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Abstract

This PhD thesis is focused on the design, fabrication and surface engineering of
poly(lactide-co-glycolide) (PLGA) nanoparticles (NPs) and carbon nanotubes (CNTs)

as potential and versatile nanocarriers for drug delivery.

PLGA NPs were prepared by means of an emulsion-solvent evaporation method using
polyethyleneimine (PEI) or bovine serum albumin (BSA) as stabilizers. PLGA NPs
have been surface functionalized with polyelectrolytes assembled via the layer by layer
(LbL) technique. The LbL coating provides functional groups for the further surface
modification via covalent linking of polyethylene glycol (PEG) and folic acid (FA), or
can be used as a support for the assembly of lipid bilayers. It has been proven that
pegylation reduces interactions with proteins and cell uptake preventing unspecific
interactions, while FA increases cell uptake by HepG2 cells due to specific interactions.
It has been also demonstrated that surface modification, using biopolyelectrolyte
multilayers of chitosan and alginate, generates a more biocompatible NP surface with
greater antifouling properties. Finally, lipid layers composed of 1,2-dioleoyl-sn-glycero-
3-choline and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine assembled on top of the
polyelectrolyte coated PLGA NPs have been used to engineer the NPs for targeted

delivery towards the endoplasmic reticulum of the cell.

CNTs have been surface functionalized by the in situ synthesis of a polyelectrolyte
brush made of poly(3-sulfopropylmethacrylate). The brush provides colloidal
stabilization in aqueous media. The covalently bonded polyelectrolyte brushes are used
as a platform to provide different functionalities to the CNTs such as the in situ
synthesis of CdS quantum dots and magnetic iron oxide nanoparticles, or by allowing

the assembly of a lipid layer on top of the CNTs.



Cellular uptake, intracellular distribution and toxicity have been study using Confocal
Raman Microscopy (CRM), Flow cytometry, Confocal Scanning Laser Microscopy and
MTT for both surface engineered PLGA NPs and CNTs.

Finally the potential use of PLGA NPs as carriers for drug delivery has been established
by studying the encapsulation and the intracellular delivery of the antibody antitumor
necrosis factor alpha (antiTNF-a), and the anticancer drug, doxorubicin. For antiTNF-a
encapsulation a protocol has been developed based on the formation of a complex
consisting of the antibody with alginate and the assembly of the complex on top of the
PLGA NPs; while doxorubicin was encapsulated into the polymer matrix of PLGA NPs

during NPs fabrication process.



Resumen

La utilizacién de nanomateriales (NMs) en biomedicina contribuye con nuevas
perspectivas para el diagnostico y tratamiento de muchas enfermedades, entre ellas el
cancer, el alzhéimer o la diabetes. Los nanomateriales tienen caracteristicas unicas
debido a la elevada relacion de su superficie respecto al volumen y a los efectos
cuanticos asociados a su estructura de escala nanométrica. Estas propiedades singulares
son muy relevantes para las diferentes aplicaciones de los NMs organicos e inorganicos
en el campo de la medicina, ya sea como agentes de contraste para imagen “in vivo”,
como sensores, como soportes para regeneracion de tejidos o en el disefio de vectores

para la liberacion controlada de farmacos.

La liberacién controlada y dirigida de farmacos constituye una metodologia ingeniosa y
sofisticada de liberar agentes terapéuticos en lugares especificos del organismo. Los
NMs constituyen un tipo de vectores o portadores de farmacos que pueden ser
modificados superficialmente con el objetivo de incorporar funciones especificas de
reconocimiento que focalicen la liberacion. Ademas, éstos NMs también trabajan como
protectores del farmaco para evitar interacciones no deseadas entre €ste y otras
moléculas presentes en el organismo. En el disefio de sistemas de liberacion controlada
y dirigida se busca controlar la velocidad de liberacion del agente terapéutico dentro de
células, tejidos u oOrganos especificos, con la posibilidad de prologar el tiempo de
circulacion y asi reducir los efectos secundarios e incrementar la eficacia y eficiencia

del farmaco.

Para su utilizacion en sistemas de liberacion controlada, los agentes terapéuticos pueden
ser incorporados de dos maneras diferentes: en la superficie de los NMs o encapsulados
dentro de estos. Algunos ejemplos de NMs con farmacos incorporados en la superficie
pueden encontrarse en nanoparticulas (NPs) de oro, donde cominmente el medicamento

es enlazado en la superficie de oro a través tioles; o en capsulas de polielectrolitos,
3



donde el farmaco queda atrapado entre las capas de polimero durante el proceso de
fabricacion. El medicamento puede ser incorporado dentro de los NMs siguiendo
diferentes rutas de encapsulacion, dentro de las NPs organicas algunos ejemplos de
encapsulado son la emulsion al utilizar NPs de latex o la sonicacion utilizando vesiculas

lipidicas.

Para focalizar la liberacion de un agente terapéutico, es necesario proveer a los NMs
con funciones especificas. La incorporacion de funciones especificas puede llevarse a
cabo a través de enlaces covalentes, autoensamblado o interacciones supramoleculares.
Un ejemplo interesante sobre autoensamblado e interacciones supramoleculares es la
técnica de capa a capa, del inglés Layer by Layer (LbL), que se basa en el ensamblado
alternante de polielectrolitos con carga opuesta por interacciones electrostaticas. Por
medio de LbL se construyen capas o peliculas de polimero muy delgadas a las que
posteriormente, se les puede unir covalentemente proteinas, anticuerpos, polietilenglicol
(PEG), etc. Ademas de direccionar la liberacion, el enlace de una funcion especifica
también puede utilizarse para incrementar el tiempo de circulacion de los NMs en el
organismo, y la técnica mas usual para ello es la inclusion de PEG o pegilacion.
Resumiendo, la modificacion superficial los NMs es fundamental para controlar su
interaccion con moléculas biologicas y su localizacion a nivel celular y dentro del

organismo.

Los NMs de origen organico han recibido especial atencion en la busqueda de sistemas
la liberacion controlada. Los NMs organicos pueden encontrarse de forma natural como
son los agregados de proteina, los cuerpos lipidicos, las emulsiones, o en forma de
estructuras mas complejas como los virus. Sin embargo, los NMs organicos mas
utilizados como vectores, son aquellos sintetizados como las NPs poliméricas, las
micelas, las cépsulas, los dendrimeros, los liposomas e incluso los nanotubos de

carbono (CNTs).



Esta tesis doctoral esta enfocada en el disefio de vectores para la liberacion controlada y

direccionada utilizando dos tipos diferentes de NMs altamente representativos: las NPs

de acido poli (lactico-co-glicolico) (PLGA) y los nanotubos de carbono (CNTs). El

disefio de éstos NMs se basa en su modificacion superficial con moléculas de

polielectrolitos fabricadas mediante la técnica de LbL o con la sintesis in situ de cepillos

poliméricos; asi como el estudio de su asimilacidn celular, su co-localizacion dentro de

la célula, y su posible uso como vectores para la liberacion controlada de el anticuerpo

contra el factor de necrosis tumoral (antiTNF-a) y del anticancerigeno doxorubicina.

El trabajo realizado en esta tesis, estd organizado en seis capitulos que se resumen a

continuacion:

En el Capitulo 1, se detallaran los materiales y los métodos necesarios para la

realizacion del trabajo experimental presentado en esta tesis.

En el Capitulo 2 se presentara la fabricacion de las NPs de PLGA mediante
técnicas de emulsion, junto con diferentes enfoques para su funcionalizacion.
Las NPs de PLGA fueron preparadas utilizando como estabilizadores, el
polielectrolito sintético polietilenimina (PEI), o la proteina albumina de suero
bovino (BSA). La superficie de las NPs de PLGA se modifico6 mediante
recubrimientos de polielectrolitos con el objetivo de proveer a la superficie con
grupos funcionales aminos o carboxilicos. Posteriormente, estos grupos
funcionales sirvieron para unir covalentemente PEG o acido folico (FA).
Alternativamente se depositaron vesiculas de lipidos sobre las multicapas.
Finalmente, se estudid la interaccion de las NPs de PLGA funcionalizadas con
proteinas y su asimilacion celular, utilizando la linea derivada de un carcinoma

hepatocelular humano HepG2.



Los resultados obtenidos muestran que la pegilacion por si sola reduce la
interaccion de las NPs con proteinas y por consiguiente su asimilacion celular
previniendo interacciones no especificas, mientras que el recubrimiento de las
NPs con PEG y FA, reduce también la interaccion con proteinas, pero al mismo
tiempo incrementa su asimilacion celular debido a interacciones especificas con
las células hepaticas. La modificacion superficial de las NPs de PLGA mediante
la técnica de LbL utilizando biopolielectrolitos sirvid para generar NPs con
superficies biocompatibles y con baja interaccidén con proteinas. Finalmente, las
modificaciones superficiales con capas de lipidos en base a los fosfolipidos 1,2-
dioleoil-sn-glicero-3-colin y  1,2-dioleoil-sn-glicero-3-fosfo-L-serina,  se
utilizaron para controlar la distribucion intracelular de las NPs y su

direccionamiento al reticulo endoplasmico de las células.

En el Capitulo 3 se mostrara una estrategia para funcionalizar la superficie de
los CNTs utilizando la sintesis in situ de un cepillo del polielectrolito poli (3-
sulfopropilamino metacrilato) (PSPM), con el objetivo de estabilizar los CNTs
en medio acuoso. Los CNTs recubiertos covalentemente con el cepillo de PSPM
sirvieron como plataforma para la sintesis, también in sifu, de puntos cuanticos
de CdS o de NPs magnéticas de dxido de hierro. Este tipo de sistemas hibridos
duales compuestos por NPs y CNTs, no habia sido sintetizado antes utilizando

un cepillo polimérico como base.

La capa de PSPM que recubre a los CNTs, se utilizé también para ensamblar una
capa de lipidos sobre la superficie. La estrategia de funcionalizacion con lipidos
pude ser utilizada para el recubrimiento de superficies donde los CNTs estan
presentes como parte de un material compuesto y se requiera de cierta

biocompatibilidad.

El Capitulo 4 esta dirigido al estudio de la asimilacion celular, la distribucion

intracelular y la toxicidad de las NPs de PLGA y los CNTs modificados
6



superficialmente haciendo uso de la Microscopia Raman Confocal (CRM). La
CRM se utilizo para estudiar la localizacion de los nanomateriales dentro de las
células. Los espectros Raman de células expuestas a los NMs contienen bandas
correspondientes a la sefial de los NMs, y a las de sefiales de moléculas propias
de la célula, como proteinas, ADN vy lipidos, lo que permite la identificacion de
la region celular donde se localizan los NMs: ntcleo, citoplasma y region de

cuerpos oleosos.

Se muestra que las NPs modificadas con PEI tienen una cinética de asimilacion
mas lenta que las que presentan las NPs estabilizadas con BSA. Tanto las NPs
de PLGA estabilizadas con PEI como las estabilizadas con BSA, se localizaron
en la region de los cuerpos lipidicos de la célula. Los estudios de viabilidad
celular revelaron que las NPs de PLGA estabilizadas con BSA son mas

biocompatibles que las NPs con PEI.

En el caso de los CNTs modificados superficialmente, se demuestra que el
recubrimiento con lipidos reduce de forma significativa el efecto toxico de las
CNTs. Los CNTs recubiertos con lipidos pueden ser utilizados para aplicaciones
bioldgicas, liberacion de fairmacos o como sensores, en donde una respuesta

toxica “in vitro” moderada sea aceptable.

El Capitulo 5 se centra en el estudio de las NPs de PLGA como posibles
vectores para la liberacion controlada de agentes terapéuticos. Se investigo la
capacidad de las NPs de PLGA como vectores de agentes terapéuticos con
diferentes pesos moleculares. El anticuerpo antiTNF-o se depositd sobre la
superficie de las NPs de PLGA mediante el autoensamblado “capa a capa”,
mientras que el farmaco anticancerigeno doxorubicina, se encapsuld dentro de
las NPs de PLGA durante su fabricacion. En ambos casos, se caracterizaron los
perfiles de liberacion dentro y fuera de la célula, a través de las técnicas

apropiadas para casa caso.



La encapsulacion de antiTNF-a se llevo a cabo en base a la formacion de un
complejo de antiTNF-o con exceso de alginato, y después mediante el
ensamblado del complejo en multicapas de polielectrolitos. Se demostr6 que
mediante el encapsulado del anticuerpo por el método propuesto es posible
controlar la dosis de antiTNF-q a través del numero de capas depositadas sobre
la superficie de las NPs de PLGA. La liberacion del anticuerpo, tanto en PBS

como dentro de la célula, se asemeja a un perfil de liberacion de primer orden.

La droga anticancerigena doxorubicina se encapsulo dentro de la matriz
polimérica de las NPs de PLGA. La liberacion de la doxorubicina dentro de las
cé¢lulas HepG2 fue estudiada mediante técnicas de fluorescencia como citometria
de flujo y microscopia de fluorescencia. Ademas, se confirmo la liberacion de la
doxorubicina de las NPs de PLGA a través de la disminucion en la proliferacion
celular como resultado de la intercalacion del anticancerigeno en las cadenas de

ADN.

Finalmente, en el Capitulo 6 se resumen detalladamente las conclusiones
obtenidas en este trabajo de tesis doctoral sobre el uso de las NPs de PLGA y los

CNTs en el campo de la nanomedicina.



Introduction

The uses of nanomaterials for biomedical applications are allowing novel approaches in
the diagnosis and treatment of diseases to be developed. Nanomaterials have unique
features stemming from their nanoscale structure, large surface area to volume ratio, and
quantum effects. Indeed in recent years, organic and inorganic nanomaterials have been
proposed for several applications in the medical field. For example, quantum dots /7-3/
or gold nanoparticles (NPs) [7/-4], gadolintum NPs /3, 5, 6/, iron oxide NPs /2, 6, 7]
and polymer based hybrid nanostructures /3, 5, 7/ have been extensively studied as
contrast agents for “in vivo” imaging. Metal oxide NPs /8-11], carbon nanotubes /12-
14] and graphene /12, 15-18] due to their excellent electrical properties, either alone or
incorporated into different matrices have received special attention for the fabrication of
sensors. A wide range of nanomaterials including nanoceramics (alumina, titania or
hydroxyapatite) /7/9-21], metallic NPs (gold, iron or titanium) /22-24], polymeric NPs
[24, 25] and carbon nanotubes /26-28] have been employed in the design of composites
for tissue regeneration, being most frequently, incorporated into scaffolds made of
different biopolymers. Finally, various nanomaterials such as metallic NPs [/29-33],
polymeric NPs /34-37], micelles /38, 39], dendrimers [40-43], liposomes [44-46],
capsides /47, 48] or carbon nanotubes [49-52] have been proposed as vectors for drug
delivery.

Targeted drug delivery can be defined as the “smart way” to deliver therapeutic agents
into specific damaged cells in the body. Targeted drug delivery is based on the use of
carriers that contain the desired drugs. These carriers are usually nanomaterials that can
be further surface engineered in order to attach specific recognition functions. In
addition to the targeting properties, the carrier also works as a protector of the drug,
helping to avoid undesired interactions with other molecules. Targeted drug delivery
systems are designed to control the release rate of the therapeutic agent into specific
targeted cells with the possibility of prolonging the circulation time and as such, reduce
the side effects and increase efficacy and efficiency of drugs /53-56].
9
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In targeted delivery applications the therapeutic agent can be incorporated into the cargo
either by, attachment to the nanomaterials surface or by encapsulation. Examples of
carriers with attached therapeutics can be found in gold NPs, where the cargo is linked
to the gold core through thiols /57-59/, or in polyelectrolyte capsules, where the cargo
is assembled between polyelectrolyte layers /60-62]. Organic NPs offer several routes
for encapsulation: the cargo can be incorporated in latex NPs during emulsion

preparation, entrapped in vesicles through sonication, etc.

