity, and
to elucidate which property of the MSN is more important for the PC formation, the
properties of the MSN and of the protein corona were correlated. Due to, this correlation

the ideal application for the MSN-PC complex.
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3.3.4.1 Correlation between protein corona and AR and pore size

Collectively from data, it can be concluded that the pore size and the aspect ratio
excerpts a great influence on the formation of the protein corona. This effect can be
explained depends on the aspect ratio but mostly the size pore. Some authors claim that
the highly curved surfaces of NPs affect protein-protein interactions. Proteins adsorbed
on highly curved NPs tend to undergo fewer changes in conformation than those
adsorbed on less curved surfaces. In this work this concept was extrapolated and
explained as the pore size effect. The orientation of the protein to form the PC was found
to be exclusively dependent on the specific protein structure and the geometrical fitting
for a specific surface. For that reason, the curvature, which is function of the aspect ratio,
plays a crucial role, e.g. S101 with a rod-shape, AR of 1.940, even though it has a pore
size of 34.9, the PC was a small. Even so, due to the HSA uses several helical sites from
different domains to fit perfectly onto the MSN surface, the size pore is the most
important factor. This fact can be observed because nanoparticles almost spherical have

more differences in the PC by changing the pore size.

Figure 36: Relationship between AR and PC (FBS or HSA).

Even so, it can be observed the coexistent dependence on the amount of proteins
that form the hard PC (BCA assay) besides the pore size. Due to, the primary bound
monolayer of HSA, which are attached to the nanoparticle surface, uses several helical

sites from different domains to fit perfectly onto the MSN surface'®.
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Figure 37: Relationship between pore size, PC and AR. The samples were grouped in three blocks (I,

11, Il1) depending on their properties.

As depicted in Figure 37, samples can be grouped into three groups according to
their pore size and AR. The group | was composed by nanoparticles with a defined rod-
shape and thus an AR higher that 1.3; at the same time these nanoparticles had different
pore size. This group of nanoparticles showed few proteins in the PC, and although the
AR was different enough among them, there were not huge differences within their PC.
MSNs arranged in group Il have a shape close to the spherical and a pore size between
28 and 31 A. In this group, the difference in the PC can be explained both because of
the AR and the pore size. The last group was the one showing the greatest influence of
pore size in PC. This Ill group clusters spherical nanoparticles with a pore size larger
than 32.2 A and an AR smaller than 1.07. The larger the pore size was, the higher
increase in the PC was observed. The hard PC, formed by proteins strongly bound the
nanoparticle surface, is directly affected by the surface properties, in this case by the
pores. Therefore, it has been here demonstrated the huge influence of the pore size on

the formation of the hard protein corona.

3.3.4.2 Correlation between pore size and nanoDSC and ITC

The conformation of the absorbed proteins is different from their original or native
conformation'®. Conformation of adsorbed proteins is more altered in the presence of
charged or hydrophobic nanomaterials. The change in the conformation allows the
correlation between the free proteins and the quantity of protein that forms the protein

corona. From inspection of the thermograms, it is possible to obtain the melting
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temperature (T,,) of each protein corona, which shows a linear correlation with its
corresponding quantity of PC'®®. The higher is the quantity of protein forming the whole
PC, both soft and hard PC, the more instable this protein is, so smaller becomes the T,.
This observation maybe due to the higher amount of protein is accumulated on the
MSN’s surface, the more density of charges and hydrophobicity turn out, so more protein

with conformational changes are there.

Figure 38: Linear relationship between Tr, and PC

On the other hand, it can be observed in the DSC thermogram a widening of the
base of the peak (Figure 31). This fact can be explained because of the presence of two
types of layers that form the protein corona, the hard and the soft PC, widely described
in 3.3.1 section. Plotting the temperature at which proteins start to denaturize together
with the temperature at which the last native protein co-exists with denatured proteins
compared to the protein corona provides a graphic which evidences two different

behaviors of the proteins'®’.

We hypothesize that the first peak is due to the external proteins, which are more
exposed to the medium and the disruption of their native form result in less stable
proteins, the so-called soft protein corona. The second peak is hypothesized to
correspond to the fact that, as time goes by, proteins begin to fit in the pores. This allows
the formation of a highly stable protein corona composed of the proteins internalized in
the pores, known as the hard protein corona. Thus, a high temperature by reason of the
denaturing of these proteins is observed in the plot. The effect of the two factors can be
understood as the presence of two peaks'®*'®"%° |n the other one which the picks
appear at a higher temperature was because the presence of the pores. The pore allows
the stabilization of the protein because of its packaging within it. This can be represented

as a deconvolution of the peak of the DSC as a representation of the influence of the two
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effects, surface and pores, understanding as the soft and hard PC (Figure 41). The
percentage of proteins that form the pore’s layer or surface’s layer will determine the final
Ti.

Figure 39: Relationship between Ta, Tb and PC.

Analyzing the ITC’s thermograms, we hypothesize that the increase in entropy of
the system, the first step, was due to the release of a highly ordered solvent molecules
(water) from the interface to the medium could compensate the unfavorable enthalpy
contribution. The second step displays exothermic peaks. It is reported in the literature
that the curvature of nanoparticle affects the exothermic peak. In this case, the
exothermic peaks vary with the pore size'®'"'. The higher the pore size was, the bigger
was the exothermic peak. The nanoparticle which have a pore big enough to fit and
stabilize the protein play a more important role in the formation and the structure of the
protein corona'’?'*®. The sample of the compact nanoparticle, without pore, confirms the
above mentioned behavior since there was only the surface effect. Complementary to
the DSC data, the endothermic peaks correspond to the first PC formation, the soft PC;
on the other hand, the exothermic peaks, which were pore depending, are representative
of the hard PC.
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Figure 40: Thermograms of MSN from different blocks (I, 11, III).

According to the behavior depending on the pore size, human serum albumin was
titrated over different samples: four different nanoparticles with pore sizes, three of which
form part of the first group of pore size (38.8, 38.4, 36) and other one of the second group
(30.9 A) and nanoparticles without pore. The thermograms shown in Figure 40, and
demonstrate that the adsorption of the protein has two step process. In the first one, the
protein approaches to the surface and binds loosely in its native state at random
positions on the surface of the nanoparticle. In the second one, the protein can undertake
conformational changes and form non-covalent protein-nanoparticle bounds that help to

stabilize the protein into the pore and, therefore, leading to a stronger adsorption'”.