The surface engineering of NPs and nanomaterials is fundamental to control their
interaction with biomolecules and their translocation at both the cellular and body level.
Covalent chemistry, self assembly and supramolecular interactions can be applied to
endow nanomaterials with specific functions for targeting or to increase their circulation
time in the body. The surface engineering with polyethylene glycol (PEG), known as
pegylation /63/, is the most used among the surface modifications to increase
circulation time. An interesting approach of surface functionalization via self assembly
and supramolecular interactions is given by the Layer by Layer technique (LbL). LbL is
based on the alternative assembly of polyelectrolytes of opposite charge by electrostatic
interactions, to form a thin polymer film. LbL assembly can also be combined with

covalent chemistry to attach proteins, antibodies, PEG, etc.

This dissertation is focused on the design, fabrication and surface engineering of
poly(lactide-co-glycolide) (PLGA) NPs and carbon nanotubes (CNTs) as potential and
versatile nanocarriers for drug delivery, the study of their fate and intracellular
localization, as well as their use for the delivery of the antitumor necrosis factor alpha

(antiTNF-a), and the anticancer drug doxorubicin.
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Organic Nanoparticles for drug delivery

Organic nanomaterials have received special attention for drug delivery. Organic
nanomaterials are templated upon natural or synthetic organic molecules. Nature
provides a wide range of examples of organic NPs such as protein aggregates, lipid
bodies, milk emulsions, or more complex organized structures like viruses to name a
few. There is also a wide range of organic synthesized nanomaterials such as polymeric
NPs, micelles, dendrimers, liposomes or even CNTs (Figure 1) that have been proposed
as carriers for delivery in different fields since they offer relatively simple routes for the

encapsulation of materials.

Organic NPs differ conceptually from inorganic NPs in terms of the principles of
fabrication. Inorganic NPs are normally formed by the precipitation of inorganic salts,
which are linked in a matrix. The nature of the binding among atoms can be different:
covalent, metallic, etc., but in any case, the inorganic structure forms a three
dimensional arrangement with linked atoms. Most of the organic NPs are formed by
several organic molecules, which are driven together by self organization or chemical
binding. For the synthesis of organic NPs, with the exception of dendrimers and some
other polymer NPs and CNTs, organic molecules that can arrange themselves three
dimensionally are needed as interactions between molecules are sometimes not strong
as in the case of micelles and vesicles. Self assembly and the presence of zwitterionic
molecules, with polar and non-polar regions, as the main components of NPs or the
means to encapsulate other organic molecules, are key elements for the fabrication of

many of the organic NPs.

Some of the organic NPs, due to the weak nature of the interactions holding them
together, have dynamic behavior. Micelles and vesicles can self aggregate and generate
larger particles. The continuous addition of surfactant to a micellar solution can indeed
increase size and force the micelle to change shape from spherical to cylindrical over
the so called second critical micellar concentration. Sizes can also not always be truly

11
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nano for organic NPs as for inorganic NPs, in which the formation of the NPs
sometimes needs only the clustering of few atoms. In the case of the organic NPs, the
size and geometry of the organic molecules impose, in many cases, the limits to go to
nano scale. In micelles, which are among the smallest organic NPs, size is controlled by
the length of the surfactant, with the smallest size that can be achieved being a sphere
with a radius equal to the length of the surfactant in the micellar phase, typically, around
15-20 A. The lipids forming a vesicle assemble into bilayers because of the relation of
their hydrophilic and hydrophobic volume. Bilayers must close in on themselves to
form a vesicle, this results in an internal volume that can be used for encapsulation but
also establishes limits for the smallest attainable size. For organic NPs, like polymer
latexes, it is incredibly difficult to obtain NPs below a certain size threshold. For
latexes, the polymeric core is stabilized by a surfactant. The size of the NP is then the
combination of the core and the stabilizing surfactant. Dendrimers, as single molecule

NPs are an exception and can have a controllable size below 10 nm.
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Figure 1. Schematic representation of the typical nanocarries used for drug delivery
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Organic NPs can be fabricated by both, “top-down” and “bottom-up” approaches. In the
“top-down” techniques the most common fabrication method is mechanical milling
[64]; although, recently, other more complicated techniques involving microfluidics and
lithography /65, 66] have been used to produce organic nanomaterials. The “bottom-
up” techniques are based on the building up of NPs via physico-chemical processes,
starting with single molecules. In contrast to the “top-down” approaches, in “bottom-
up” techniques, NPs are fabricated from atoms or molecules via synthetic chemistry and
self-organization. The “bottom-up” techniques are used for the generation of a wide
range of nanomaterials such as micelles [67-70], vesicles and liposomes [71-76],
polymersomes /77-79], polymer conjugates /80-84], dendrimers /85-88], capsules [89-
95/ and polymeric NPs [96-103].

Poly(lactide-co-glycolide) Nanoparticles

Polymeric NPs, also known as polymeric nanospheres, are usually defined as
submicron-sized solid polymer particles with a matrix type structure /704/, in which a
cargo can be encapsulated within the polymer matrix but also absorbed through the
surface. Polymeric NPs can be easily synthesized and in most cases, the protocols for
drug encapsulation are performed in parallel with fabrication. Furthermore, polymeric
NPs are normally suitable to be functionalized for targeted delivery by multiple
procedures. During the last three decades, synthetic biodegradable polymers, for
example, poly(amino acids), poly(alkyl-2-cyanoacrylates), polyesters, polyorthoesters,
polyanhydrides and polyurethanes, have been employed in the fabrication of
nanocarriers for drug delivery. Among them, the polyester lactic acid (PLA) /101, 105]
and its copolymer, poly(lactide-co-glycolide) (PLGA) /106-112], are commonly used to

fabricate NPs for a wide variety of pharmaceutical and biomedical applications.

PLGA plays an important role as a carrier because it displays controllable
biodegradability, excellent biocompatibility and good degradation kinetics and

mechanical properties. In addition to all the properties suitable for biotechnology
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applications, micro and nanoparticles fabricated with PLGA are authorized by the Food
and Drug Administration (FDA) for drug delivery applications. In Figure 2 is shown the
chemical structure of PLGA.

The degradation of PLGA NPs takes place by hydrolysis of the ester linkages /7113],
resulting in the original monomer molecules (lactic acid and glycolic acid). The
degradation products are easily metabolized and eliminated by the body ///4] and
consequently there is almost no systematic toxicity caused by PLGA NPs. Another
advantage of PLGA NPs as drug delivery carriers is their ability to avoid endolysosomal
degradation. In the design of delivery systems for therapeutic proteins such as DNA, the

protection that the NPs can bring to the cargo from enzymatic degradation is crucial

[115].
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Figure 2. Chemical structure of poly(lactide-co-glycolide) (PLGA). The subscript “x”
refers to the number of units of lactic acid and the subscript “y” to the number of units

of glycolic acid.

In the design of a drug delivery system, it is also very important to control the drug
release rate. Targeted delivery systems offer the possibility to design carriers for
prolonged drug release, and in most cases a sustained release is preferred as opposed to
a burst release /108, 116, 117]. Similarly for many other polymeric NPs, a cargo can be
released from PLGA NPs either by diffusion through the polymeric matrix as a response
to an environmental stimulus, or during the NPs degradation process. The release
kinetics of PLGA NPs can be accurately controlled by the physicochemical properties
of the copolymer such as molecular weight, copolymer ratio, polydispersity index,

hydrophobicity and crystalinity /718].

Several techniques have been developed for the preparation of PLGA NPs, the emulsion

solvent evaporation method is probably the most commonly used to fabricate NPs.
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Here, the polymer is dissolved in an organic solvent and emulsified in an aqueous
solution containing a surfactant. Then, the organic solvent is evaporated inducing the
precipitation of the polymer NPs. A cargo molecule can be added into the polymer
solution for encapsulation. Using this method, it is possible to encapsulate both
hydrophobic and hydrophilic drugs /102, 119-121]. The particle size can be controlled
by the emulsification rate, time and by the nature of the polymer and surfactant. Besides
emulsion techniques, there are other methods applied in the fabrication of PLGA NPs
like in situ polymerization [/22], emulsification solvent diffusion [723, 124],
nanoprecipitation /125, 126/ and the salting out method /127].

PLGA NPs have been used in drug delivery as carriers for many drugs and proteins in
particular in cancer diagnosis and treatment. The poor water solubility of many of the
most popular anticancer drugs limits their efficiency to penetrate and kill cancer cells.
PLGA NPs have been successfully used to encapsulate some of the most typical
anticarcinogenics such as paclitaxel [728-130], docetaxel [131, 132], cisplatin [133],
doxorubicin /134, 135], curcumin /136, 137], etc., enhancing high encapsulation
efficacy especially when the drug is encapsulated in parallel with NPs fabrication. By
loading anticancer drugs into PLGA NPs it is possible to control the drug release rate, to
detect higher drug concentrations in cancer cells with longer retention times and as a
consequence, increase the efficiency of the anticancer drugs /711, 138]. PLGA NPs
have also been used to encapsulate photosensitizing agents for photodynamic therapies
like hypericin /139/ or zinc (II) phthalocyanine /740], which were reported to be more

photoactive than when used as free drugs.

A remarkable fact about polymeric NPs such as PLGA NPs, is their capacity to load
molecules either by conjugation on the surface or in the core, or by physical
encapsulation. In addition, PLGA NPs are suitable for surface modification in order to
provide biocompatibility or specific recognition functions. Those properties make them
appealing systems for the delivery of molecules and more specifically for targeted drug

delivery and biomedical applications.
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Carbon Nanotubes

Carbon has the tendency to form strong bonds with other carbon atoms, this unique
property allows the formation of different carbon network structures /741]. In addition
to their well known allotropes, diamond and graphite; carbon molecules can also form
stable nanostructures such as fullerenes, carbon nanotubes and graphene //42]. Carbon
nanostructures have amazing chemical and physical properties and for this reason,
during the past decade, carbon science has become very attractive for different potential
applications in electronics, optics, materials science, energy research and biomedicine

[143-145].

Since Sir Harry Kroto from the University of Sussex, and Richard Smalley from Rice
University in Houston published, in 1985 in Nature, the discovery of a new closed
cluster formed by 60 carbon atoms, with unique stability and symmetry [/46/, known
nowadays as fullerene, the field of carbon nanotechnology has seen hugely impressive
development. In 1991 Sumio lijima from NEC laboratories of Japan, discovered the
carbon nanotubes (CNTs), described by himself as “molecular carbon fibers that consist
of tiny cylinders of graphite” [147]. CNTs, either multiwalled (MWCNTSs) or single
wall (SWCNTs) (Figure 3), have been the subject of enormous interest because of their
multiple and unique physical properties, alone or in composite materials. Moreover, in
2004, a new nanostructure of carbon, a mono layer sheet, “graphene”, was discovered

by Novoselov K. S. and co-workers [148].

Figure 3. Schematic representation of (a) single walled carbon nanotubes (SWCNTs)
and (b) multiwalled carbon nanotubes (MWCNTs) [149].
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CNTs have unique electrical and mechanical properties which make them highly
interesting for nanofabrication alone or in combination with other nanostructures, as
well as for the fabrication of composite materials. The addition of CNTs to polymer

mixtures generates materials with unique properties, i.e electrical and mechanical.

There are several difficulties concerning the practical usage of CNTs; for example, there
is almost no solvent in which CNTs can be easily dispersed. CNTs display a high
Hamaker constant [/50], resulting in a strong association among themselves, which
leads to their precipitation. It is also not always easy to arrange CNTs in an organized
way that could be fundamental for their application in electronics and device
fabrication. Another drawback, and potentially the most controversial, is the
questionable safety of CNTs that has created the need of deeper studying to understand
their toxicity [151-155]. Despite these issues, CNTs have been proposed for many
applications including biomedical, as sensors [156-159], profiting from their unique

electronic and mechanical properties or as drug delivery systems /143, 160-162].

For most of the multiple applications of CNTs, the highly purified nanomaterial is
required, and therefore, surface functionalization is needed in order to improve CNTs
properties. The surface modification of CNTs is normally carried out post synthesis, and
can be achieved by both, covalent and non-covalent methods. For example, it has been
proved that solubility of CNTs can be enhanced by simply providing functional groups
on their surfaces like -COOH, -OH, -NH; and others /163/; while CNT purification is
usually achieved by strong oxidizing agents /164, 165], that in addition to improving
CNT solubility and facilitating their exfoliation, the oxygen groups in the surface of

CNTs open up the possibility of further surface modification.

Polymers have been extensively used for the modification of CNTs due to the high
colloidal solubility that polymer chains bring to CNTs. Polymers can be covalently
attached to CNT surfaces by either, the direct covalent binding of a pre-synthesized
polymer molecule or by the in situ polymerization or propagation of the monomers from

the surface of the CNTs.
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Polyelectrolyte chains attached to the surface of CNTs, due to their many monomers in
the chains, have a significant impact on the colloidal solubility of CNTs and are a good
means to disperse CNTs in aqueous media. Nevertheless, covalent surface modification
of CNTs involves strong treatments that in most cases changes the hybridization of the
carbon from sp” to sp’ /145, 166] altering their mechanical and electric properties.
Nevertheless, quite often the chemical treatment irreversibly damages the walls of the
CNTs. The non-covalent surface modification of CNTs provides alternative routes for
tailoring CNTs without affecting carbon hybridization and retaining the original

properties of the CNTs.

The unique properties of CNTs combined with their difficulty to disperse and integrate
in other materials, makes the surface functionalization of CNTs a topic of enormous
interest in science and technology. Polyelectrolyte synthesized or self assembled on top
of the CNTs provides good aqueous stability to CNTs. Non covalent functionalization
of CNTs has the advantage of unaffecting the properties of the CNTs. CNT surface
engineering can be used also to provide biocompatibility and to attach specific target

molecules for the use of CNTs as carriers in gene and drug delivery.

Layer by Layer technique (LbL)

The Layer by Layer technique (LbL) was developed by Decher G., et. al., in 1992 [167,
168] as a versatile tool for non covalent surface modification. The LbL technique
involves the electrostatic interaction between oppositely charged polyelectrolytes,
which are stepwise assembled on top of a planar of curved charged surface to form a
thin polymer film of a few nanometers in thickness /169-172]. Figure 4 shows the LbL
assembly on top of charged colloidal surfaces. The assembly of polyelectrolyte
multilayers (PEMs) via LbL starts with the immersion of the charged surface in a
solution of a polyelectrolyte with an opposite charge to that of the surface to be coated.
Polyelectrolyte molecules attach to the surface and form the first polyelectrolyte
monolayer. Polyelectrolyte assembly is followed by rinsing with a salt solution or water
which removes the non attached polyelectrolyte chains. Then, the surface is immersed

in the second polyelectrolyte solution, now oppositely charged to the first
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polyelectrolyte coating, followed again by its corresponding rinsing. The cyclical
repetition of the process leads to the formation of a thin PEM film onto the charged
surface. Both synthetic and natural polyelectrolyte molecules have been used for the
LbL assembly. Natural polyelectrolytes are useful in these scenarios, where

biocompatibility is required such as in the fabrication of delivery devices /173, 174].
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Figure 4. Schematic representation of the Layer by Layer process on positively charged

colloids surfaces

The LbL technique can also be used for the templation of capsules for drug delivery.
Capsule fabrication via LbL is based on PEM assembly on sacrificial colloidal
templates that can be later destroyed by dissolution /775, 176/, leading to the formation
of hollow polyelectrolyte nanocapsules. Different polyelectrolyte combinations and
colloidal templates have been used to fabricate nanocapsules via the LbL technique, for
example in [/177] where Moya S. and co-workers fabricated PEM capsules using
polystyrene sulfonate (PSS) and polyallylamine hydrochloride (PAH) on human red
blood cells and melamine formaldehyde followed by template removal by dissolving in
hypochlorite solution and by reducing pH respectively. Typical colloids used as
templates in this technique are particles made of polystyrene [178]/, silica [60, 179],
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calcium carbonate /180, 181], cadmium carbonate //82] or gold /183]. Recently, the
use of surfactant vesicles as templates has also been reported //84]. For each type of
particle used as a template, the route to removing the template without dissembling the
polyelectrolyte layer is different. The film thickness of the polyelectrolyte multilayers
(PEMSs) can be controlled by the number of layers deposited, while the shape and size of
the nanocapsules can be engineered by choosing the appropriate template. The stability
and surface functionality of the capsules can be controlled by the nature of the

polyelectrolytes.

The LbL technique can not only be applied for the fabrication of capsules, but also for
the surface engineering of drug delivery carriers. LbL allows the specific design by
tuning the surface chemistry, size, permeability and degradability of the carrier. PEMs
can be deposited via LbL on top of particles with encapsulated materials as barriers for
release control, or as a functionalization tool to achieve specific targeting within the cell
by attaching specific recognition molecules via electrostatic interactions, or by covalent
binding, such as PEG /97, 98] or lipids [185] that have been proven to protect the
carriers from non specific interactions. Moreover, to decrease toxicity, biocompatible
polyelectolytes are used to fabricate the PEMs like chitosan/alginate /98], dextran
sulfate/protamine /784], chondroitin sulfate/poly(L-arginine) [/86], poly (L-
lysine)/poly(glutamic acid) /179], etc. In addition, besides the loading of a therapeutic
inside the particles, different cargos i.e. DNA or proteins, can be incorporated within the
PEMs fabricated via LbL. The loaded material will be released from the PEM, or the
PEMs will be eventually “peeled off” liberating the entrapped material /60)].

Polymer brushes

Surface modification via the LbL technique involves the non covalent surface
engineering using polyelectrolytes. Polyelectrolytes can also be bonded to surfaces via
covalent methods. When long polymer chains are covalently attached to a surface from

one of their sides, the sterical repulsions between neighbouring chains force them to
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stretch away from the surface forming “polymer brushes” /787]. Polymer brushes are
interesting for many applications, for example in surface chemistry to stabilize

suspensions of colloidal particles.

The grafting of polymer brushes onto surfaces can be done either via the “grafting to” or
“grafting from” approach. “Grafting to” involves the direct covalent binding of a pre-
synthesized polymer molecule to the surface. The active groups at the end of the
polymer chain react with the functional groups on the surface. In general polymer
chains bonded “to” a surface are voluminous and therefore the access between the

attached polymer chains is limited.

On the other hand, the “Grafting from” approach is based on the initial covalent
immobilization of polymer initiators on the surface followed by the in situ
polymerization or propagation of the monomers from the surface. By this approach it is
possible to form thick and highly dense polyelectrolyte brushes which are of special

interest in solid surface engineering.
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Figure 5. Schematic representation of the ATRP reaction mechanism. Where M{" is a
transition metal, L, the complexing ligand, R represents the polymer chain and X the

halogen Br or CI.

Among the polymerization methods typically used for “grafting from”, atom transfer
radical polymerization (ATRP) has received significant attention due to its
living/controlled character, which allows the control of the molecular weight and
polydispersity of the synthesized polymer brush /188, 189]. The polymer synthesized
by ATRP is a result of the formation of radicals that can grow, but are reversibly
deactivated to form dormant species. Reactivation of the dormant species allows the
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polymer chains to grow again, only to be deactivated later. Such a process results in a
polymer chain that slowly, yet steadily, grows and has a well-defined end group. Shown
n Figure 5 is the schematic representation of ATRP reactions. Although other controlled
radical polymerization systems have been reported, ATRP remains the most powerful,

versatile, simple, and most inexpensive.
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Objectives and aim of this thesis

Although the design of targeted drug delivery systems is rapidly developing, there are
several issues that still require further investigation, such as the biological fate “in
vitro” and “in vivo”, or the toxicity of the carriers. In the case of PLGA, little is known
about the degradation process inside the cells which, is fundamental in understanding
the cargo release mechanism, and moreover, is crucial to ensure the expulsion of the
copolymer from the cell and thus, allow disregarding any complications associated with
long-term retention. Also for PLGA NPs, there is a need to find a means to target
specific cell cultures and specific intracellular regions. In the case of CNTs, it is
essential to fully characterize the controversial toxic effects when used as pristine CNTs
and also as functionalized nanomaterials. In addition, more studies are needed in order
to control CNT uptake and localization within cells, which is not a trivial task as

tracking of CNTs is particularly difficult.

This PhD thesis is focused on the design of carriers for targeting delivery using two
different and highly representative nanomaterials: poly(lactide-co-glycolide) (PLGA)
nanoparticles (NPs) and carbon nanotubes (CNTs), their surface engineering on the
basis of polyelectrolyte molecules through Layer by Layer films and polyelectrolyte
brushes, the study of their interaction with cells, uptake, localization and biological fate;
and their use for the delivery of therapeutics. The delivery of therapeutics will follow
two strategies, both based on the use of PLGA NPs: small molecules, in this case
doxorubicin, will be encapsulated in the core of the NP; while large molecules, in this
case antiTNF-a, will be assembled in the PLGA multilayer coating, and its release will
take place through the degradation of the multilayer. More specifically, the objectives of

this thesis are:

e The fabrication and surface modification of PLGA NPs using polyelectrolytes,

combined with covalent chemistry and/or the assembly of lipid bilayers in order
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to create biocompatible coatings with specific recognition functions. It will be
shown that the LbL technique combined with the covalent attachment of
polyelethylene glycol and folic acid can increase uptake by cancerous cells, and
that lipid layers on top of carriers with a proper lipid composition, can direct the

NPs towards the endoplasmatic reticulum.

The surface engineering of CNTs with polyelectrolytes and lipid layers in order
to increase solubility and reduce toxicity for the application of CNTs in drug

delivery or sensing.

The study of the cellular uptake and intracellular distribution of engineered
PLGA NPs and CNTs at the singular cell level by means of Raman Confocal
Microscopy. The possibilities of Confocal Raman Microscopy as a label free
technique for the intracellular localization of nanomaterials will be explored.
Raman Confocal Microscopy will also be applied to study the cellular response
in the presence of nanomaterials, investigating the changes in signals coming

from proteins and nucleotides in the cell nucleus.

The use of PLGA NPs for the encapsulation of different therapeutic drugs and
the study of their “in vitro” release rate. It is demonstrated the versatility of the
use of PLGA NPs to encapsulate the anticancer drug doxorubicin into the PLGA
NPs core, as well as the encapsulation of high molecular weight molecules, like
antiTNF-a that is intercalated between the polyelectrolyte multilayer coatings on

top of PLGA NPs.
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This thesis has been organized into six chapters:

Chapter 1: Materials and methods used in this thesis will be detailed.

Chapter 2: Fabrication of PLGA NPs by emulsion techniques will be presented
together with the different approaches for their proper surface functionalization.
PLGA NPs stabilized either by the synthetic polyelectrolyte polyethyleneimine
(PEI) or by the protein bovine serum albumin (BSA) will be prepared. PLGA
NPs will be surface functionalized via LbL coatings in order to provide
functional groups for the further modification via covalent linking of
polyethylene glycol (PEG) and folic acid (FA), or via self assembly of lipid

bilayers.

The interaction of the PLGA NPs with proteins and their uptake by HepG2 cells
will be presented for the different surface coatings. It will be shown that
pegylation alone reduces the interaction with proteins and cellular uptake,
preventing unspecific interactions, while the coating with PEG and FA decreases
the interaction with proteins, while at the same time increasing cellular uptake
by HepG2 cells due to specific interactions. The surface modification using
biopolyelectrolyte multilayers generates a more biocompatible NP surface that
has antifouling properties. Finally, the assembly of lipid layers on top of the
polyelectrolyte coated PLGA NPs will be used to control the intracellular

distribution of the NPs toward the endoplasmic reticulum of the cell.

Chapter 3: Details a strategy of surface functionalization of CNTs to provide
colloidal stabilization in aqueous media. CNTs will be functionalized by the in
situ synthesis of a polyelectrolyte brush of poly(3-sulfopropylmethacrylate) onto
the surface of CNTs. The covalently bonded polyelectrolyte brushes on the
surface of CNTs will be used as a platform for the in situ synthesis of CdS

quantum dots and also for magnetic iron oxide nanoparticles. This type of dual-
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particle CNT hybrid assembly was not previously synthesized by use of a
covalently bonded polyelectrolyte brush. The synthesized nanoparticles can

provide either magnetic or fluorescence properties to the CNTs.

The polyelectrolyte shell surrounding the CNTs will be also used for the
assembly of a lipid layer on top of the CNTs. The choice of a spherical brush
ensures the stability of the CNTs in aqueous solutions and also reduces the
number of steps required in layer by layer to obtain a polymer cushion for

coating with the lipid vesicles.

Chapter 4: Addresses the cellular uptake, distribution and toxicity studies of the
surface engineered PLGA NPs and CNTs by means of Confocal Raman
microscopy (CRM). CRM will be used to study the localization of nanomaterials
inside the cells, taking advantage of the fact that the entire Raman spectrum is
recorded. The latter thus contains bands coming from the nanomaterials and
from representative cell molecules: proteins, DNA and lipids; which allow
identifying the region of the cell where the nanomaterials are located. It will be
demonstrated that PEI stabilized NPs are uptaken by cells over a longer period
of time compared with BSA stabilized PLGA NPs; although both kinds of
PLGA NPs will be shown to be found in the region of the lipid bodies of the
cell. Cell viability studies show that BSA stabilized NPs display better
biocompatibility than PEI stabilized NPs. In the case of surface engineered
CNTs it will be demonstrated that the lipid coating significantly reduces the
toxic effect of CNTs, suggesting the use of lipid coated CNTs for biological
applications, delivery or sensing, where a moderate toxic response “in vitro” is

acceptable.

Chapter 5: Details the study of potential uses of PLGA NPs as carriers for drug
delivery. The antibody anti tumor necrosis factor (antiTNF-a) will be
encapsulated in the PLGA NPs surface via LbL assembly, while the anticancer
drug doxorubicin (Dox) will be loaded into PLGA NPs during NPs fabrication.
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In both cases, the release profiles will be characterized in PBS and within the
cell by different techniques. For the encapsulation of antiTNF-a, a strategy has
been developed on the basis of the complexation of antiTNF-a with an excess of
Alginate, and the assembly of this complex in the polyelectrolyte multilayers
(PEMs). It will be demonstrated that by this encapsulation method it is possible
to control the antiTNF-a doses by adjusting the number of layers deposited onto
PLGA NPs surface. For both cases, in PBS and intracellular, the antibody

delivery resembles a first order release profile.

It will also be proven that the intracellular delivery in HepG2 cells of Dox
encapsulated in PLGA NPs by means of fluorescence methods such as flow
cytometry and fluorescence life time microscopy. And moreover, Dox release
will be confirmed by decreasing cell proliferation as a result of Dox intercalation

into DNA strands.

Chapter 6: Contains a summary of the results obtained in this PhD work.
Conclusions and the potential future uses of PLGA NPs and CNTs in

nanomedicine field will be detailed.
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Chapter 1
Materials and Methods

1.1. Materials

Poly(D,L-lactide-co-glycolide) (PLGA) (D,L-lactide 85: glycolide 15 and D,L-lactide
65: glycolide 35), average molecular weight of 100 kDa, were purchased from the
China Textile Academy. Multi-walled CNTs were purchased from Proforma (USA).

Dichloromethane (99%) from Aldrich was dried using molecular sieves 4 °A
(microwave activated). Poly(acrylic acid) (PAA, Mw ~10 kDa), branched
polyethyleneimine (PEI, Mw ~25 kDa), poly(allyl amine hydrochloride) (PAH, Mw
~15 kDa), poly(styrenesulfonate sodium salt) (PSS, Mw ~70 kDa), bovine serum
albumin (BSA), folic acid (FA), amino terminated polyethylene glycol (PEG Jeffamine
ED-2001, Mn ~1.9 kDa), phosphate buffer saline (PBS), ethylcarbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHYS), 3-
aminopropyltris(trimethoxy)silane (APTS), ethanol acetic acid (99.8%), 2-bromo-2-
methylpropionic acid (98%), p-(dimethyl-amino)pyridine (99%, DMAP), 1,3-
dicyclohexyldicarbodiimide (99%, DCC), copper chloride (I, 99.99%), 3-sulfopropyl
methacrylate potassium salt (99%), 2,2’-bipyridil (99%, bpy), sodium sulfide, cadmium
nitrate pentahydrate (99.99%), dimethylformamide (99%, DMF), PIERCE BCA Protein
Assay Kit, Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS),
amiloride HCI, amantadine HCI, genistein and cytochalasin D were purchased from
Sigma—Aldrich. Chitosan (Chi, Mw 100-300 kDa), sodium alginate (Alg, Mw ~25 kDa)
were purchased from ACROS. Ethanol (99.95%) was purchased from Sharlau (Spain),
(1-tetradecyl)trimethyl ammonium bromide (98%) and potassium permanganate (99%)

from Alfa Aesar.
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The phospholipids 1,2-dioleoyl-sn-hlycero-3-[phospho-L-serine] (DOPS), 1,2-Dioleoyl-
sn-glycero-3-phosphocholine (DOPC) and 1-oleoyl-2-(6-[(7-nitro-2-1,3-benzoxadiazol-
4-yl)aminoJhexanoyl)-sn-glycero-3-phosphocholine (DOPC-NBD) were obtained and

used as received from Avanti Polar Lipids, Inc.

5-Dodecanoylaminolfluorescein (DAF), 4°,6-diamidino-2-phenylindole dihydrochloride
(DAPI) and ER-Tracker™ Green (BODIPYL® FL glibenclamide) were obtained from
Invitrogen. The cell line HepG2 was purchased from the American Type Culture

Collection (ATCC). All chemicals were used as received.

1.2. Methods

1.2.1. {-Potential

When charged particles are dispersed into an aqueous solution containing ions, the ions
with opposite charge will be attracted to the particle surface forming the so called
electrical double layer. The electrical double layer comprise two regions, the first one,
also known as “Stern layer”, is formed by ions directly absorbed onto the particle
surface (oppositely charged ions). The second region is then, composed by ions
attracted to the particle surface via Coulomb force and is called “diffuse layer”. The
diffuse layer is loosely associated with the charged particle because is formed by free
ions that move under the influence of electric attraction and thermal motion. Between
the ions of the diffuse layer, the ones which are closer to the particle surface will remain
attached, while those ions that are further away will move under the influence of
tangential stress; the motional boundary that separates the mobile ions from the attached

ones in the diffuse layer is usually known as “slipping plane”.

The zeta potential ({-potential) is the electrokinetic potential at the slipping plane /190,
191], and gives information about the charge density at the particle surface. In Figure
1.1 is represented the ions distribution of a charged particle suspend in an ionic solvent.

30



Chapter 1 Materials and Methods

The C-potential value of a particle is strongly dependent on the pH and ionic
concentration of the solution. One way to quantify the {-potential is by measuring the
electrophoretic mobility, which is the velocity of the motion of the particles in the
solvent under the influence of an electric field. Electrophoretic mobility and {-potential

are related by Henry’s equation /792]:

&g

ao=of k) (B L)
n

where ¢ is the dielectric constant of the media, 1 is the viscosity, C is the {-potential and
f(k,) is Henry's factor. The value of f{k,) depends on the ratio between the particle
radius (a) and the thickness of the double layer (1/k). When the particle is much smaller
than the double layer f{k,)=1 (Hiickel limit); and when particle is much layer than the
double layer, f(k,)=1.5 (Smoluchowsky limit).
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Figure 1.1. Schematic representation of a charged particle dispersed in a solvent.
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(-potential measurments were used in this work to follow the different surface
modifications applied on Poly(lactide-co-glycolide) nanoparticles and carbon
nanotubes. Measurements were performed with a NanoSizer (MALVERN Nano-ZS,
U.K.) instrument at 25 °C and with a cell drive voltage of 30 V, using a monomodal

analysis model.

1.2.2. Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS), known as well as photon correlation spectroscopy, is a
widely used technique to determine the size of particles in solution. When a
monochromatic and coherent laser hits a particle, the scattered intensity will show time
dependent fluctuations caused by the random collisions of the particles with the
molecules of the solvent that are constantly changing. This particle movement is known
as the Brownian motion. DLS measures Brownian motion and relates this to the size of
the particles suspended within a liquid. The frequency and the amplitude of the
Brownian motion depend on the particle size and the viscosity of the solvent. The
diameter that is measured in DLS is a value that refers to how a particle diffuses within
a fluid, in other words, DLS measures the hydrodynamic diameter. The velocity of the
Brownian motion is defined by a property known as the translational diffusion

coefficient (D), and can be determined by the Stokes-Einstein equation /191, 193]:

D= kT (Eq. 1.2)
67Nk,

where D is the diffusion coefficient, kg is Boltzmann’s constant, T is the temperature, n

is the viscosity of the medium and Ry is the hydrodynamic radius of the given particle.