The comparison between the two techniques allows the understanding of the
composition of the PC, the formation (ITC) and the stability and denaturalization (DSC).
In the ITC the rate of the exothermic part, which correspond to the effect of the pores,
respect the whole heat change (exothermic and endothermic) was from top to bottom
and from left to right, following a descending order in the pore size 48.4% 40% 29%. The
last one was the nanoparticle which do not have pore. This can be compared with the
deconvolution of the peak of the DSC as a representation of the influence of the two
effects, surface and pores, where the surface effects would be represented by the peak
displaced to the left and the pore effects to the right. The same influence would be with
comparable values, 47.4 % 40.7% 33.2% (15.2%). Through these two techniques it can
be understood at the same time both the behavior of the PC and the discrimination of

the soft corona in the surface and the hard corona stabilized in the pores.
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Figure 41: Relationship between ITC thermograms and deconvoluted DSC thermograms.

To sum up, the utilization of nanoDSC and MicrolTC allows the understanding of
the mechanism through which the protein corona was formed, to achieve the optimal
application, as a targeting, gatekeeper or protein release, in function of the ratio pore-

protein size.

3.3.5 Study of the behaviour of a small protein versus different MSN pore

sizes

Interestingly, when a small protein was chosen the relationship between this small
protein and the pore size would be different. Lysozyme (Lys) was used as a model
protein, whose dimension is comparable in size to 34 A, and 14.3 kDa. In Figure 42 four
DSC thermograms are shown, two of them of HSA, and the others two of Lys. Regarding
the HSA, it was previously discussed the effect of the pore and the relationship between
the pore and the albumin size. This relationship makes that, even though T, was smaller
than that of the free albumin, the base of the peak widens practically equidistance from
the center, due to the equal participation of the pore and the surface in the formation of
the PC. On the other hand, in the case of the lysozyme, the pore was much bigger than
the protein. This makes that the presence of the pore has a greater effect on the
formation of the PC. For that reason, the peak shifts to the right, making the protein more

stable.
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Figure 42: Comparison of the behavior of lysozyme and albumin regarding S1.

Focusing solely on the lysozyme regarding different pore sizes, the interaction
between lysozyme with S1 with a pore size of 38.8 A, S4 of 34.2 A and S5 of 28.8 A was
studied. The result is shown in, Figure 43, where it can be seen how in S5 NPs the
lysozyme was not allowed to enter inside the pore, and practically only the surface had
effect in the PC formation (the peak shifts to the left). In this case NPs can be used for
target some organ. S4 NPs have a pore size where the lysozyme fits widely, so this fitting
confers stability to the protein (the peak shifts to the right). S4 can be used for block the
pore, and avoid a pre-release not desirable. Lastly, in S1 NPs the pore is too big and the
protein can enter completely inside the pore, so the PC formation is influenced by the
surface and the pore at the same time (the base of the peak widens). In this case, as the

protein can enter entirely inside the pore it can used for release it.
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Figure 43: Lys DSC thermograms depending on the pore size and their deconvolution.

It should be noticed that, by expanding the upper limit of the pore size, it can be
observed that once the pore size was considerably greater than that of the proteins, the
Tm becomes greater than that of the free protein. This implies that when proteins enter
completely within the pore (for being released from the nanoparticle), the protein stability
increases as does the percentage of proteins that fit inside the pore, i.e. the hard PC is
greater than soft. In the case of S1 nanoparticles with HSA, only the first layer of hard
protein corona enters the pore. Thus, the percentage of proteins with respect to the
global PC was smaller as compared to the case of lysozyme. On the other hand, looking
at the deconvolution of the DSC peaks, where it can be seen these peak displacements,
in S5 (small pore) the deconvolution shows a clear shift to the left; S1 shows two big
peaks in the left and in the right (corresponding to surface and pore, respectively); and

S4 shows also two peaks but smaller than those from S1 (their pore is not as big as S1).
3.3.6 Study of the behaviour of a big protein versus different MSN pore
sizes

The study of different proteins, albumin and lysozyme, with different protein-pore
size relationships has been performed, evidencing the importance of this relationship. In

the experiments carried out, the protein could have several behaviors, ranging from
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fitting into the pore until entire penetration to settled on the surface of the MSN. Here,
the aim was to check the behavior of a protein far larger than the pores of the
nanoparticles. According to the aforementioned hypothesis, it was expected that the
proteins that form the PC will be destabilized due to the "only" interaction with the

surface. This interrelation yields a complex could be used to target.

For this experiment, glucose oxidase (GO) was employed as it can be considered a
big protein if compared to the pore size. GO is 40-50 x 120-140 x 80-90 A, whereas the
pore size of S1 is 38.8 A (Figure 44).

Figure 44: DSC thermogram of the GO.

As predicted, the peak of the GO was shifted to the left, being the T, smaller than
for the free GO, due to the participation of the surface in the PC destabilization. The GO
was not allowed to fit into the pore because of its size. The thermogram was similar to
the one in Figure 34 (nanoparticles without pores), since for GO the pore of S1 was as

small as if it did not even exist.

The difference between the protein corona that is formed using only surface or using
both surface and pore factors has also an influence on the quantity of proteins that form
these PCs. The smaller the protein is, the more amount of it can fit in the pore, so higher

quantity of protein will compose the protein corona.
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Table 6: Protein corona of different proteins

Lys HSA GO

PC 209 116 0,64

3.3.7 Study of the evolution of the protein corona formation over time

In order to corroborate this hypothesis, the denaturation of PC formed at different
time points was studied using the nanoDSC. MSN were incubated with HSA at 5 minutes,
30 minutes, 2 hours, 10 hours and 24 hours. In Figure 45 is observed that, as time goes
by, the T, shows a shift of the peak to the right and it becomes higher, thus corroborating
the protein fitting inside the NP pore. This observed change related to the protein fitting
inside the pore can be explained through the different conformations that HSA acquires
over time. It has been corroborated that in a first stage the protein forms a layer with a
random conformation on the surface of the nanoparticle and in a second stage it acquires

different conformations that allow its entrance to the pore.

Figure 45: DSC thermograms of S1 and the evolution of the PC over time.

Regarding the height of the peak, the amount of proteins is directly related to the
height of the peak. Thus, the higher peaks correspond to higher amounts of proteins

inside the nanoparticle pores (hard PC) (Figure 46).
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Figure 46: Evolution of the PC over time

3.3.7.1 Influencing of the pore size in the PC’s formation regarding the protein size

In order to know the stability of this protein-pore binding, the nanoparticles were first
incubated 24 h in HSA and then 5 minutes, 10 hours or 24 h in FBS, during which time
protein competition will occur, having corroborated the differences between the first
stage (random conformation on the surface) and the second stage (acquires different

conformations).

In Figure 47 the first lane in each gel corresponds to the protein corona formed only
with an incubation of HSA during 24h and the last one to the PC incubating with only
FBS also during 24h. The three lanes in the middle are the different PC formed when
incubating first 24h in HSA and then 5°, 10h and 24h in FBS, respectively.
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Figure 47: Protein exchange study. SDS-Page of the MSN with different pore sizes incubated with
HSA 24h (left lane) and then re-incubated at different times (5’, 10h and 24h, lanes 2 to 4) with FBS. The
last lane corresponds to MSN only incubated 24h with FBS.

The difference between albumin from FBS and from HSA is that bovine is 1 kDa
larger than human, so it remains more retained and it is possible to see which albumin
of the HSA-PC is replaced by the bovine. Figure 47 shows that the smaller is the pore,
the shorter time it is needed to replace the albumin. That means that when the pore is
big enough to fit the protein, this protein will remain more easily in this bound state than

the protein that is bound on the surface.

Here it can be observed how the nanoparticles with a pore size in which the protein
can fitted remain more time forming part of the PC. This was suitable for act as a

gatekeeper and for avoid the undesirable pre-release.

On the other hand, nanoparticles with different pore size were incubated in HSA
with FITC conjugated. After the respective washes, MSNs with the fluorescent corona
were incubated in HSA and the HSA-FITC that remained as PC was quantified in order

to prove the stability of the protein corona as function of the pore size.
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Figure 48: Replacement of the HSA that forms the PC using FTIC-HSA.

It was observed that the protein fitted in the pore (S1) suffers a replacement of
16.6% of its proteins, while the MSN with pore not big enough to accommodate the
proteins (S5) suffers a replacement of 31.3%, almost twice. Thus, it demonstrated that

the fit proteins were more stable to the replacement than the proteins in the surface.

3.3.8 Composition determination of the PC using proteomics

Following the previous results in which was observed that depending on the time
the proteins that forms the protein corona can be replaced for other proteins of the new
media regarding the pore size of the MSN. In order to study which protein were replaced,
a proteomic assay was made with S1 and S5, pore size of 38.8 A and 28.8 A respectively,
incubated 24 h in HSA and subsequently 24h in FBS, and only 24h in FBS. The results
are expressed in percentage of the score of each protein with respect to the score of the

most abundant ones. The following table shows these results:

Table 7: The three most abundant proteins in the PC through proteomic assay.

S1 S5
FBS HSA + FBS FBS HSA + FBS
BSA 31.4 HSA 32.2 ApoAl 34 ApoAl 23.9
TRFE_B 245 BSA 13.6 BSA 14.5 HSA 18.7
TRFE_B2 23.8 ApoAl 12.2 Glyco_B 10.9 BSA 13.9
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The percentages of abundance of the three most abundant proteins in each PC
were compared among samples. The molecular weight of these proteins in kDa were:
BSA 69.2, TRFE 77.6, TRFE2 77.7, HSA 69.3, ApoAl 30.3 and Glyco_B 38.4.

The results showed that the in PC formed on S1 incubating with FBS the most
abundant protein was albumin, while in the case of S5 was ApoA1. The naturally-
occurring formation of a PC when incubating NPs in FBS renders a PC composed of
proteins which can be fitted in the pore. The proteins that form the PC in S1 nanoparticles
had a MW of 69.2, 77.6 and 77.7 kDa, while in S5 were 30.3, 69.2 and 38.4 kDa in MW.

On the other hand, nanoparticles pre-incubated 24h in HSA were allowed to form
an unnatural PC composed only of HSA. During the following 24h in FBS, the PC suffers
a replacement of the HSA by proteins that are present in the FBS. When this happens,
S1 shows a 32.2% of HSA, remaining as the most abundant protein in the PC, while in
S5 it shows a 18.7%, not being the most abundant one. In the case of S5 the most

represented protein is the Apol, coming from the incubation in FBS.

3.3.9 Microscopy of the PC: CryoTEM

DSC thermograms show the range of temperature at which the proteins from the
PC were denatured. Using that, it is possible to heat nanoparticles with a PC formed until
a temperature at which the surface proteins are denatured but the proteins inside the
pore remain folded, and it can be observed using a negative staining microscopy. In this
case, nanoparticles were heated to 77 °C. A quantification through BCA assay shows
that the initial nanoparticles had 97.9 pg/mg NP of PC and the nanoparticles once heated
at 77 °C, had 46.4 ug/mg NP. It can be observed in Figure 49 and Figure 50 that the

behavior was different in each case.

In Figure 49 it can be observed the MSN with the entire PC formed. The surface
seems grainy due to the presence of the PC in the surface, the complex matrix of the PC
made that the absorption of the electrons along the samples was different. On the other
hand, in Figure 50 the sample was homogeneous because of the fact that the surface
was only composed of the material of the nanoparticle. In this case the protein was

located inside the pore.
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Figure 49: Images obtained from the TEM of the nanoparticles with protein corona.
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Figure 50: Images obtained from the TEM of the nanoparticles with protein corona and heated at 77
°C
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3.4 Concluding remarks

The results of this chapter prove that different mesoporous silica nanoparticles can
render different types of protein coronas due to their different physiochemical properties.
The differences in the synthetic identities characterized in chapter Il allows the formation

of a variety of biological identities.

The utilization of these techniques in a new way allows the intelligent design of MSN
regarding the protein that is wanted to use in order to plug the pore for its utilization as a
drug delivery system. If the protein is inside the pore it will be more stable and so it will

have a controlled release until reaching the therapeutic target.

It could be concluded that proteins that have a size capable of entering in the pore
will be stabilized. If the protein has a size which can just fit inside the pore, the layer that
forms the stabilized proteins will be small (the case of HSA with S1). This can be seen
using the ITC where it is appreciated that less than 50% represents the protein inside
the pore (exothermic part). On the other hand, it has been seen that the T,, of samples
in which albumin was forming PC was lower than the T, of free albumin. This is due to
the fact that more than 50% of the whole PC is on the MSN surface, which has been
proved to be more destabilized than the free HSA (Figure 51). The cases of MSN with a
small pore size show that it has less portion within the pore (ITC), although the T, was

closer to the T,, of free albumin since it also forms less protein corona.