The hydrodynamic size of surface engineered Poly(lactide-co-glycolide) nanoparticles

was measured using a NanoSizer (MALVERN Nano-ZS, U.K.) instrument.
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1.2.3. Transmission Electron Microscopy (TEM)

Transmission electron microscope (TEM) operates on the same basic principles as the
light microscope but using electrons as light source. Electrons have much lower
wavelength than light, which makes possible to get resolution of thousand times better
than with a light microscope. By means of TEM it is possible to observe objects of the
size of few angstrom (10" m) and for this reason electron microscopy is a powerful
technique in medical, biological and materials science /194, 195]. After electrons are
emitted from the electron gun, they travel over a vacuum column and pass through
electromagnetic lenses that focus the electrons into a very thin beam that then travels to
the sample. The objective lenses and the projector lenses magnify the transmitted beam
and project it onto the fluorescent viewing screen. Impact of electrons excites the screen
and produces a visible magnified image of the sample. This image is recorded with a

CCD camera.

The morphology and size of surface modified poly(lactide-co-glycolide) nanoparticles
and carbon nanotubes were characterized with a JEOL JEM-2100F electron microscope,

EM-20014 model.

1.2.4. UV-Vis-NIR Spectrophotometry

Ultraviolet-Visible-Near Infrared Spectrophotometry is a technique used to measure the
reflection or transmission properties of a substance in the ultraviolet (UV), visible and
infrared range (IR). The absorption of UV, visible or IR light depends on the molecular
structure of each substance and all the substance can absorb energy. Absorbance
measurements are typical from analytical chemistry and material science since by

absorbance it is possible to determine thickness and concentration of a sample /796].
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The commercial Varian Cary 5000 UV-Vis-NIR spectrophotometer (Varian GmbH,
Australia Pty Ltd.) was employed to perform absorption spectra. The light sources of
the instrument are a deuterium lamp (185-350 nm) and a halogen lamp (350-3300 nm).

The absorption spectra can be collected on a wavelength range of 175 to 3300 nm.

1.2.5. Fluorescence Spectroscopy

Fluorescence occurs when a substance that has absorbed light or other electromagnetic
radiation, emits light with different wavelength. The emission process can be explained
on the basis of the different electronic states of the molecules called energy levels. If
light is absorbed by a substance, the electronic state of the molecule changes from the
ground electronic state (low energy state) to a one of the various vibrational states in the
excited electronic state. Excited molecule can collide with other molecules causing as a
result lose of energy until the molecule reaches the lowest vibrational state of the
excited electronic state, and finally, as consequence of collisions, the molecule drops
again into one of the various vibrational levels of the ground electronic state, emitting a
photon in the process. Because the molecules can drop in any of the different vibrational
levels of the ground state, the emitted photos will have different energies and in
consequence, different frequencies //97/. Among their applications, fluorescence
spectroscopy is often used for the biochemical, medical, and chemical analysis of
organic compounds, and also has been reported to be useful for differentiating
malignant tumors, in the detection of heavy metals, etc /7197, 198]. In this work,
fluorescence spectroscopy was used to characterize the functionalization of different
materials with fluorescent species using a fluorometer Fluorolog® -3 HORIBA JOBIN
YVON.
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1.2.6. Quartz Crystal Microbalance with Dissipation (QCM-D)

The quartz crystal microbalance (QCM) is a high resolution mass sensing technique that
consists of a thin quartz disk placed between a pair of electrodes. As quartz has
piezoelectric properties, when an alternating electric field is applied across the device,
an oscillation that propagates through the crystal is induced. The frequency of such
oscillation is determined by the thickness of the crystal and the speed of shear waves in
quartz. When a mass is loaded on top of the quartz crystal the mobility of the sensor
becomes more limited and the oscillation frequency decays /799, 200]. Figure 1.2
displays a schematic view of the different frequency responses obtained from a single

quartz sensor monitored by QCM-D.

QCM technique has a resolution down to ng/cm2 and it has been extensively used for
the monitoring of thin films deposition onto surfaces. In addition to sensitively measure
mass changes QCM can also characterize energy dissipative or viscoelastic behavior of

the material deposited on the quartz sensor.

Figure 1.2. Scheme of quartz crystal (a), electric circuit applied onto a: bare quartz
sensor (b), a quartz sensor with a rigid mass deposited on top (c) and soft mass on top

(d) (taken from Q-Sense, www.g-sense.com,).

The relationship between the frequency decay and the mass attached onto the quartz

crystal of QCM was reported in 1959 by Giinter Sauerbrey /201] (Eq. 1.3).
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m

=— A—ﬁ (Eq. 1.3)
i

ocm

where mqcwm represents the absorbed mass per unit area, the mass sensitivity constant C,
is equal to 18.06 + 0.15 ng /(cm® Hz) for sensors with a resonance frequency of 4.95 +
0.02 MHz, and the letter “i" indicates the overtone number. The applicability of the
Sauerbrey’s equation is limited to rigid films. For soft and dissipative films, more
complex models would be required that account for the viscoelastic properties of the

film.

1.2.7. Raman Spectroscopy

Raman effect was discovered in 1928 by the Indian scientist C.V. Raman /202]. When
light encounters a molecule, the majority of photons are elastically scattered, and this is
what we know as Rayleigh scattering; the scattered light has the same wavelength as the
incident light. However, a small proportion of the photons, less than 0.001%, will be
inelastically scattered, where the scattered light undergoes a shift in energy, and that

effect is called Raman scattering.

Raman effect is complementary to infrared spectroscopy /203/. Infrared spectroscopy
requires a dipole moment change through the vibration, whilst Raman requires a change
in polarisability. That is, the distortion of the molecule’s electron cloud during the
vibration must cause the molecule to interact differently with the electric field of the

incoming photon /203, 204].

Figure 1.3 illustrates the transitions accompanying Raman scattering. The electric field
of the incident light distorts the molecule’s electron cloud, causing it to undergo
electronic transitions to a higher energy virtual state, which is not a true quantum
mechanical state of the molecule. Raman scattering results when the scattered photon is
released to a ground state with different energy that the incident photon. The change in
energy between the original state and the new state causes an up-shift or down-shift

frequency of the emitted photon different from the excitation wavelength. The Stoke
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Raman scattering is then defined as the situation when the excited molecule generates a
photon at a downshifted frequency. In contrast, anti-Stoke Raman scattering happens
when the emitted photon has an up-shifted frequency. The change or shift in energy
indicates molecular information and its photon mode in the target. This vibrational-
reach information that supports Raman spectroscopy has become a commonly used tool

in chemistry because of its specificity to the chemical bonds or symmetry of molecules.
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Figure 1.3. Scheme of the Raman scattering process and its energy transitions.

In this work Raman spectroscopy analyses were performed using a Renishaw inVia
Raman microscope. The laser excitation wavelength was 532 nm with a grating of 1800
mm™. The microscope was equipped with interchangeable objective lenses with
magnifications of 10x, 50x, and 100%. Most measurements were conducted using the
40x water immersion and 50x objectives. The size of the focal spot was approximately
1 um. Raman spectra were recorded in the region from 100 to 3200 cm™ with a spectral
resolution of around 7 cm™. Around ten to fifteen accumulation scans at different

sample points were used to reduce the spectral noise and to account for possible sample
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heterogeneities. The system was calibrated to the spectral line of crystalline silicon at

520.7 cm™. All spectra were baseline corrected.

1.2.8. Confocal Laser Scanning Microscopy (CLSM)

Confocal Laser Scanning Microscopy (CLSM) is a powerful technique, that allows to
obtain fluorescent images from a specific confocal plane in a sample /205, 206]. In
other words, by CLSM is possible to discriminate the interference of light or
fluorescence coming from planes different to the confocal plane, in order to generate
images with high resolution and contrast. CLSM also offers the possibility to generate

the three dimensional reconstruction of a sample by imaging at different focal planes.

In CLSM, coherent light emitted by the laser system passes through a pinhole aperture
that is situated in a certain focal plane with a scanning point on the specimen and a
second pinhole aperture positioned in front of the detector, which is a photomultiplier
tube. As the laser is reflected by a dichromatic mirror and scanned across the specimen
to excite it in a defined focal plane, secondary fluorescence emitted from points on the
specimen in the same focal plane, pass back through the dichromatic mirror and are

focused as a confocal point at the detector pinhole aperture (Figure 1.4) [207].

The significant amount of fluorescence emission that occurs at points above and below
the objective focal plane is not confocal with the pinhole and forms extended airy disks
in the aperture plane /208/. The small fraction of the fluorescence emission that is out
of the focal plane is not detected by the photomultiplier and does not contribute to the
resulting image. The pinhole aperture determines the working confocality or plane
thickness. By different filters placed in front of the photomultiplier, it is possible to
select the desired emission wavelength. Finally, the optical signal is converted into

electronic and then translated as images in a computer.
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[REESS

Figure 1.4. Schematic representation of a Confocal Laser Scanning Microscope [206].

In this work, a CLSM from Zeiss, the LSM 510-META was used for cell imaging. The
microscope is equipped with Argon/2 laser for 558, 477, 488 and 514 nm; a DPSS laser

for 561 nm; a HeNe laser for 633 nm and an external laser of 405 nm.

1.2.9. Fluorescence Lifetime Imaging Microscopy (FLIM)

Fluorescence lifetime imaging microscopy (FLIM) is an imaging technique that
produces spatially resolved images of fluorophore lifetime (1) from an exponential
decay rate of fluorescence, providing another dimension of information for visualizing
fluorophores and an additional source of contrast /7/97]. The life time of a fluorophore
is affected by the environment in which it is located, changes in pH, ionic strength,

polarity can be sensed through the life time.

In this work, for FLIM studies, a modular FLIM system from Becker & Hickl GmbH,
adapted to the CLSM (Zeiss, LSM 510-META) was used with a 405 nm laser.
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1.2.10. Flow Cytometry

Flow cytometry is an analysis technique that measures fluorescence and light scattering
of individual particles in suspension, such as cells. In flow cytometry, the flow of the
particles in suspension is such that never more than one particle pass through the laser
light at the same time (hydrodynamic focus). The fluorescence and the scattered light
generated from particle passage through the laser, is collected by detectors and
converted into electronic signals. The analysis occurs simultaneously for signals,

fluorescence and scattering /209, 210)].
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Figure 1.5. Scheme of the working principle of the flow cytometer. (Image taken from

www.abcam.com)

Light scattering occurs when the incident light is scattered by the particle generating a

change in the direction of the light. Light scattering gives information about the

morphology of the particle under study. When the scattered light divert a small angle

from incident light (0 to 10°), the scattering is called “forward scatter” (FSC) and this
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diversion is proportional to the particle size. If the scattering is in right angle, is known
as “side scatter” (SSC) and provide information about the complexity of the particle
[210]. Figure 1.5 shows the flow cytometer working principle. Hydrodynamic focus is
applied in the particle suspension flow in front of the laser. The sample is injected into
the center of the flow. Then, the flow is reduced in diameter, forcing the particles into a
stream, in which only one particle at a time passes in front of the laser. Also it is
possible to observe the fluorescence and light scattering processes. Herein, a flow
cytometer BD FACS, Canto Il model was used for the quantification of cellular uptake

or fluorescence in particles.

1.2.11. Plate Reader

The plate reader is and instrument designed to detect biological, physical or chemical
events from culture microplates. A high intensity light source throws light in each and
every well of the microplate, and then the absorbed or emitted light coming from each
well is quantified by a detector /211]. A plate reader can detect absorbance, fluorescent

intensity, luminescence, fluorescence along time or fluorescent polarization.

In this work, a TECAN GENios Pro plate reader in the absorbance detection mode was
used to quantify different biologic assays like toxicity and cellular viability by MTT
assay, protein concentration via BCA assay or antibody concentration using an ELISA

based test.
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1.2.12. MTT assay

The MTT standard colorimetric assay that measures enzymatic activity in cell culture
and is usually employed to determined cellular survival and proliferation. MTT assay is
based in the metabolic reduction of  3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) by the mitochondrial enzyme dehydrogenase. As a
result of the MTT reduction, a purple compound known as formazan is generated /212].
The number of cells alive is proportional to the amount of formazan produced, that can
be quantified by measuring the absorption at 570 nm. Therefore, cellular viability can

be calculated with the Eq. 1.7.

Absorption
PEOMsanvie 100 (Eq. 1.7)

control

CellViability(% ) =
iabiliy{ 0) Absorption

1.2.13. BCA assay

The bicinchoninic acid assay (BCA assay) is a biochemical assay for determining the
total concentration of protein in a solution. There are several advantages of BCA assay
over other protein quantification assays like the formation of a stable complex, the low

susceptibility to detergents and they applicability for broad protein concentrations.

BCA assay relies on two reactions principally. Firstly, the peptide bonds in the protein
reduce Cu”" ions from the cupric sulfate to Cu” (a temperature dependent reaction). The
amount of Cu”" reduced is proportional to the amount of protein present in the solution.
Next, two molecules of bicinchoninic acid chelate with each Cu” ion, forming a purple-
colored product that strongly absorbs light at a wavelength of 562 nm [213]. The
amount of protein present in a solution can be quantified by measuring the absorption

spectra and comparing with protein solutions with known concentrations.
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1.2.14. Q-ADA ELISA assay

Q-ADA ELISA assay is an enzyme immunoassay for the quantitative determination of
adalimumab (Humira®) in serum and plasma. Adalimumab is a recombinant human
IgG1 monoclonal antibody specific for human tumor necrosis factor alpha TNF-a, and

consists of 1330 amino acids with molecular weight of approximately 148 KDa.

Adalimumab binds specifically to TNF-a and blocks its interaction with the p55 and
p75 cell surface TNF receptors. TNF is a naturally occurring cytokine that is involved in
normal inflammatory and immune responses. Q-ADA assay is basically a solid phase
enzyme-linked immunosorbent assay (ELISA) based on the sandwich principle.
Standards and diluted samples, in either serum or plasma, are incubated in the culture
microplate coated with the reactant for adalimumab. After, a horse radish peroxidase
(HRP) conjugated probe is added and binds to adalimumab captured by the reactant on
the surface of the wells. Finally, the bound enzymatic activity is detected by addition of
chromogen-substrate [27/4]. The color developed is proportional to the amount of
adalimumab in the sample or standard. Results of samples can be determined directly

using the standard curve.
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Chapter 2

Poly(lactide-co-glycolide)
Nanoparticles: Synthesis and Layer by
Layer Modification

2.1. Motivation

Polymeric Nanoparticles (NPs) in the submicro size are promising carriers for
controlled drug delivery. Size, amount of loaded material, and release features can be
well controlled for these NPs. Besides that, polymeric NPs can be further endowed to
target specific organs and tissues, and in many cases are capable of overcoming certain

biological barriers such as the blood—brain barrier /[215-217].

The lactic acid (LA) homopolymer (PLA) /101, 105] and its glycolic acid (GA)
copolymer, poly(D,L-lactide-co-glycolide) (PLGA) [107-110] are among the most
frequently used polymers for the templation of drug carriers because of their good
biocompatibility, biodegradability degradation rate. The degradation of PLGA can be
used for the release of drug encapsulated in the NPs, .Degradation in PLGA can be
easily manipulated by adjusting the ratio LA to GA /107] in the copolymer.

The scope of this chapter is to show the design of PLGA NPs for targeted delivery by
their surface modification via the LbL technique in combination with covalent

chemistry and lipid assembly, as well as to study the “in vitro” cellular uptake.

The possibilities of the LbL technique for the surface modification of NPs for delivery

will be explored. The LbL technique has several advantages for surface
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functionalization of organic NPs. First, by means of LbL the surface of the NPs can be
sequentially modified without affecting their stability. In principle, if the NPs are over
100 nm, the only requirement for self assembly is that the NPs surface must be charged.
The assembled polyelectrolyte multilayers provide chemical groups, to which functional
molecules can be covalently immobilized, as it will be showed for polyethylene glycol
(PEG) and folic acid (FA). In this way a protocol of non covalent functionalization
followed by covalent chemistry will be developed. This protocol brings multiple
possibilities for the modification of NPs and can be employed for any charged surface.
In addition, the LbL coating can be composed of biopolymers like proteins or charged
carbohydrates, providing biocompatibility to the NPs and protecting them from the

interaction with proteins.

Polyelectrolyte multilayers fabricated by means of the LbL technique are a good support
for lipid layers. The surface modification of NPs with lipid layers can help to increase
NP circulation time inside the cells. Moreover, the lipid coating also can be useful to

control the intracellular location of NPs.

In the first part of the chapter the fabrication of PLGA NPs by emulsion techniques will
be presented. PLGA NPs will be stabilized by either the synthetic polyelectrolyte
polyethyleneimine (PEI) or the protein bovine serum albumin (BSA). The use of
charged macromolecules for stabilization of the NPs will be important for the LbL

coating. BSA was chosen to provide the NPs with a biocompatible coating.

Then, the coating of the NPs with model multilayers of synthetic polyelectrolytes, poly
acrylic acid (PAA) and polyethyleneimine (PEI) will be presented. PEG and FA will be
covalently linked to the carboxilate groups of PAA. The LbL assembly and covalent
chemistry will be characterized on top of the PLGA NPs by (-potential measurements
and in planar model layers with the quartz crystal microbalance. The interaction of the
PLGA NPs with proteins and their uptake by the immortalized HepG2 cell line will be
presented for the different surface functionalizations steps: LbL coating, PEG and FA
covalently linked to PEG. It will be shown that the pegylation alone reduces the
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interaction with proteins and cell uptake by the cell line preventing unspecific
interactions, while the coating with PEG and FA still decreases the interactions with
proteins but at the same time increases cell uptake by HepG2 cells due to specific

interactions.

The same methodology will be applied using a multilayer purely based on biopolymers
chitosan (Chi) and alginate (Alg). PEG and FA will be also covalently linked with to the
polyelectrolytes. The interaction with proteins and cells of the polyelectrolytes assembly
and the PEG and FA grafting on top of PLGA NPs will be studied as for other coatings.
The scope of using these biopolymers is to generate a more biocompatible NPs surface.

It will be shown in addition, that the Chi/Alg coating has itself antifouling properties.

Finally, the assembly of lipid layers on top of the polyelectrolyte coated PLGA NPs will
be studied. Lipid vesicles composed of DOPC and DOPS at different molar ratios will
be assembled on top of the polyelectrolytes via electrostatic interactions. The relation of
DOPS and DOPC in the lipid membranes affects significantly the cellular uptake of the
NPs and therefore, by adjusting the lipid composition in the NPs coating, it is possible
to control NPs internalization in the cell. Moreover, it will be shown that the lipid
coating results in the localization of the NPs in the endoplasmic reticulum (ER) of the
cell. These NPs, that preferentially translocate in the ER could have applications for the
treatment of antiviral human pathogens /2/8/, such as human immunodeficiency virus
(HIV) [219], hepatitis C virus (HCV) /220] or hepatitis B virus (HBV) /221], and also

in other diseases such as anticancer vaccinations /222].

To resume, the LbL coating of PLGA NPs will be used to generate NPs for targeted
delivered towards hepatic cancer cells, to diminish protein-NPs interactions and to

achieve intracellular targeted delivery.
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2.2. Poly(lactide-co-glycolide) nanoparticles synthesis

Poly(D,L-lactide-co-glycolide) (PLGA) NPs were prepared by means of an oil/water
(O/W) emulsion-solvent evaporation method [709]. Firstly, 1 mL of 20 mg/mL of
PLGA dichloromethane solution (organic phase) was added to 4 mL of a 5 % PEI
solution or of a 2 % BSA solution (water phase) and then emulsified with an
ultrasonicator (Sonics VCX 500) for 20 s. This emulsion was poured into 100 mL of
distilled water, and stirred for 3 h with a magnetic stirrer until the organic solvent was
totally evaporated. The PLGA NPs were collected by centrifugation at 10 000 g for 5
min, and washed with milliQ water five times to remove the free PEI or BSA initially
presented in the water phase. The PLGA NPs preparation process is illustrated in Figure
2.1. PLGA NPs containing rhodamine 6G (Rd6G) were similarly prepared by addition
of 0.5 mg/mL of Rd6G into the PLGA solution before mixing with the stabilizer

solution.
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Figure 2.1. PLGA NPs Preparation by means of the O/W emulsion-solvent evaporation

method.

The size and morphology of PLGA NPs prepared with either PEI or BSA were

characterized by transmission electron microscopy (TEM) and dynamic light scattering
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(DLS). PLGA NPs were observed to have spherical shape for both cases, stabilized with
PEI or BSA. The average size of the particles with PEI as stabilizer is around 350 nm
with a narrow distribution in the wet state as shown in Figure 2.2a, and around 250 nm
in a dry state (Figure 2.2b). In the case of the NPs prepared with BSA as stabilizer the
diameter observed by TEM was around 200 nm (Figure 2.2d). DLS show that PLGA
NPs stabilized with BSA display a narrow distribution, being the average diameter
measured around 400 nm (Figure 2.2¢). For both stabilizers, the difference in the NP
size observed in wet and dry state is due to the fact that in wet state PEI and BSA
hydrate occupying a higher volume, and these has an impact in the measure of the NPs

hydrodynamic ratios.

PLGA NPs stabilized with PEI are positively charged with {-Potential around 35 mV,
while PLGA NPs with BSA as stabilizer have negative {-Potential of -27 mV.

d
L | -.J.Fr“ =2 =

Figure 2.2. TEM morphology of PLGA NPs stabilized with PEI (a) and BSA (c) and
their respective DLS size distribution (b and d).
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2.3. PLGA NPs surface modification does selective cell targeting

One of the most important aspects in the design of a carrier for drug delivery is the
control of the release site, generally recognized as the targeting site, in order to enhance
the pharmaceutical efficiency while side effects are reduced. The targeted delivery of
the drug carriers is usually realized by attaching specific recognition functions to the
particles, e.g., specific monoclonal antibodies (mAB) /132, 223-226] or ligands specific
to certain cell membrane receptors /110, 227-229]. To minimize the unspecific
interactions, molecules with anti-fouling properties such as poly(ethylene glycol) (PEG)
are often used as a spacer between the particle surface and the recognition function
[132, 228, 229]. Folic acid (FA) shows extremely high affinity to the folate receptors.
Compare with antibodies, molecules like FA are more stable against harsh preparation
conditions, and thereby are easier to handle and more convenient for many applications.
FA is a kind of vitamin B necessary for the production and maintenance of new cells. It
is well known that a low level of folate receptors on the cell membrane is expressed by
normal tissues, but the folate receptors are over expressed by many human tumors.

Therefore, the FA grafted NPs can be used to specifically target tumor tissues.

The layer-by-layer (LbL) assembly, which is well know technique for the non-covalent
surface modification, was used to engineer the surface of the PLGA NPs prepared with
PEI in the water phase as stabilizer. Then, the multilayer coated PLGA NPs were further
modified with FA attached to a PEG spacer.

2.3.1. Synthesis of folic acid grafted poly(ethylene glycol)

First, 65 mg (0.15 mmol) FA was dissolved in 2.5 mL dimethylsulfoxide (DMSO) by
overnight stirring. Then, 38 mg NHS (0.33 mmol) and 30 mg EDC (0.17 mmol) were
added into the solution to activate COOH groups of FA. The final molar ratio of
FA/NHS/EDC was 1:2.2:1.1. The reaction was left for 18 h and afterwards 300 mg of
amino group terminated PEG (0.15 mmol) were added to the solution. After 24 h, the
product of reaction was dialyzed against water for 1week in a dialysis bag with a cut off

MW of 1 000, replacing water every 24 h. The final product was lyophilized with a
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lyophilizer. The FA grafted PEG (PEG-FA) was characterized by FTIR and 1 H NMR
at 500 M in D,0 (4ppendix Figure A and B respectively).

2.3.2. Layer by Layer assembly and folic acid immobilizing on nanoparticles

The surface modification of PEI stabilized PLGA NPs was performed using 1 mg/mL of
PAA and PEI solutions in 0.5 M NaCl for the LbL coating. The pH of the solution was
adjusted to 7.4 by addition of either 1 M HCI or NaOH. For the LbL assembly on PLGA
NPs surface, the incubation time for each polyelectrolyte layer was 15 min, and the NPs
were washed with a 0.5 M NaCl solution three times between each layer . After five
layers of PAA and PEI (PAA as the outmost layer) were deposited, the multilayers were
either only crosslinked or crosslinked and grafted with PEG following the method
described by Meng F., et al /230]. The NPs with multilayers were suspended in 10 M
EDC and 10 M NHS solution (pH 5.6) 30 min to activate carboxylic groups, and then
ina 10” M EDC and 10” M NHS (pH 8.6) or 10> M EDC, 10* M NHS and 5 mg /mL
of amine terminated PEG or PEG-FA solution (pH 8.6) for crosslinking, pegylation or
PEG-FA immobilization, respectively. 40 h later, the NPs were rinsed with MilliQ

water.
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Figure 2.3. Changes in the (-Potential of PLGA NPs during PEI/PAA LbL assembly

and subsequent crosslinking and pegylation.
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The C -potential of the NPs was measured in 10 mM NaCl (pH 7.4) with a measuring
potential of 60 V, { -potential measurements were conducted to prove polyelectrolyte
assembly and the covalent binding of PEG and PEG-FA on the PLGA NPs. The
alternative assembly of polyelectrolytes of opposite charge induces surface recharging
and the consequent change in the sign of the potential. During the LbL assembly of
PEI/PAA the (-potential oscillated between +35 £ 5 mV and -35 £ 5 mV for either PEI
or PAA as outmost layer. After crosslinking or pegylation, the {-potentials changed to -
20 mV and -11 mV, respectively (Figure 2.3). This is understandable since the
negatively charged carboxylic groups were used for the crosslinking. The further
decrease in the value of the potential observed after pegylation is brought by the
hydrodynamic screening effect of the PEG molecules [231]. After PEG-FA grafting,
however the (-potential varied to -22 mV again. We attribute this value to the additional

carboxylic groups brought to the NPs surface by the FA molecules.
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Figure 2.4. Frequency and dissipation changes during the assembly of PEI/PAA
multilayer (a), and after the crosslinking and pegylation of the multilayers (b) as
followed by QCM-D.
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To have an additional proof of the covalent binding on the multilayers we followed the
crosslinking and condensation reactions on planar multilayers by means of the quartz
crystal microbalance with dissipation (QCM-D). Multilayers of PEI and PAA were
previously assembled on top of a silica coated QCM-D crystal; the assembly is shown
in Figure 2.4a. In Figure 2.4b we can observe the changes in frequency and dissipation

during crosslinking and pegylation.

PEI/PAA multilayers were first stabilized in water for 5 min. Then, water was
exchanged by the activation solution compose of 10° M EDC and 10 M NHS solution
(pH 5.6). During activation, before crosslinking and pegylation, the frequency did
almost not change. Half an hour after addition the activation, the solution was
exchanged by either the crosslinking solution (CRL) or the pegylation solution. In both
cases the samples were incubated for 40 h. Following incubation in the CRL, a final
decrease in 5 Hz was recorded for the frequency and a dissipation increase of only 0.4
units. The crosslinking did not induce a significant change in the multilayer mass. The
slight increase in mass could be due to an increase in the water entrapped in the layers
as result of polyelectrolyte reorganization during the crosslinking. After pegylation a
decrease in 25 Hz in frequency and an increase in 4 units in dissipation was observed.
The decrease in frequency is higher than for crosslinking and can be associated with a
mass increase in the multilayer as result of the binding of PEG. QCM-D confirms,

therefore, that pegylation takes place on the model planar multilayer.

2.3.3. Protein adsorption on the Layer by Layer coated nanoparticles

In the case of target drug delivery, it is very important to increase circulation time after
the NPs are injected into the blood in order to reach their targeted tissues or organs.
Protein adsorption is an important aspect to be studied taking into consideration the
possible application of NPs for drug delivery. NPs will inevitably interact with serum
proteins upon contact with blood or body fluids. The circulation time of the NPs and
their uptake by cells will be significantly affected by the nature and amount of proteins
deposited on their surface Normally, after the injection of the NPs, there are some
proteins in serum including apolipoprotein E /232] or complement C3 /233/, that are
unspecifically adsorbed on those NPs which can trigger macrophage recognition and
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uptake. By decreasing the interaction of the NPs with these specific proteins it is

possible to increase their circulation time and reduce unspecific uptake of NPs.

We detected protein adsorption on the PEI/PAA multilayers coated PLGA NPs using
the BCA method. To determine the amount of proteins adsorbed on the NPs, 3 mg of
PLGA NPs were accurately weighted and incubated in 1 mg/mL BSA in PBS for 2 h or
in DMEM culture media with 10 % FBS for 2 h and 16 h at 37 °C, respectively. The
supernatant was discarded after centrifugation and the particles were washed three times
with 10 mM PBS, followed by the addition of 1 mL of 5 % SDS. The system was
sonicated 40 min at 40 °C. The amount of adsorbed proteins was measured from the
supernatant by the BCA protein assay kit. The (-potential of the NPs after protein

adsorption was also measured.

[ FES with Tmgiml BSA h
T 0 OMEM with 10% FBS Eh
B OMEM with 10% FBS 16h

Protein Adsorption (ug/mg)

HP FEIZ PAS 3 CRL PEG PEG-FA

Figure 2.5. Protein adsorption amount of the PLGA NPs with different properties at

variable conditions.

Figure 2.5 shows that the NPs covered with the (PAA/PEI), multilayers had the largest
protein adsorption amount, 50-70 pg /mg NPs, regardless of the composition of the
medium. Protein adsorption for the (PAA/PEI); coating was even larger than that of the
control NPs, 40-55 pg /mg NPs, which also had PEI on their surface. The amount of
adsorbed proteins on the (PAA/PEI),/PAA coated NPs with crosslinked multilayers

pegylated and PEG-FA covered NPs largely decreased to around 20-30 pg /mg NPs. In
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the DMEM/FBS medium generally more proteins adsorbed regardless of the structures
of the NPs than in the pure BSA protein medium. On the control NPs and on the
(PAA/PEI), coated NPs, the amount of adsorbed proteins slightly decreased when
extending the incubation time from 2 to 16 h. For all the samples, the longer incubation
times resulted in an obviously higher amount of adsorbed proteins. In particular, the
protein amount on the (PAA/PEI),/PAA coated NPs was almost doubled and finally
reached a value of 32 pg /mg NPs after 16 h incubation. These results imply that
although the protein components on the NPs surface might be changing all the time
during the incubation, the overall adsorption of the proteins on the positively charged
surfaces is rapidly equilibrated, due to charge attraction. The protein adsorption on the
negatively charged surface is a process, which requires a relatively longer time than for
the positive charged surfaces, though the adsorption process can be similar for both

surfaces.
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Figure 2.6. (-Potential of the PLGA NPs with different polyelectrolyte coatings,
pegylated and modified with PEG-FA in protein solutions.

(-Potential measurements further confirmed the protein adsorption on the PLGA NPs.
Figure 2.6 shows that after incubation in DMEM, for all the samples measured the

absolute value of the {-potential decreased compared with their initial values due to the
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increase in ionic strength. After incubation in DMEM/FBS, however, the surface charge
changed to negative values, confirming undoubtedly the adsorption of serum proteins,
which are usually negatively charged. This is consistent with the previous results, since
the most abundant and negatively charged albumin (~36-50 g /L) are adsorbed in less
than 5 min on the surface [234/. For all the other NPs, the {-potentials remained
negative with very minor changes. Actually, proteins can be adsorbed on the NPs
surface even if they are negatively charged or pegylated, because of the non uniform
distribution of charges in the proteins and existence of other forces such as hydrogen

bonding and van der Waals forces.