Figure 51: Concluding remarks of the chapter Ill. A) Schematic representation of the gatekeeper B)

ITC thermograms C) Linear relationship between Tr, and PC.
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The utilization of the lysozyme allows increase the pore-protein ratio window. In
which it was observed as if the pore size was much greater than that of the protein, the
pore factor was higher, with which the amount of proteins that form the PC increases,
and the stabilization was observed with the large displacement of the peak of the DSC

to the right, even increasing the T, with respect to the free one.

Figure 52: Concluding remarks of the chapter Ill. DSC thermograms of the lysozyme.

In short, with the range of synthetic identities characterized in the previous chapter,
in this one, it is hypothesized the behaviour of the proteins that forms PC regarding the
pore size. Also, here it determines the application of the MSN-PC complex in correlation
to the relationship between pore and protein size. Proteins in these systems can be used
for targeting, for blocking the pores and avoid de pre-release or for being released from
the nanoparticle. Consequently, in the next chapter studied drugs will be loaded and
released of MSN in order to known the release profile according to the formed PC, as
well as it should be studied the physiological response in front of cells lines, as the

bioavailability and the cytotoxicity.
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4.1 Introduction

In the previous chapter, taking advantage of MSN with different pore sizes, it was
optimized the usage of the complexes formed by such MSN and protein coronas. It was
demonstrated that according to the size ratio between pores and proteins, the different
PCs of MSN could be employed as gatekeepers, for targeting or even to be self-released
from the nanoparticles. At this point, the potential therapeutic application of these
complexes wanted to be studied. Cancer, that is considered as a 21% century disease,

was chosen.

Cancer is characterized by growth of abnormal cells in the body forming tumours.
Tumours are characterized by massive cell division, which is no longer controlled as it is
in normal tissue. Healthy, normal cells stop dividing when they get in contact with another
cell, a mechanism known as contact inhibition, whereas cancerous cells lose this ability.
The success of chemotherapy to kill cancer cells depends on its capacity to halt cell
division'™. Usually, chemotherapeutic drugs’ mechanism of action relies on damaging
the RNA or DNA that dictates the cell to copy its own genetic material for cell division.
For instance, 5-fluoruracil is an antimetabolite that interferes with DNA and RNA
synthesis by mimicking the building blocks necessary for synthesis at very specific
phases in the cell cycle. If the cells are unable to divide, then they die. The faster the
cells are dividing, the more likely it is that chemotherapy will kill them, causing the tumour
shrink. Drugs can also induce cell suicide (self-death or apoptosis). Chemotherapeutic
drugs can also be antitumor antibiotics, which act during multiple phases of the cell cycle
and are considered cell-cycle specific. Doxorubicin is one of the most commonly used

antitumor antibiotics'">""®""".

Unfortunately, chemotherapy cannot distinguish between cancerous and normal,
healthy cells. Chemotherapeutic drugs will act killing all cells that are rapidly dividing.
The “normal” cells that are most affected by chemotherapy are blood cells, cells in the
mouth, stomach and bowel, and hair follicles, resulting in low blood counts, mouth sores,
nausea, diarrhoea, and/or hair loss. Different drugs may affect different parts of the
body'®'°. This unwanted collateral damage can be avoided using nanoparticles
systems which encapsulate the drug and release it specifically in the damage tissue.
Once nanoparticles arrive in the target organ, the drug is released, preventing healthy

tissues from being damaged during the travel within the body'*'8"82,
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However, the translation of nanoparticles to the clinic for cancer therapy is
hampered by the limited stability in biological fluids of most nanomaterials. As mentioned
before, the incorporation of nanoparticles in the bloodstream causes a strong reaction
with serum proteins, lipids, membranes, cells, DNA, different organelles and small
molecules, forming a shell of aggregated compounds onto the NPs’ surface known as
the “protein corona”. This protein corona alters the size and interfacial composition of a
nanomaterial, giving it a biological identity that is distinct from its initial synthetic identity.
This is the reason why many of the questions regarding the biocompatibility and
biodistribution of MSNs in vivo still remain unanswered. The comprehension of the PC

formation and composition bring MSN together to their use as drug delivery systems.

Figure 53: Biodistribution of nanoparticles.

The correlation between the synthetic identity and biological identity was deeply
analysed in chapter Ill. Yet, medical applications of nanoparticles require the
understanding of their interactions with living systems in order to control their
physiological response, such as cellular uptake and cytotoxicity. The identity of the
proteins that form the PC plays a key role in the physiological response. For instance,
the mechanisms of uptake will be determined by this biological identity of the
nanoparticle, varying from entering into cells via a receptor-mediated or caveolin-
mediated endocytosis pathway. That is why, in this work, the effect of the corona
composition on nanoparticle uptake has been investigated, by studying the impact of

different PC on cell uptake results. Also, the cytotoxicity has been analysed, aimed at
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finding differences between healthy and cancerous cells, minimizing the collateral

damage in the healthy ones.

The following step has been studying the capacity of loading the nanoparticles with
a drug and the capacity of releasing it from the MSN once inside the cell. The MSN have
to be able to incorporate enough quantity of drug to, once the NP is inside the tumour

cell, release it and cause the cell death.

To sum up, after the previous design of MSN with defined properties and the
knowledge of the influence of the PC formation, the relationship between the drug and
the MSN with the PC must be studied. At the same time, the cellular uptake and the

viability of the target cells need to be analysed.
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4.1.1 Objectives

Figure 54: Graphical abstract of Chapter IV.
In order to achieve this objective, the following tasks were proposed:

» To assess the effect of the loading and release profile of the studied drugs

regarding the formed PC.

» To analyse the uptake of nanoparticles depending on the proteins of the

surface in different cell lines.

» To compare the differences in cytotoxicity of nanoparticles loaded with the

drugs and with a PC.
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4.2 Materials and methods

4.2.1 Uptake procedure

Cells were seeded in 96 well plate at 12*10° cell/ well. After 24h, uptake experiment
was carried using different samples of MSN. Briefly, MSN were performed as previously
described using FITC. Then, cells were incubated with nanoparticles using DMEM
supplemented. After that, nanoparticles were removed, cells were washed twice with
PBS 1X and cells were trypsinized with 100 pl of trypsin and 200 pyL of completed

medium for flow cytometry analysis.