2.3.4. Cellular uptake

The HepG2 cell line, a kind of human liver cell lines, was cultured in DMEM with 10 %
FBS and 1000 U penicillin, 10 mg/mL streptomycin at 37 °C and in 5 % CO,. When the
cell confluence was around 70 %, all the cells were trypsinized. 300 000 cells were seed
into each well of a 24-well plate. 24 h later, PLGA NPs with encapsulated Rd6G and
different surface coatings were added into the culture medium. The final concentration
was adjusted to 100 mg/mL. Following different incubation times: 0.5, 1, 2, 4, 8, 12,
and 24 h, the cells were washed with PBS twice, trypsinized and studied with flow
cytometry.

The cellular uptake ratio was calculated from the dotplot graph of forward scattering
(FCS) versus fluorescence intensity (PE-A) employing the WinMDI 2.9 program of
data analysis. Firstly, a threshold of fluorescence was generated using a control sample,
i.e., the HepG2 cells without exposure to the NPs. All dots corresponding to the control
sample are located at intensities below this threshold (Appendix Figure CI). The
number of cells carrying fluorescently labeled NPs is obtained from the dots located at
higher intensities than the threshold (Appendix Figure C2). The cellular uptake ratio

was calculated as:
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The fluorescence intensity is defined here as the mean fluorescence intensity of all the

dots in the dotplot, which reflects the amount of fluorescent NPs associated to each cell.
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Figure 2.7. (a) Cellular uptake ratio and (b) mean fluorescence intensity for PLGA NPs

with PEI/PAA multilayer coatings, crosslinked and pegylated as a function of the

incubation time.

Quantitative cellular uptake of the NPs was then investigated as a function of the

incubation time. In Figure 2.7a the percentage of cells displaying uptake of NPs has

been plotted as a function of the time, for the different surface modified NPs, while in

Figure 2.7b the mean fluorescence per cell has been displayed as a function of the

incubation time. Figure 2.7 shows that both the cellular uptake rate and the final amount
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of assimilated NPs are greatly dependent on the surface chemistry of the NPs. For
example, the uptake rates of the NPs with positively charged surface (bare NPs and
(PAA/PEI), coated NPs) were much faster at the beginning with an uptake ratio of ~40
% within 1 h incubation. Then, the uptake rate became slower and only after incubation

for 24 h reached finally an uptake ratio of the 60 %.
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Figure 2.8. Mean fluorescence intensity per cell after exposed to different PLGA NPs
for 24 h.

The fluorescence intensity displayed the same behavior (Figure 2.7b). The NPs with
PAA as the outmost layer showed a more sustainable increase in both of the uptake
ratio, which increased ~20 % during the first hour and then 45 % in the following 23 h,
and the fluorescence intensity, which increased around 100 a.u. during the first hour and
~380 a.u. in the following 23 h. Although the final uptake ratios of these three NPs were
all around 60-65 %, the mean fluorescence intensity of the (PAA/PEI),/PAA coated
NPs was 50 a.u. higher than the others. On the other hand, NPs covered with pegylated
multilayers showed the slowest uptake rate, lowest cellular uptake ratio and mean
fluorescence intensity. Actually, in the first hour no cellular uptake could be detected,
and the final uptake ratio was only 11 % with the fluorescence intensity of 40 a.u. after
24 h incubation. It was unexpected that after crosslinking, the cellular uptake of the NPs
also significantly decreased to be less than that of their precursors, i.e., the

(PAA/PEI),/PAA coated NPs, and was only higher than that of the pegylated NPs.
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Immobilization of FA on the multilayers (PEG-FA NPs), however, could significantly
enhance the cellular uptake compared with the PEG NPs. For example, the cellular
uptake ratio after 24 h incubation improved to a 45 %, i.e., 3 times of the pegylated
NPs. In Figure 2.8 is plotted the mean fluorescence intensity in the fluorescence
distribution against number of cells after 24 h incubation of the NPs with the cells. The
highest uptake was obtained by the control and PAA/PEI coated NPs; crosslinked NPs
and PEG-FA modified NPs show an intermediate uptake. PEG coated NPs show the

lowest uptake.

Confocal laser scanning microscopy (CLSM) was also used to study the uptake of
PLGA NPs by imaging the cells after incubation with NPs. 100 000 cells were seeded
on a coverslip which was placed in a 3.5 cm culture plate. 24 h later, PLGA NPs with
different surface coatings and encapsulated Rd6G were added into the culture medium
with a final concentration up to 50 mg/mL. After incubation for another 12 h, the
culture medium was removed and the cells were rinsed three times with sterilized PBS.
The cells were subsequently fixed with 3.7 % formaldehyde solution in PBS for 30 min.
Finally, the coverslip was sealed with Mounting Medium for fluorescence with DAPI

(Vector H-1200) and observed under CLSM employing a 63 X oil objective.

In Figure 2.9 CLSM images of NPs taken up by HepG2 cells are shown; all images
were taken from the middle planes of the cells in z direction. The number of labeled
NPs and their distribution in the cell varied according to the surface composition of the
NPs and were consistent with flow cytometry measurements (Figure 2.7 and 2.8).
Figure 3.9 shows that the (PAA/PEI), coated NPs (red spots) could be observed both in
the cytoplasm and on the cell surroundings (Figure 2.9a), whereas most of the
(PAA/PEI),/PAA NPs were internalized into the cytoplasm (Figure 2.9b). Very few
PEG NPs can be observed in Figure 2.9¢c, where almost no fluorescence coming from
rhodamine 6G can be detected. In Figure 2.9d we observe that the amount of PEG-FA
NPs increased again. In all the cases, no particles could be found in the cell nuclei. It
must be said that is not always easy to distinguish between NPs attached to the cell
membranes and internalized NPs. It is though clear that some NPs are closer to the
nucleus and can be thus postulated to be in the cytoplasm. Most likely, there are NPs
both at the surface of the cells and in the cytoplasm. It is noticeable that negatively
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charged NPs tend to be found more in the cytoplasm and that the PEG coated NPs are
present in a much lower amount than when the NPs are charged. The addition of FA
increases the presence of NPs in the cytoplasm and the cell membrane, providing a

qualitative confirmation of the behavior observed by flow cytometry.

The cellular uptake is an important cell function, which is influenced by many factors
such as the chemistry of the particle surface including charge /235/, ligands /110, 223-
226], proteins [232, 233, 236], etc., particle size [237], temperature, and also the
particular cell type involved [237]. Considering similar cellular uptake ratios for the
positively charged control and PAA/PEI, coated, and negatively charged
(PAA/PEI),PAA coated NPs (Figure 2.7), the surface charge does not provide an
appropriate  explanation for the observed phenomenon. Indeed, {-potential
measurements reveal that in the cell culture medium containing serum, all the particles
became negatively charged regardless of their initial surface characteristics, implying
protein adsorption occurs nevertheless as demonstrated in Figure 2.5. Moreover, it is
known that the surface properties of the NPs will change along with time because the
binding strength between the NP surfaces and the molecules in the medium. The
particular proteins adsorbed play an important role in the cellular uptake /232, 233, 236,
238]. However, the adsorption dynamics, the adsorbed amount of proteins and the
particular proteins adsorbed must be different on the positive and on the negative NPs.
On the positively charged surface, albumin, the most abundant protein in serum, adsorbs
immediately to form a comparatively dense layer due to the charge attraction.
Subsequently, other proteins in the serum, e.g., apolipoprotein E, may further adsorb or
replace part of the albumin after 10 min incubation, and then the surface composition
does not change too much after 30 min /234/. The adsorbed protein apolipoprotein E
has been proved to bind to a specific receptor located in the liver /236/. On the
negatively charged NPs such as the (PAA/PEI),/PAA coated and crosslinked NPs,
although all were negative, their absolute C(-potentials were apparently higher,
conveying the difference in structures and amount of adsorbed proteins. It is
conceivable that due to the negative surface, electrostatic adsorption of serum proteins
with the same charge will take more time, so that the protein configuration can change
to achieve the adsorption. As a result of the weaker binding, during the incubation the
surface protein components are easily changing too /234, 238]. These differences

60



Chapter 2 PLGA NPs: Synthesis and LbL Modification

should be responsible for the faster uptake of the control and (PAA/PEI), coated NPs at

the initial stage but after 24 h similar uptake ratios can be observed.

\I|||||||||||‘|\\||||||||||||‘

Figure 2.9. Confocal laser scanning microscopy (CLSM) images of HepG2 exposed to
(a) (PAA/PEI),, (b) (PAA/PEI);PAA, (c) PEG, (d) PEG-FA coated PLGA NPs for 12 h.

The critical low uptake ratio of the pegylated NPs can be explained by the volume
exclusion effect of the PEG molecules, which prevent nonspecific protein adsorption.
Indeed, it has been proved that the apolipoprotein E is not present on the PEG covered
PLA NP surface [232]. (-Potential measurements confirm the very low adsorption of
serum proteins. The same low adsorption for the serum protein was observed for the
crosslinked particles. The FA immobilization onto the pegylated NPs can, however on
one hand, repel the nonspecific protein adsorption, and on the other hand, enhance
significantly the cellular uptake of the NPs. Therefore, the PEG-FA grafted NPs can be
effectively delivered to the HepG2 cells while they retain the good antifouling property.
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2.4. PLGA NPs surface modification for antifouling protection

Polyelectrolyte multilayer (PEMs) fabricated by means of the LbL technique provide a
very versatile tool for the noncovalent engineering of surfaces /167, 168/, as it has been
shown in the surface modification above (section 2.3). Both synthetic and natural
polyelectrolyte molecules have been wused for the LbL assembly. Natural
polyelectrolytes are fundamental to provide biocompatibility /173, 174]. PLGA NPs
stabilized with the protein bovine serum albumin (BSA) were coated with the
biodegradable pair of polyelectrolytes alginate (Alg) and chitosane (Chi). Besides the
aim of making a purely biocompatible carrier the coating of the NPs with a
chitosane/alginate PEM has two additional scopes: first, the creation of a multilayer
with antifouling properties, and then, the reduction of the unspecific cell uptake of PEM

coated NPs.

2.4.1. Layer by layer assembly on planar surfaces and NPs

Chitosan and alginate were assembled in a concentration of 1 mg/mL in 0.5 M NacCl.
The pH value of the polyelectrolyte solution was adjusted to 5 by addition of either 1 M
HCIl or NaOH. For the assembly of Chi/Alg multilayers on the PLGA NPs the
incubation time of each polyelectrolyte layer was 15 min. NPs were centrifuged after
each polyelectrolyte deposition and washed in 0.5 M NaCl 3 times before deposition of

the next layer.

The assembly of chitosan and alginate was first monitored on planar substrates by
means of QCM-D. Chitosan and alginate layers were alternatively deposited on gold
coated quartz crystals. For the coating, the incubation time was 15 min for each layer,
followed by washings with 0.5 M NaCl for 15 min. On total, up to three bilayers of
Alg/Chi were assembled on the crystals. The mass deposited on the crystal was

calculated using the Sauerbrey equation as mention in Chapter 1.

Figure 2.10 shows the assembly of Chi/Alg PEM followed with QCMD. 3 bilayers of
chitosan and alginate were assembled following the LbL procedure. Previous to the

Chi/Alg coating a layer polyethyleneimine (PEI) was assembled since it results on a
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good coating of a gold surface and then on top of PEI BSA was deposited. BSA was
assembled to reproduce the surface of the BSA stabilized PLGA NPs. When the first
layer of chitosan was assembled, frequency almost did not change but after assembling
the next alginate layer a prominent frequency change could be observed (Figure 2.10a).
The second layer of Alg showed a decrease in frequency of 40 Hz and the third layer of
50 Hz while for the Chitosan only a shift of 20 Hz was observed. The assembly of
alginate always induced a bigger frequency shift than chitosan. Also, dissipation was
always larger after alginate adsorption than after chitosan, hinting that more water
molecules entrapped in the alginate layer than in the chitosan one. After the last
chitosan layer was deposited, the frequency decreased ~22 Hz, which would correspond
to 0.39 ug/cm2 chitosan according to Sauerbrey equation, assuming that the mass
increase comes from the chitosan alone and there is no water entrapped. This would
represent a maximal possible density of amino groups of 2.4 nmol/cm”. These amino

groups are reactive for further modification through carbodiimine chemistry.

FA or PEG-FA was immobilized on the PEMs with chitosan as the outmost layer as
previously described. The immobilization process was monitored with QCM-D (Figure
2.10b). In a first step, the carboxylic groups of FA in a 1 mg/mL FA or 5 mg/mL PEG—
FA were activated with 10 mM NHS and 10 mM EDC at pH 5.3 for 30 min, then the
pH value of these solutions were adjusted to 8.6. The solutions were subsequently
injected into the different QCM-D chambers, which were initially stabilized for 5 min in
MilliQ water. After incubated for 40 h the samples were rinsed with MilliQ water until

the all the frequencies became stable.

At the end of the reaction and the rinsing with MilliQ water, final frequency changes of
-6 Hz and -10 Hz were observed for the binding of FA and PEG-FA, respectively.
Since only small changes in dissipation were observed after grafting FA and PEG-FA it
is possible to apply the Sauerbrey equation to calculate the density of the grafted
molecules. A density of 0.24 nmol/cm? and 0.08 nmol/cm” were observed for FA and
PEG-FA respectively. Assuming that the density of the amine groups of the chitosan is
2.4 nmol/cm®, a grafting yield of 10 % for FA and of 3.3 % for PEG-FA can be

calculated.
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Figure 2.10. Frequency and dissipation changes monitored by QCM-D for (a) the layer
by layer assembly of chitosan and alginate and (b) FA and PEG-FA covalent binding.

The differences in the grafting yield must be due to the changes in the chemical
structure of FA after being conjugated with PEG. For PEG-FA the available number of
carboxylic acid decreases even though the feeding molar ratio is almost the same.
Moreover, the PEG chain may also bring a certain spatial hindrance, which reduces the

reactivity of the carboxylic acid, being unfavorable for the immobilization of the PEG—

FA.

The layer by layer assembly of Chi/Alg multilayers and the binding of FA or PEG-FA
was performed also on glass slides to measure UV absorbance. Glass slides coated with

(Chi/Alg),/Chi were used as control sample. The absorbance between 350 and 600 nm
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of the glass slides covered with FA or PEG-FA grafted (Chi/Alg),/Chi was recorded
between 350 and 600 nm. The absorbance of FA was measured in solution using a

quartz cuvette.
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Figure 2.11. UV-Vis spectra of chitosan/alginate PEMs after FA and PEG-FA grafting.

Inset corresponds to the absorbance spectrum of the FA solution.

UV-Vis spectra (Figure 2.11) further confirmed the immobilization of the FA on the
multilayers. The spectra in Figure 2.11 shows absorbance in the region of 350-400 nm
after immobilization of FA and PEG-FA, which is missing in the Chi/Alg multilayer
(control). This region of the spectra can be assigned to the FA (Figure 2.11, inset)
confirming the attachment of the molecule to the PEMs. The absorbance was higher
after FA immobilization than after PEG-FA immobilization. For example at 360 nm an
absorbance of 0.012 was measured for FA while for PEG-FA the absorbance value was
only of 0.004. These differences in absorbance are roughly consistent with the QCM-D

results and indicate a higher efficiency for the FA immobilization on the PEMs.

PEMs assembly and FA or PEG-FA attachment to the PEMs on PLGA NPs were
followed by (-potential measurements using 10 mM NaCl with pH 7.4 as medium

(Figure 2.12). The PLGA NPs with BSA as stabilizer show a negative charge with a -
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Chapter 2
potential of -27 mV due to the low pKa value of BSA (pKa: 4.7-4.9). After chitosan

assembling, a {-potential of -15 mV was measured. Although the potential of the NPs
remained negative, its absolute value decreased, hinting chitosan deposition but not a
complete coverage of the NPs surface. This is consistent with QCM-D results (Figure
2.10a). The adsorbed chitosan cannot form a layer dense enough to hide the influence of
the charges from the surface beneath. For the next assembled layers the (-potentials
oscillated between ~-45 mV and ~0, after alginate and chitosan assembly respectively.

After immobilization of FA and PEG—FA, the potential dropped to ~-15 mV, revealing
the partial consumption of the amino groups. After immobilization of the FA and PEG—

FA, the NPs suspension became pale yellowish. This color remained even after three

rinses with MilliQ water, indicating the presence of FA groups on the NPs surface.

DLS experiments show that Chi/Alg coated NPs, as well as the particles modified with
PEG and PEG—FA, have narrow size distributions (Appendix Figure D). The coating of

PLGA NPs with polyelectrolyte multilayers does not induce changes in the morphology

of the NPs neither induces substantial aggregation as observed in TEM /239/.
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Figure 2.12. Changes in {-potential during layer by layer assembly of Chi and Alg and

covalent surface modification on PLGA NPs.
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2.4.2. Protein adsorption on Chi/Alg PEMs

As before for the PAA/PEI coatings BSA protein (I mg/mL in 10 mM PBS) was used
as model protein to study protein adsorption on the PEMs by means of the QCM-D.
PEMs of the following composition were assembled on the QCM crystals following the
above mentioned protocols: (Chi/Alg),/Chi, (Chi/Alg);, (Chi/Alg),/Chi-FA and
(Chi/Alg),/Chi-PEG-FA. The QCM-D chamber was initially incubated with MilliQ
water for 5 min, and then replaced with PBS. The BSA solution was injected into the
QCM chambers. Five minutes later, the injection was stopped and the PEMs were
incubated in the BSA solution for 1 h. Finally, the BSA solution was sequentially
replaced by PBS and water.

In Figure 2.13 we observe the adsorption behavior of BSA on multilayers of
(Chi/Alg),/Chi, (Chi/Alg),/Chi-FA, (Chi/Alg),/Chi-PEG-FA and (Chi/Alg)s. For all the
curves the frequency decreases when passing from water to the phosphate media but
then the subsequent addition of BSA does not induce a change in frequency. Finally,
after rinsing with water the values of frequency and dissipation returned to their original
values in water, except for the dissipation of (Chi/Alg),/Chi. These results reveal that
almost no BSA was adsorbed on all of the PEMs. In the case of the (Chi/Alg),/Chi, the
phosphate molecules will probably remain attached to the PEM even after water rinsing.
When alginate was the outmost layer, i.e. (Chi/Alg)s, the high hydrophilicity of alginate
and the repulsion between alginate and BSA should be responsible for the lack of BSA
adsorption /227, 240]. The absence of BSA adsorption on PEMs with chitosan as the
outmost layer is rather surprising, since it is known that BSA can interact with chitosan
by electrostatic attraction. Indeed, Yang M., et al., found that the human serum albumin
adsorption was higher than 30 pg/ cm” on chitosan grafted polysulfone /241]. Sonvico
F., et al., observed that almost 100 % BSA adsorbed after 1 mg/mL BSA solution was
filtered through a membrane made by chitosan /242]. On the other hand, Rowley J. A.,
et al., found that chitosan deposited on alginate microcapsules did not affect the
concentration of BSA in solution if there was no BSA ligand-blue dextran encapsulated

[243].
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Figure 2.13. Frequency and dissipation changes during BSA adsorption on Chi/Alg
PEMs monitored by QCM-D.

From electrophoretic mobility measurements we know that the coating with chitosan
resulted in a value of {-potential around 0 at pH 7.4. Therefore, it is likely that there is a
limited electrostatic interaction between BSA and the PEMs. In a multilayer of the LbL
type the properties of the surface are not independent of the layers underneath and there
is always a certain degree of interdigitation between layers. For chitosan as top layer
with alginate below the properties of the surface may be substantially different from
those of a pure chitosan monolayer. In other words, the alginate layer assembled before
the top layer of chitosan may be protruding partially into the surface helping to prevent
the deposition of BSA. It is also possible that the phosphate groups in PBS screen the
charge of the amines of chitosan. It is known that phosphates have a specific interaction
with primary amines. For PEMs this screening of the amine groups of the last layer may

induce a recharge of the surface with the charge of the underlying polyelectrolyte layer.
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For the Chi/Alg with Chi as last layer the phosphate binding may be causing a more
significant influence of the alginate on the antifouling properties of the PEM. The
binding of FA or PEG—FA to the chitosan does not change the adsorption of BSA. The
grafting of FA, approximately a 10 % of the binding sites of the chitosan brings
additional charges to the multilayer but they do not imply the accumulation of BSA.
The Chi/Alg coatings could therefore be used as an alternative for pegylation to prevent
protein adsorption on surfaces or particles. The influence on the antifouling properties
of a polycation by the presence of a layer of alginate below are subject of further

investigation.

2.4.3. Cellular uptake

As same as it is described above in section 3.3.4, cellular uptake studies were performed
by flow cytometry using HepG2 cells and the different surface modified PLGA NPs
labeled with Rd6G. In Figure 2.14 we observe the cell uptake ratio (Figure 2.14a), the
fluorescence intensity as the mean fluorescence intensity of all the cells (Figure 2.14b)

or only from the cells internalized with the NPs (Figure 2.14c).

Two types of uptake profiles can be found in Figure 2.14a. The first profile is
evidenced by bare NPs, whose uptake ratio increased rapidly in the first 1-2 h and
reached the highest value, ~90 %. For all the engineered NPs the cell uptake ratio
increased continuously during the first 8 h, and remained constant afterwards.
Nevertheless, the uptake ratio changed significantly with the nature of the surface
functionalization. The uptake ratios of (Chi/Alg),/Chi-FA, (Chi/Alg),/Chi-PEG-FA
were 10-20 % higher than those of the (Chi/Alg),/Chi and (Chi/Alg); coated NPs. The
average fluorescence intensity per cell (Figure 2.14b) shows some differences with the
uptake ratio, although all the values increased initially along the culture time as well. A
highest value of intensity was also reached after 2 h incubation for the bare NPs, while
the highest values for the (Chi/Alg),/Chi-FA and (Chi/Alg),/Chi-PEG-FA coated NPs
were reached 8 and 4 h, respectively. For the NPs covered with (Chi/Alg); multilayers,
like for the uptake ratio, the fluorescence intensity was also the lowest, conveying the
low interaction of the NPs having alginate as the outmost layer with the cells /244/. In
contrast, the NPs covered with (Chi/Alg),/Chi-PEG-FA showed the highest
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fluorescence intensity with an value of around 450 a.u., which is 150 a.u. higher than
that of the (Chi/Alg),/Chi-FA coated NPs, and 3.5 times and 10 times of the bare NPs or
(Chi/Alg),/Chi and (Chi/Alg); coated NPs, respectively. After 24 h incubation, the
fluorescence intensity decreased significantly for (Chi/Alg),/Chi-FA  and
(Chi/Alg),/Chi-PEG-FA coated NPs. The reason is not clear at present.
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Figure 2.14. (a) Cell uptake ratio, (b) average fluorescence intensity normalized to all
cells in a population, and (c) fluorescence intensity normalized to cells with NPs as a

function of incubation time.

Exocytosis and the release of the Rd6G dye as a result of partial degradation of the
PLGA NPs can also cause the decrease in fluorescence intensity. Figure 2.14c shows
that more NPs coated with (Chi/Alg),/Chi-PEG-FA are associated to the HepG2 cells
than the ones coated with (Chi/Alg),/Chi-FA. The use of PEG as spacer seems to be
favorable for FA recognition. When the NPs were coated with (Chi/Alg),/Chi, the mean
fluorescence intensity was also higher. An interesting feature here is that the mean

fluorescence intensity for the cells incubated with the bare NPs and (Chi/Alg); coated
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NPs was almost the same, although from the Figure 2.14a the uptake ratio was so

different.

.

Figure 2.15. CLSM images of HepG2 cells after co-cultured with: (a) bare NPs, (b)
(Chi/Alg),/Chi, (c) (Chi/Alg),/Chi-FA, (d) (Chi/Alg),/Chi-PEG-FA and (e) (Chi/Alg);
covered NPs for 12 h .

Finally, CLSM was employed to observe the distribution of the NPs in cells, following
the same procedure detailed in section 2.3.4. The images in Figure 2.15 were taken
from the middle plane of the cells in the z direction. The bare NPs (Figure 2.15a) and
(Chi/Alg)s coated (Figure 2.15¢) NPs have similar appearance. Only a few NPs could
be recognized on the cell membranes. This is consistent with the results from flow
cytometer, few NPs clusters were found on the cell membranes when they were covered
by (Chi/Alg),/Chi (Figure 2.15b). This is probably caused by the very weak surface
charge of the NPs (Figure 2.12), which is further screened by phosphate salts in the
culture medium. As expected, more NPs coated with (Chi/Alg),/ Chi-FA (Figure 2.15¢)
or (Chi/Alg),/Chi-PEG-FA (Figure 2.15d) were attached onto the HepG2 cell
membranes. Moreover, the (Chi/Alg),/Chi-FA coated NPs showed aggregation on the
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membrane, but the (Chi/Alg),/Chi-PEG-FA covered NPs uniformly distributed with

neglectable aggregation.

The cellular uptake of the PLGA NPs can be controlled by the proper engineering of
their surface. While the alginate covered surface can significantly reduce the particle
attachment onto the HepG2 cells and cellular uptake, the binding of FA alone or PEG—
FA to the multilayers can, on the other hand, increase both of the uptake ratio and the
number of NPs per cell. The strategy of stepwise modification of the PLGA NPs is

successful in achieving NPs with selective recognition functions.

2.5. PLGA NPs surface modification with lipids for the control of their

intracellular distribution

Lipid vesicles play an important role in research as model systems for biological
membranes, and in industry, especially in pharmaceuticals [245-247], cosmetics [247]

and food /248, 249], for encapsulation or as carriers for drug delivery.

In cells, biological membranes are normally supported on a network of proteins and
carbohydrates (cytoskeleton). A drawback of vesicles as models for biological
membranes is that they are free standing membranes. Several models have been
proposed to account for the support, such as biomembranes [250-252]. A strategy to
mimic the support of biomembranes was shown by S. Moya, et al /185, 253],
employing polyelectrolyte multilayers as a membrane support. Lipid vesicles were
assembled on top of empty polyelectrolyte capsules fabricated via Layer by Layer (LbL)
from fixed erythrocytes. The lipid coating results in a supported membrane on the
colloidal domain with the topological characteristics of natural membranes. It was also
shown in /253] that this lipid membrane can control capsule permeability in analogy
with cell membranes. The assembly and properties of lipids membranes on top of
polyelectrolyte cushions fabricated by LbL have been studied in detail on both, colloidal
particles and planar surfaces. The conditions to achieve a bilayer, avoiding the

formation of lipid multiayers or the presence of entire vesicles, have been established
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and are dependent on the lipid composition [7155/. Bilayers were observed for lipid
composition entailing approximately 25% of charged lipids, with the remainder being
zwitterionic. In addition, it has been shown that the supported membrane can be used as
a template for the assembly of other biological entities, i.e virus like nanoparticles,
which can fuse onto the supported membrane following the mechanism that they use on

cells /48, 254-257].

The coating of colloidal particles with lipid membranes offers many possibilities as
tools for functionalization to generate a biocompatible coating or to avoid unspecific
interactions between the capsules and biomolecules, as well as to prolong circulation of

drug carriers /98, 99/.

For this system, we will show a new application of the use of lipids to coat NPs. We
will demonstrate that targeted delivery towards the endoplasmic reticulum (ER) by
PLGA NPs can be achieved by means the deposition of lipid vesicles on the top of the
NPs surface. Moreover, by varying the proportion of DOPS to DOPC it is possible to
increase the amount of NP uptake by the cells. These results provide a simple route to

control NP uptake in cells as well to target the delivery to different intracellular regions.

2.5.1. Lipid vesicles formation

Lipid vesicles were formed via sonication. First, the lipids 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-[phospho-L-serine] (DOPS)
were dissolved in chloroform. Four mixtures of DOPC/DOPS with the following molar
ratios: 65:35, 75:25, 85:15 and 95:5, were prepared adjusting the total final amount of
lipids to 1 mg. Chloroform was evaporated from the lipid mixtures using an Argon
stream first and then, placing the lipid mixture under vacuum for 1 h. After complete
removal of the organic solvent, the lipid films were immediately hydrated using a
filtered 150 mM NaCl solution as buffer, and applying gentle agitation with a vortex to

form lipid suspensions. The lipid suspensions in NaCl were then sonicated in an ice bath
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in order to form lipid vesicles. The ultrasonicator was operated in the intermittent
pulsed mode with 5 seconds ON and 20 seconds OFF for 10 minutes at 20% power.
After sonication, vesicles were mildly centrifuged in order to remove impurities, titania
particles from the sonicator for example. To prepare fluorescent vesicles, DOPC was
substituted with 1-Oleoyl-2-(6-[(7-nitro-2-1, 3-benzoxadiazol-4-yl)amino]hexanoyl-s»-
glycero-3-phosphocholine (DOPC-NBD) following the same vesicle preparation
method in order to obtain fluorescent lipid vesicles with different molar ratios of

fluorescent DOPC/DOPS (65:35, 75:25, 85:15 and 95:5).

2.5.2. Polyelectrolytes and lipid vesicles assembly on PLGA NPs

Polyelectrolyte multilayer (PEM), of poly(styrenesulfonate sodium salt) (PSS) and
poly(allyl amine hydrochloride) (PAH) were assembled via Layer by Layer on top of
the PEI stabilized PLGA NPs using 1 mg/mL PSS and PAH solutions in 0.5 M NaCl for
coating. The pH of the solution was adjusted to 7.4 by addition of either 1M HCI or
NaOH. The incubation time for each polyelectrolyte layer was 15 min, and the NPs
were washed with a 0.5 M NaCl solution three times between each layer assembly.
After four layers of PSS and PAH (PAH as the outermost layer) DOPC/DOPS vesicles
in 150mM NaCl were deposited on top of the PEMs resulting in a lipid layer. PLGA
NPs coated with lipids at the four different molar concentrations of DOPC/DOPS
vesicles (65:35, 75:25, 85:15 and 95:5) were prepared. This pair of polyelectrolytes was
chosen on the basis that they are known to provide a good support for lipid assembly.
The whole idea of depositing a PEM here is to facilitate the spreading of the lipids on
the surface of the PLGA NPs.

The {-potential of the PLGA NPs was measured in 10mM NaCl (pH 7.4) with 60V, to
monitor polyelectrolyte and lipid assembly on the PLGA NPs. The alternative assembly
of polyelectrolytes of opposite charge induces surface recharging and a consequent
change in the sign of the potential. PEI stabilized PLGA NPs showed a {-potential of
+45 mV. During the LbL assembly of PSS/PAH the (-potential oscillated between -35 +
3 mV and +12 + 2 mV respectively for PSS or PAH as the outermost layer (Figure
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2.16a). After the lipid assembly, on top of PAH, the {-potential dropped to negative
values according with the molar composition of the DOPC/DOPS vesicles as can be
seen in Figure 2.16b. There, we can observe that with increasing concentration of

DOPS in the lipid vesicles the {-potential becomes more negative.

&

|

S

Figure 2.16. (a@)Variation of the (-Potential of PLGA NPs during PSS/PAH LbL

assembly and subsequent lipid vesicles assembly, and (b) final {-potential of the lipid
coated PLGA NPs according to the composition of the DOPC/DOPS vesicles

assembled.
2.5.3. Cellular uptake

The uptake of NPs by cells can take place through several different pathways depending
on the physicochemical characteristics of the NPs and the nature of the target cells.
From the endocytotic uptake mechanism, phagocytosis can occur only in those cells
which can remove pathogens, such as macrophages, neutrophils, or monocytes /258].

On the other hand, pinocytosis can occur in all kind of cells via different pathways:
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macrophinocytosis, clathrin-mediated, caveolaec-mediated endocytosis and other
independent endocytosis pathways [259-261]. Macropinocytosis has been seen in a
wide variety of cells from multicellular animals, in macrophages and in almost all tumor
cells; clathrin-mediated endocytosis is the major internalization route in most cell types;
caveloae-mediated endocytosis occurs as well in the majority of cell types and unlike
clathrin-mediated, caveolae assisted endocytosis involves triggering and signaling

processes.

Cellular uptake studies were performed by flow cytometry using HepG2 cells and the
different lipid coated PLGA NPs labeled with Rd6G, following the same procedure

described above (section 2.3.4).