4.2.2 Uptake (Albumin-FITC)

10 mg of HSA-FITC in a total volume of 1 mL (PBS). Samples were mixed carefully,
to avoid protein denaturation due to mixing, and incubated 24 hours at 37 °C. Purification
of hard corona was carried out by centrifuging samples at 13000 rpm for 13 minutes and
including three washing steps in the purification procedure. Samples were first
centrifuged and supernatants (SN) were discarded and 1 mL of fresh PBS was added to
suspend nanoparticles. Procedure was repeated 3 additional times, in order to wash
nanoparticle solution from non-attached protein present in solution. Then, the
methodology of the uptake was performed. After the necessary 24 h, cells were lysed by
sonication, and the fluorescents proteins were separated centrifuging. The amount of

HSA-FITC was analysed with a UV—-Vis absorption spectrophotometer at 490 nm.

4.2.3 Live and dead assay

Cells were grown in 96-well plates at an initial seeding density of 12000 cells/well in
200 pL growth medium. Cells were grown for 24 h, and then different MSN were added
and incubated during 3h. Nanoparticles with protein corona were formed as the
methodology in chapter Il. Then, nanoparticles were removed, cells were washed once
with PBS 1X and 100 pL of 120 yM solution fluorescein diacetate (FDA) was added. g h
post-addition, the medium was removed, cells were washed with PBS, and cells were
trypsinized with 100ul of trypsin and 200 pL of completed medium for flow cytometry
analysis. Cell viability was expressed as a relative percentage compared with untreated

cells.
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4.2.4 DOX loading and release of the MSN

4.2.4.1 DOX loading in MSN

To 15 mg MSN in 30 mL MeOH and 7 mg (12 mmol) of DOX were added. The
solution was left 24 h at room temperature. Then, MSNs were washed extensively, until
no red supernatant was obtained. Supernatant was collected and measured by UV-Vis

to assess the quantity of DOX loaded at 490 nm, which was near 8 %.

4.2.4.2 Release

In vitro release experiments were performed at pH=7.4, pH=6.3 and pH=5. For each
release study, 1 mL of PBS was first added to 1 mg of MSNs and maintained at 37 -C,
while being stirred at 100 rpm. Briefly, protein coronas were performed as previously
described using different types of proteins. Release medium was removed for analysis
at specific time intervals by centrifuging at 12000 rpm for 30 min and placing solid
residues into identical volumes of fresh buffer solution. The amount of released was

analyzed with a UV-Vis absorption spectrophotometer at 490 nm for DOX.

4.2.4.3 DOX in presence of HSA according to the pH

2 mg of MSN load with DOX were suspended in 500 pL of PBS at a pH of 7.31 and
6.44. Then, 5 mg of HSA were added and mixed carefully.

4.2.5 5-Fluorouracil loading and release of the MSN

4.2.5.1 5-FU loading in MSN

To 36 mg MSN (S1) in 25 mL MeOH and 20 mg (26 mmol) of 5-FU were added.
The solution was left 24 h at room temperature. Then, MSNs were washed extensively.
Supernatant was collected and measured by UV-Vis to assess the quantity of 5-FU

loaded at 266 nm, which was near 45 %.

4.2.5.2 Release

In vitro release experiments were performed at pH=7.4, pH=6.3 and pH=5. For each
release study, 1 mL of PBS was first added to 1 mg of MSNs and maintained at 37 -C,
while being stirred at 100 rpm. Briefly, protein coronas were performed as previously
described using different types of proteins. Release medium was removed for analysis
at specific time intervals by centrifuging at 12000 rpm for 30 min and placing solid
residues into identical volumes of fresh buffer solution. The amount of released was

analyzed with a UV-Vis absorption spectrophotometer at 266 nm for 5-FU.
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4.2.5.3 MTT assay

MSN toxicity was measured using MTT assay (Sigma-Aldrich) at 24 and 48 hours
post nanoparticle addition and 5 hours and 2 days after incubation. MTT assay measures
the activity of living cells via mitochondrial dehydrogenase activity. Briefly, MTT stock
solution (5 mg/mL) was added to each culture well, being assayed to equal one-tenth of
the original culture volume and incubated for 3 h. After that, DMSO was added in an
amount equal to the original culture volume. Finally, the cell viability was determined by
measuring the absorbance at 570 nm using a microplate reader (EIx808 Biotek
Instrument Ltd, USA). Cell viability was expressed as a relative percentage compared

with untreated cells.
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4.3 Results and discussion

In the previous chapter, the PC formation was studied depending on the pore size.
Consequently, to fight against the cancerous tumour, MSNs were loaded by one of the

most popular drug in cancer chemotherapy, Doxorubicin (DOX).

4.3.1 DOX loading on MSN

For this therapeutic application, the size ratio between MSN and PC that was picked
up was that one when the protein fits inside the pore. This way, not only the spontaneous
pre-release that can cause several side effects was avoided but also the targeting to a

certain organ could be more effective.

First, S1 are the nanoparticles which the albumin fits better inside their pore were
chosen for the preliminary study. The chosen drug was Doxorubicin (DOX). Doc is a
cytotoxic anthracycline antibiotic isolated from cultures of Streptomyces peucetius var.
caesius. Doxorubicin binds to nucleic acids, presumably by specific intercalation of the

75 Also, as discussed above, it

planar anthracycline nucleus with the DNA double helix
has been demonstrated that liver cancer cells’ display an overexpression of specific
human serum albumin receptors, which internalize large amounts of HSA through the

mechanism of caveolae-mediated endocytosis.

MSNs with amines at the porous surface of the NP present an excellent advantage,
which is that at basic pH, amino moieties would not be protonated and cationic DOX
would be easily absorbed. While in an acid pH, amines would protonate preventing the
electrostatic binding from taking place and as a consequence, DOX release would be
boosted '8 To this end, first of all, DOX absorption inside MSNs porous must be
studied. The drug loading of S1 is quantified by the difference between the amount of
DOX present in the supernatant (released) and that added initially in the reaction (total).
The loading of DOX inside S1 NP is about 8.5% in PBS medium.

Afterward, the release study was performed. First, nanoparticles loaded with DOX
were incubated in HSA and FBS to form the protein corona. The nanoparticles without
protein corona, MSN naked, were also incubated with PBS to emulate the same
conditions and to be able to compare all the samples. After 24 hours, the washes were
performed and MSN were suspended in 1 mL of PBS. At different time points MSN were
centrifuged and the DOX in the supernatant was quantified through its absorbance.
Then, 1 mL of new PBS was added and incubated longer time. Taking into account that

pH values at cancerous tissues (pH=6.5) are lower than in blood and normal tissues
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(pH=7.4), pH sensitivity can be used to control release systems in cancer applications.

Therefore, two pH were studied, 6.44 as acidic pH and 7.31 as a physiological medium.

Figure 55: Differences in the DOX release depending on the protein that forms the PC.

The amount of DOX released from the MSN with respect to the incubation time were
represented in Figure 55. As expected, the medium at pH 6.4 suffers a greater release
of DOX than the respective one at pH 7.3. The behaviours regarding HSA and FBS
corona were similar, due to FBS is composed mostly by albumin. Unexpectedly, instead
of the PC clogging the release of the DOX, it suffers a much greater release than in the

naked nanoparticles.

To rule out a possible experimental error, some HSA was added to MSN already
loaded with DOX at different pH. It can be observed in Figure 56 that the sample with
the addition of HSA suffers a massive release of DOX as compared to the sample without
HSA. The unwanted release of the DOX from the MSN can explain why with a HSA PC

the release was higher than naked.
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Figure 56: DOX behaviour with respect to HSA and pH.

This occurs due to the binding of doxorubicin to HSA via hydrophilic and
hydrophobic contacts with stable complexes. The drug-protein binding involves several
amino acids residues, which stabilize by H-bonding network. Drug interaction alters

protein’s secondary structure for HSA causing a partial protein destabilization.

A commercial form for doxorubicin is Doxil, a liposome version of this drug. That is,
Doxil is the drug doxorubicin encapsulated in a liposome. Liposomes have on their
surface a substance to protect themselves from detection by the body's immune system
and to increase the time that Doxil is circulating in the blood. By enclosing a drug in the
complex it is possible to get close to the tumour and the encapsulated drug doxorubicin

becomes able to work against the tumour cells*”.

The clogging by others proteins which do not suffer this destabilization effect were
studied using aprotinin and fibronectin. Aprotinin is a bovine pancreatic trypsin inhibitor,
that is used as medication administered by injection to reduce bleeding during complex
surgery, such as heart and liver surgery'®. Fibronectin mediates a wide variety of cellular
interactions with the extracellular matrix and plays important roles in cell adhesion,
migration, growth and differentiation'®. The size of aprotinin is 6.5 kDa while fibronectin
is 220 kDa.
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Figure 57: Release of DOX when nanoparticles are incubated with aprotinin and fibronectin.

It can be observed in Figure 57 that neither aprotinin or fibronectin can block the
DOX release, since no differences with the naked nanoparticles were observed.
Aprotinin is too small and fibronectin too big to fit inside the pore. For that reason, the
relationship between the pore and the protein size is so important as detailed in chapter
[l

Then, the dependence of the release of DOX with the pH and the nature of the

corona formation were summarized in Figure 58.

Figure 58: Summary of pH and proteins with respect to the DOX release. From left to right the release
was made in pH 7.31, 6.44 and 5.
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In Figure 58, it can be observed that HSA and FBS induce a more abrupt release
with respect to the aprotinin and fibronectin coronas, due to the albumins’ destabilization
because of the presence of DOX. Every release was increased with the acidification of

the medium.

4.3.2 5-Fluorouracil loading on MSN

The drugs which have chemical structures similar to DOX are less stable in the
presence of HSA, including for example camptothecin. The destabilisation is explained
due to these agents are found to hydrolyze rapidly in the presence of HSA. The lactone-
carboxylate equilibrium for each structure went almost completely (96-99%) to the right,
the carboxylate form of camptothecin have a preferential binding by HSA®. For that
reason, it was chosen a drug with a different chemical structure, as is the case of 5-
Fluorouracil (5FU).

Figure 59: 5-fluorouracil structure.

Again, MSN were loaded with the drug, in this case with 5-FU. The methodology
used was the same as for DOX (see Materials and methods). The 5-FU loading was
higher with respect to DOX, due to the fact that the size of 5-FU is lower, and this
facilitates its adsorption through the MSN matrix. Here, three nanoparticles were chosen:
S1, S4 and S5. It can be observed in Figure 60 that the bigger was the pore, the higher
amount of 5-FU entered in the MSN. Nanoparticle S1, with a pore size of 38.8 A, had a
loading of about 44.7% (w/w); S4, with a pore size of 34.2 A, loaded about the 34.2% of
5-FU supplied; and finally, S5 of 28.8 A pore size loaded a 17.3%.
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Figure 60: 5-FU loading in the MSN depending on the pore size.

The release of 5-FU in S1 was studied regarding two pH: the physiological one and
one acidic that simulates the pH of a tumour. Finally, in Figure 61 it can be observed that
albumin, not being destabilized by 5-FU, can block the release, being it more controlled.

In the same way, the release in acid pH was higher.

Figure 61: 5-FU release of the MSN S1 regarding two pH (5 and 7.31).

Regardless of the pH, in order to prove in this system, the clogging of the pore to
avoid the DOX pre-release, a lysozyme PC was made on the MSN loaded with DOX
(see materials and methods). Lysozyme (Lys) was used as a model protein, whose
dimension is comparable in size to 34 A, and 14.3 kDa. In Figure 62 (A) it can be
observed that, while the albumin blocks the 5-FU release in S1 nanoparticles, lysozyme
due to their small size cannot be so effective. On the other hand, it was also probed the

capacity of Lys blocking in S4 and S5 which has a smaller pore, although the blocking
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of proteins remains ineffective. In Figure 62 (B), it can be observed the total charge of
the nanoparticle, being decremented as the pore is smaller. The blocking of albumin in
S1 (even having a loading greater than S4 and S5) is so effective that the release of the
drug is even lower than S4 and S5 without protein. This corroborates the importance
between the ratio of the pore size with the protein corona in the release of a drug and its

use in a controlled release.

Figure 62: Comparison of the 5-FU release regarding pH and pore sizes. A) From left to right the
plotted samples were S1, S4 and S5. B) The initial rate of release of each sample, in the same order as in

graphs A.

4.3.3 Cell Viability studies

5-Fluoruracil is a drug, which belongs to the category of chemotherapeutic drugs
called antimetabolites. When the cells incorporate 5-FU into the cellular metabolism, they
are unable to divide. 5-Fluoruracil is classified as a pyrimidine analogue because it
interferes with DNA and RNA synthesis by mimicking the building blocks necessary for
their synthesis. For that reason, the study of the cell viability was necessary. This work
is aimed at improving the treatment for liver cancer. Consequently, two cell lines were
chosen, being one from hepatic cells, AML12, and the other from hepatic carcinoma,
HepG2, for possible comparison. HepG2 is an immortalized cell line consisting of human

liver carcinoma cells. The same experiment was carried out on AML12 cells, a healthy
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cell line from hepatocytes (not tumorigenic), in order to be allowed to compare the

results.

Firstly, in Figure 63 in can be observed the comparison of the cell viability of the two
cell lines. The samples were S1, S1 with an albumin corona, S1 loaded with 5-FU with
and without PC, and 5-FU. Nanoparticles loaded with the drug, regardless of the PC,
showed less toxicity to healthy cells (AML12) than to cancerous cells (HepG2), being it
a great advantage. Furthermore, when comparing nanoparticles with the free 5-FU not
only is the viability of the healthy cells higher, but also the mortality of cancer cells is
similar. Regarding the sample S1 without PC or drug, as seen in the internalization, when
entering cells massively it produces a slight toxicity. The analogue with HSA shows less

toxicity due to the loss of positive charge and thereby decreased cell uptake.

A

Figure 63: MTT assay at 3 (A) and 5 days (B). In black AML12 cells and in grey HepG2 cells.
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In an in vivo, the cell uptake once nanoparticles are administrated into the body lasts
a few hours. For that reason, it was studied the cell viability of cells exposed to 2.5 ug
MSN/mL of NPs during 5 hours and then incubated for 24 hours. It can be observed in
Figure 64 that, although in general cell viability of cancer cells (HepG2) was a slightly
higher than that of healthy cells (AML12), when comparing the free 5-FU condition. This
showed higher absorption, consequently less quantity can be injected. The side effects

would decrease because of the less toxicity in the neighbouring tissues.

Figure 64: MTT assay at 24h after a 5h-time incubation of the MSN with HSA. Results correspond to

mean £ SD values of at least three replicates.

The amount of drug administrated is decisive in the design of the any experiment.
Hence, the cell viability regarding different concentrations of 5-FU was studied. In this
case, the chosen concentrations were 0.5 mg 5-FU/ml, 0.05 mg 5-FU/ml and 0.0015 mg
5-FU/ml. Figure 65 shows the interesting result that in healthy cells higher concentrations
of the drug (0.5 mg 5-FU/ml and 0.05 mg 5-FU/ml) cause more mortality than the same
amount of drug encapsulated in the MSN, indistinctly with or without PC. 0.0015 mg 5-
FU/mI concentration is comparable to the results obtained in Figure 64. On the other
hand, no significant difference is observed in the tumours cells. At this point, it can be
concluded that it is possible to administer higher amount of drug if it is encapsulated in
MSN. Also the clogged with the albumin will prevent the premature release and that will
target MSN to the liver.
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Figure 65: MTT assay on AML12 and HepG2 cell lines. For each sample the three bars correspond to
0.5 mg 5-FU/ml, 0.05 mg 5-FU/ml and 0.0015 mg 5-FU/ml, respectively.

4.3.4 Cellular Uptake

Nanoparticles used for drug delivery have to be allowed to both enter inside the cell
and release the drug. For that reason, using nanoparticles with their surface modified
with FITC, the cellular uptake was studied. In this case, for analyse the suitable
conditions for biological experiments HelLa cells were chosen since they are widely
studied and well-known cells. The analysis of the PC formed on the different MSN
samples was studied in this chapter regarding its physiological response. Firstly, the
cellular uptake was determined through flow cytometer analysis using four differentiated

enough samples of MSN. Some of them were incubated in FBS and others were
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delivered to cells naked. Two concentrations of MSN in the cell medium were studied: 5
pg MSN/ml and 25 uyg MSN/ml.

Figure 66: FACS analysis of the different MSN samples (S1, S5, S101, and S102) uptake on HelLa
cells at different nanoparticles concentrations. Results correspond to mean + SD values of at least three
replicates. PC= nanoparticles incubated 24h in FBS to form a Protein Corona; Naked= nanoparticles without

this treatment.

Then, the cellular uptake was analysed, using the live-cell microscopy of the
IncuCyte® system. In contrast to real-time cell analysis which estimates cell numbers,
attachment and viability based on the impedance measurements across the bottom of
the wells, live-cell microscopy allows the observation of cell uptake in real time. Using
this methodology, it can be determined which samples have a greater cell uptake using
nanoparticles with FITC on the surface. In this case it was also used the cell line HeLa
due to their sturdiness. In Figure 67, it can be observed that S101 has the highest uptake
followed by S5, S102 and S1. By analysing the results, it can be determined that the less

PC there is, the more internalization results. This minimize the excessive cellular uptake.
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Figure 67: Cell uptake of MSN with FITC over time.

These results corroborate both cellular uptake and the experiment of the uptake
using HAS-FITC. The cellular uptake is depending on the surficial charge, i.e. on the

protein corona formed.

Once the conditions were optimized, the cellular uptake was studied using HepG2
and AML12 cells. The uptake was determined from the different samples of MSN without

any pre-treatment, and also with the pre-formed PC (HSA and FBS corona).

A
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B

Figure 68: FACS analysis of the different MSN samples uptake on (A) HepG2 and (B) AML12 cell lines
at 2.5 mg/mL nanoparticles concentration. From the left to the right the sample were naked, with FBS PC
and with HSA PC, respectively (in the case of AML12 without FBS PC sample). Results correspond to mean

+ SD values of at least three replicates

The obtained results are shown in Figure 68. In both cell lines and for every sample,
the uptake is higher for MSN naked than for MSN with PC. Probably because of the
positive charge of the nanoparticles. Negatively charged proteins adsorbed on positive
MSN surface reduce the resulting zeta potential of such MSN surfaces. Thus, there is
an expected decrease in the uptake due to charge repulsions with the negatively charged
cellular membrane. It should be noted that excessive uptake is detrimental to cellular

viability.

In order to corroborate these uptake results, samples S1, S5, S8, S9 and S102, as
a representation of the different pore sizes, were incubated with albumin-FITC. After
allowing the cell uptake to take place, cells were washed and lysed. Then, FITC in the
supernatant was quantified, and charted in Figure 69. The more PC there was on the
surface of the MSN, the less was the uptake. According to the results of the cellular
uptake obtained with flow cytometry analysis, the less positive is the surface, the modest
the smaller uptake appears. Sample S1 was the MSN with more proteins, so it resulted
in the one with less uptake; on the other hand, samples S5 and S8, had less PC and,

consequently, the highest uptakes.
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Figure 69: Quantification of the albumin-FITC of the different MSN samples (S1, S5, S8, S9 and S102)

uptake on Hela cells. Results correspond to mean + SD values of at least three replicates.

Finally, although was widely studied, it was necessary prove the non-toxicity of the
MSNs. For all of the viability experiments, 12*10° HeLa cells per well were seeded in 96-
well plates. S1, S4, S5, S6, S7, S8, S9 S101 and S102 at 2.5 yg MSN/mL concentration
were added to cells and let 24h incubating at 37 °C with 5% CO.. A live and dead method
was used for the determination of the cellular viability (see Materials and methods).
Viability results are represented in Figure 70. As expected, mesoporous silica

nanoparticles did not present cytotoxicity.

Figure 70: Cellular viability assay using the live and dead (L&D) of the different MSN samples (S1, S4,
S5, S6, S7, S8, S9, S101, and S102) uptake on Hela cells at different nanoparticles concentrations. Results

correspond to mean + SD values of at least three replicates.
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4.4 Concluding remarks

Previously in Chapter Il and lll, it has been described that differences in synthetic
identity, as the aspect ratio and the pore size, render different biological identities i.e.
differences in the protein corona formation, which can be determined their application.
The new identity dependent of the proteins absorbed in the surface determines the
physiological response. For that reason, in this chapter the influence of the PC regarding

the cellular behaviour has been studied.

Firstly, it is moved on to loading the nanoparticle with doxorubicin. Here it is
demonstrated that DOX loaded in a MSN with an albumin as a PC does not work, due
to DOX interaction alters protein secondary structure for HSA causing a partial protein
destabilization. A boost release is observed because of the albumin interaction. This is
not desired and, for that reason, the drug is changed by using another drug, 5-
Fluorouracil, with a different chemical structure. This change allows an increase in the

drug loading and the blocking of the pre-release in the pore caused by the albumin.

The clogging of the pore through the albumin corroborates the results of the
nanoDSC and ITC in the Chapter Ill. Albumins is capable of blocking the release of the
drug when it is allowed to fit in the pore. Nanoparticles which its pore is not big enough
to fit albumin present a release similar to the nanoparticles without PC. At the same this
this blocking will make that the organs and tissues through which the nanoparticle passes
to reach the target organ will not be damaged. The using of albumin as a PC will at the
same time be useful for targeting the liver, organ by which it is attracted, due to the liver
cancer cells’ overexpression of specific human serum albumin receptors and their ability
to internalize large amounts of HSA through the mechanism of caveolae-mediated

endocytosis (Chapter I).

Then, MSN load with 5-FU present lower toxicity in healthy cells (AML12) than in
tumour cells (HepG2), contrary to the free 5-FU. That means that cancer cells will be
attacked, and consequently killed, more than normal cells. This behaviour with respect
to nanoparticles loaded with 5-FU and with albumin in the surface will be used to target

the liver.

Lastly, the influence in the cellular uptake is proved. MSN with proteins in the
surface suffer a decrease of the uptake. This can be explained due to both the cellular
membrane and the albumin in the surface are negative, so they are repulsed, losing

internalization capacity. Nevertheless, the uptake of nanoparticles without proteins is too
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massive, making the reduction of the internalization better for the therapeutic purpose.

This cellular uptake is checked as a non-toxic through the live and dead assay.

To sum up, in this chapter it is corroborated that the complex formed by MSN with
a pore size big enough to fit albumin as a PC and loaded with 5-FU is both promising for
drug delivery and for liver cancer targeting. This fact is due to the preference in
internalization in tumours cells against healthy cells. At the same time that the plugging
of the pore avoiding a premature release avoids the damage of the cells through which
the vector passes. These results suggest that we have developed efficient complexes
with promising characteristics to treat cancer. Showing that active targeting and efficient

release of 5-FU are a key factor to obtain a successful therapeutic advance.
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Conclusions

Mesoporous silica nanoparticles have been synthesized with optimized pore sizes

for the fitting of specific proteins which avoid the pre-release of loaded drugs. The system

is simultaneously efficient for the preferably uptake to hepatic cancerous cells as

compared to healthy hepatic ones.

Firstly, MSN have been synthesized with different synthetic properties using a

design of experiences.

A DOE has been used to obtain monodisperse mesoporous silica nanoparticles
with defined properties and elucidate the factors with higher influence in their
synthesis. This opens the door to the design of MSN with specific properties for

desired applications

Surface chemistry was applied to the samples in order to evaluate the capacity of
change in their synthetic identity. For these modifications isothiocyanate, BOC,
PEG and oleyl group were employed. Results have shown that it is possible to

obtain different synthetic identities through these surface modifications.

The incubation of the different synthetic identities in protein-rich mediums led to the

obtaining of various biological identities. The protein corona of these nanoparticles has

been developed, quantified, characterized, and tested.

NanoDSC and ITC have been used for the characterization of the relationship
between the sizes of MSN’s pores and proteins forming the PC. These techniques
have allowed the understanding of the protein’s behaviour with regard to MSN

pores.

The use of nanoDSC and ITC can determine the percentage of proteins forming

the PC which are inside the pore and, consequently, stabilized

Proteins that have sizes small enough to enter inside the pore are stabilized there.
Conversely, proteins that are adsorbed on the NP surface are destabilized by the

same surface.
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In vitro proof of concept of the influence of the surface identity in the physiological

response has been studied. Different cells lines have been tested to determine the effect

of the PC in the cellular uptake and cytotoxicity of MSN.

152

In vitro assays demonstrated the decreasing in the uptake of MSN when having
PC in their surface. In addition, the quantification of proteins internalised by cells
was achieved using HSA-FITC and corroborated that the less proteins were in the

surface the more nanoparticles entered in the cells.

As widely reported in bibliography, our in vitro assays demonstrated that MSN do

not show significant cytotoxicity in HeLa cells.

NPs loaded with DOX showed an interaction between this drug and HSA, causing
a partial protein destabilization and subsequently the undesirable premature
release of DOX. As a consequence, a boost in the release of DOX was observed

because of the mentioned interaction.

This undesired destabilization of the albumin due to the interaction with the drug
can be solved using a drug that does not affect negatively the HSA structure, such
as 5-FU. The blocking of the loaded drug (5-FU) controlled by HSA was possible
when the ratio between protein and pore size was adequate. If the pore was big
enough to fit the protein, the system presented a release similar to the

nanoparticles without PC.

MSN loaded with 5-FU present a lower toxicity in healthy cells (AML12) than in
tumour cells (HepG2) as compared to the drug administrated without any
nanoparticle. This means that cancer cells will be attacked and, consequently

killed, with higher affinity than normal cells.
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