The cellular uptake of the NPs was quantitatively evaluated as a function of the
incubation time of HepG2 cells with the NPs via flow cytometry. In Figure 2.17a the
cellular uptake ratio has been plotted as a function of the incubation time with the lipid
coated NPs for each lipid mixture. In Figure 2.17b the mean fluorescence per cell has
been plotted as a function of the incubation time. Figure 2.17 shows that both, the
cellular uptake rate and the final amount of assimilated NPs, are strongly dependent on
the ratio of DOPC to DOPS. Indeed, those PLGA NPs with a higher composition of
DOPS in the lipid coating show more cellular uptake. PLGA NPs with DOPC/DOPS
coating composition of 65:35 can reach an uptake ratio of ~90 % after 24 h, while only
~70 % of NPs with lipid composition 95:5 are assimilated after the same incubation
time. The uptake rates for lipid coated NPs are always higher than for PEI stabilized
NPs, these reached less than 70 % of uptake after 24 h of incubation.

The fluorescence intensity (Figure 2.17b) varied with the proportion of DOPC to DOPS
in the lipid coating displaying the same tendency as observed for the cellular uptake
ratio. PLGA NPs with higher concentration of DOPS (65:35) showed the highest value
for the fluorescence intensity, around 700 a.u. during the first hour and ~1150 a.u. in the
following 23 h. When the molar ratio of DOPS in the lipid coating decreased the
fluorescence intensity also decreased, After 24 h incubation fluorescence intensities of
~700 a.u. for the NPs with 75:25 DOPC/DOPS ratio, ~600 a. u. for 85:15 DOPC/DOPS
and ~300 a. u. for the 95:5 DOPC/DOPS.
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Figure 2.17. (a) Cellular uptake ratio and (b) mean fluorescence intensity for lipid
coated PLGA NPs with different DOPC/DOPS composition in their coatings as a

Sfunction of the incubation time with the HepG?2 cell line.

Following the same procedure described in section 2.3.4, the results from flow
cytometry were corroborated with CLSM as shown in Figure 2.18. Surprisingly, lipid
coated PLGA NPs were found in the cell cytoplasm very close to the nucleus. With
decreasing composition of DOPS in the lipid coating, below 25 %, the NPs are more
prone to forming large, rounded aggregates in the proximity of the nucleus. For NPs
with a lipid coating of 65:35 DOPC/DOPS (Figure 2.18b) it is possible to observe well
distributed NP aggregates in the cytoplasm. When the lipid coating of the NPs has a
composition of 75:25 DOPC/DOPS (Figure 2.18c) it can be seen that the NPs start to
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form aggregates that resemble large vesicles in close proximity to the cell nucleus. At a
DOPC/DOPS molar ratio of 85:15 (Figure 2.18d) or 95:5 DOPC/DOPS (Figure 2.18e),
the formation of large aggregates of NPs in the proximity of the nucleus is more
evident. The tendency to form large, rounded aggregates in the proximity of the cell
nucleus seems to be characteristic of the lipid coated NPs. PEI stabilized PLGA NPs
does not form vesicle-like aggregates, these NPs are well distributed in the cell

cytoplasm, far from the nucleus (Figure 2.18a).

Figure 2.18. CLSM images of HepG?2 cells after incubation with (a) unmodified PLGA
NPs and lipid coated NPs with molar ratios of DOPC/DOPS: (b) 65:35, (c) 75:25, (d)
85:15 and (e) 95:5. Incubation lasted 12 h. Images were taken from the mid-plane of the

cells in the z direction.

The localization of the lipid coated PLGA NPs in the close vicinity of the nucleus
indicates a possible association of the lipid coated NPs with the endoplasmic reticulum
(ER). In order to investigate this possibility, we perform CLSM studies of the NPs taken
up by HepG2 cells using a specific green stain for ER. Figure 2.19 displays the CLSM
images of stained ER of HepG2 cells after co-incubation with PEI and lipid coated
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PLGA NPs. In all images in Figure 2.19, the ER of HepG2 cells are clearly visible as a
well defined green network. In the case of PLGA NPs without a lipid coating (Figure
2.19a), it can be observed that the NPs are situated in the cytoplasm of the cell but they
are not co-localized within the ER since both fluorescence emissions, from the ER
(green) and from the PLGA NPs (red), can be easily distinguished from each other
without any spectral overlapping. Instead, for the lipid coated PLGA NPs, there is a
clear overlapping in the fluorescence emission from the ER and that of the lipid coated
PLGA NPs. The superposition of the fluorescence coming from the NPs and from the
ER can be seen in the corresponding images as a yellowish color (Figure 2.19b-e). The
overlapping in the fluorescence suggests that lipid coated PLGA NPs are preferentially
associated in the ER of the cells. In addition, in the CLSM images is also possible to see
that for those PLGA NPs with higher DOPC proportion the association within ER is
higher although the number of NPs taken up by the cell is obviously lower.

In a typical endocytic pathway, the internalization of a cargo occurs from the cell
membrane through endosomes, and then, the trafficking inside the cell continues from
endosome to lysosome and to ER or other organelles /262]. Therefore, the co-
localization of the lipid coated PLGA NPs within the ER of the cell suggests that those
NPs were able to escape from endosomes and reach the ER with apparently no
degradation, which is a significant achievement for a carrier since one of the major
problems in the design of a drug delivery system is to protect the cargo from enzymatic
degradation during lysosomal trafficking /263]. Co-localization studies previously
published for bare PLGA NPs /264] and PLGA NPs stabilized with PVA [265]/, also
reveal the tendency of these NPs to escape or avoid endo-lysosomal degradation, but in
both cases NPs were found to be associated within the endosomes and the Golgi
apparatus of different epithelial cells. Moreover, targeting in the ER of HeLa cells was
achieved in /222] using PLGA NPs decorated with a peptide that contain specific ER

targeting moieties.

Co-localization of lipid coated PLGA NPs within the ER of the cell can be due to fusion

between the lipid coating of the NPs and the ER membrane, this fusion has been
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previously studied with liposomes of a similar composition /2/8/. Some intracellular
organelles related to the ER are the lipid droplets that act as storage for lipids /266]; it is
also possible to consider that lipid coated NPs may tend to accumulate inside these lipid

droplets.

Figure 2.19. CLSM images of HepG2 cells with stained ER (green) after co-cultured
with (a) PEI stabilized PLGA NPs (red) and lipid coated PLGA NPs with lipid molar
ratios DOPC/DOPS: (b) 65:35, (c) 75:25, (d) 85:15 and (e) 95:5 incubated for 12 h.

2.5.4. Uptake pathways

It is reasonable to think that maybe the vesicle-like NP aggregates are formed during the
internalization of the NPs through the fusion of the lipid coating of the PLGA NPs with
the cell membrane. In order to study this possibility, fluorescent PLGA NPs were
surface modified using NBD labeled DOPC, following the same procedure for vesicles
preparation (section 2.5.1) and self-assembly (section 2.5.2) described above. The main
reason to use a fluorescent lipid is to track the lipid coating of the NPs while they are

taken up by the cell. If the lipid on top of the NPs fuses with the cell membrane, it
80



Chapter 2 PLGA NPs: Synthesis and LbL Modification

should be possible to observe fluorescence coming from DOPC labeled with NBD in

the cell membrane.

CLSM was employed to observe the cellular uptake of the lipid coated NPs in HepG2
cells (Figure 2.20). Lipid coated PLGA NPs were found in the cell cytoplasm in the
proximity of the nucleus forming vesicle-like aggregates, similar to those observed in
Figure 2.18, no trail coming from labeled DOPC was observed in the cell membrane.
The red and green fluorescence emitted by the particles and the lipid coating
respectively showed always the same spatial localization. These results suggest that the
lipid coating of PLGA NPs does not fuse with the lipids of the cell membrane but

remains attached to the NPs surface.

Figure 2.20. CLSM images of HepG?2 cells after co-cultured with lipid coated NPs with
lipid composition of DOPC-NBD/DOPS: (a and e) 65:35, (b and f) 75:25, (c and g)
85:15 and (d and h) 95:5 incubated for 12 h. The cell nucleus was stained with DAPI
(blue), PLGA NPs (a-d) are labeled with Rhd6G (red) and DOPC on PLGA NPs (e-h) is

labeled with NBD (green). Images were taken from the mid-plane of the cell in the z

direction.

The energy dependent uptake pathways were studied for the lipid coated PLGA NPs

using different pharmacological inhibitors, including amiloride HCI, which inhibits
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uptake via macropinocytosis; amantadine HCI that blocks the clathrin-mediated
endocytosis, genistein, which prevents the caveolae-mediated endocytosis and

cytochalasin D that blocks the uptake through the cell cytoskeleton.

The HepG2 cell line was cultured in DMEM with 10% FBS and 1000 U penicillin, 10
mg/ml streptomycin at 37 °C and in 5% CO2. When the cell confluence was around
70%, all the cells were trypsinized and 100 000cells were seed into each well of a 24-
well plate. 12 h later, the corresponding inhibitor was incubated for 1 h adjusting the
final concentration to: 2mM Amiloride HCI, 1 mM Amantadine HCI, 100 uM Genistein
or 10 pg/mL Cytochalasin. PLGA NPs with Rd6G and different lipid surface coatings
were added into the culture medium at final concentration of 50 pg/mL. After 4h of
incubation the cells were washed with PBS twice, trypsinized and studied with flow

cytometry.
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Figure 2.21. Influence of pharmacological inhibitors on the cellular uptake of lipid
coated NPs with different DOPC/DOPS composition.

Cellular uptake of unmodified PLGA NPs and lipid coated NPs, with 65:35 and 95:5
DOPC/DOPS ratios were quantified via flow cytometry after 4 h of incubation with
HepG2 cells. Figure 2.21 shows the mean fluorescence intensity per cell of the different

PLGA NPs as a function of the uptake inhibitors. Uptake of bare PLGA NPs was
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significantly blocked by amiloride HCI, amantadine HCI and cytochalasin D, while
genistein appears not to have any influence on the uptake. Therefore, internalization of
the PEI stabilized PLGA NPs can be assigned to several cellular uptake mechanisms:
clathrin-mediated endocytosis, macropinocytosis and internalization through the cell
cytoskeleton. For the PLGA NPs coated with lipids either with 65:35 or 95:5
DOPC/DOPS macropinocytosis, clathrin-mediated and caveolae-mediated endocytosis
are the main pathways of NPs uptake. For the lipid coated PLGA NPs with
DOPC/DOPS molar ratio of 65:35 it seems that the largest amount of NPs were taken
up via clathrin-mediated endocytosis, while for the 95:5 lipid ratio NPs are mainly taken
up through macropinocytosis. Caveolae-mediated endocytosis was also observed to
contribute to the uptake of the lipid coated NPs. It is worth mentioning that for
polymeric NPs the caveolae-mediated pathway is only followed by NPs up to 100 nm in
diameter /103, 267].

Endocytosis through the caveolaec-mediated uptake pathway is a promising cell
internalization mechanism in drug delivery since the internalized material is not
trafficked through endosomes and lysosomes. Our uptake pathway experiments suggest
caveolae-mediated endocytosis as a possible cellular internalization mechanism for the
lipid coated PLGA NPs, while unmodified PLGA NPs are not taken up via caveolaes.
Moreover, the fact that lipid coated PLGA NPs co-localize within the ER of the cells,
suggests a cell internalization mechanism different to the classical endocytic pathways
in which endo-lysosomal trafficking is involved [263]. Nevertheless, we cannot discard
the possibility that lipid coated PLGA NPs are internalized by the cell via specific
receptors such as scavenger receptors or LDL, which are known to be involved in the

uptake of PS-containing liposomes in human liver cells /216].
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Chapter 3
Surface Functionalization of Carbon

Nanotubes

3.1. Carbon Nanotubes surface modification with polyelectrolyte

brushes

Due to their characteristic electrical and mechanical properties, such as electric
conductivity /268-270], high tensile strength and elasticity /271-273], carbon nanotubes
(CNTs) [147], either multiwalled (MWCNTs) or single wall (SWCNTs), are highly
interesting nanomaterials for nanofabrication alone or in combination with other
nanostructures, as well as for the fabrication of composite materials that enhance their
performance through the incorporation with CNTs, i.e. polymer coatings, textiles,

fibers, packing etc.

Nevertheless, there is a strong limitation for the practical usage of CNTs, and is that
they precipitate in almost any solvent. CNTs show a high Hamaker constant /274/, that
results in a strong association among themselves. Of particular difficultly is their
solubilization in aqueous media, which is fundamental if the CNTs are to be used for
biomedical applications, i.e. drug delivery. An additional limitation for the practical
usage of CNTs is the difficulty in arranging them in an organized manner that could be

fundamental for their application in electronics and for device fabrication.

Several strategies have been followed to increase the CNTs dispersibility, mostly by the
use of surfactants to wrap the CNTs, which can lead to their stabilization in the desired
phase, or by using the covalent bonding of stabilizing molecules on their surface. One
appealing way to stabilize the CNTs in a selected solvent and enhance their
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dispersibility is to covalently bond polymers to the surface that contain several units in
the polymer chain that interact directly with the solvent /275/. In this regard,
polyelectrolyte molecules provide a practical means to stabilize aqueous dispersions of
CNTs. Their multiple charges along each polymer chain ensure the colloidal stability
necessary for the suspension of the CNTs. Polyelectrolyte molecules can be assembled
noncovalently or synthesized directly on the CNTs. Regarding functionalization through
self-assembly, there are good examples of using zwitterionic block co-polymers with
charged and non charged segments /276/. The non charged block attaches to the CNT
walls through van der Waals interactions with the polyelectrolyte block facing the water
media. Another example of stabilization of CNTs through polyelectrolyte self assembly
is the use of layer-by-layer (LbL) films deposited on oxidized or surfactant-wrapped
CNTs [277], where the LbL films are stepwise assembled on the charged nanotubes.
The main drawback of using LbL films is that each layer deposited requires several
centrifugations, especially for the first assembled layers, which leads to aggregation
during the assembly. To overcome this aggregation it is necessary to strongly sonicate

the system, which, however, can reduce the length of the CNTs.

Polyelectrolytes can also be anchored to the surface of CNTs by a covalent reaction
[278] or synthesized from initiator molecules attached to the surface /279/. In this case,
the attachment of the initiator can be done by bonding silanes bearing an initiating
function to oxidized CNTs /280, 281]. The oxidation of the CNTs provides surface
hydroxide and carboxylate groups that can react with the SiIOH groups of the silane to
form a covalent bond and thus form a dense polymer arrangement around the tubes.
This arrangement of polymers forms a brush, where one end of the polymer chains is
attached to the carbon tube walls, while the other end of the chains is free. The covalent
bonding of the polymer chains to the CNT walls ensures a strong and lasting

stabilization of the nanomaterial.

In order to provide -colloidal stabilization in aqueous media, poly(3-
sulfopropylmethacrylate) (PSPM) brush has been in sifu synthesized on CNTs surface
by employing atomic transfer radical polymerization (ATRP) from initiating silanes

attached to the CNTs before the polymerization.
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3.1.1. In situ polymerization of Poly(3-sulfopropylmethacrylate) brush on CNTs

surface

The strategy of the functionalization leading to the brush synthesis around the CNTs is

shown in Figure 3.1.

In the first step, the CNTs were oxidized as described by Zhang N., et al /281]. A
mixture of 12 mg of CNTs, 2.5 mL methylene chloride (CH,Cl,), and 0.5 mL acetic
acid was first ultrasonicated for 15 min. Around 100 mg of (1-Tetradecyl)
trimethylammonium bromide was added to the mixture, followed by the slow addition
of 180 mg of powdered potassium permanganate. The mixture was then stirred
vigorously overnight at room temperature. After, the mixture was filtered and washed
with acetic acid, CH,Cl,, hydrochloric acid and water. Finally, after drying, oxidized
CNTs were obtained.

The oxidation generated the necessary OH groups to achieve the CNT silanization with
3-aminopropyltris(trimethoxy)silane (APTS). 8 mg of oxidated CNTs were resuspended
by ultrasonic vibration for 5 s 3 times in 2 mL of CH,Cl,. APTS (0.12 ml, 0.30 mm
mol) in 4.5 mL of CH,Cl, was added to the suspension. The mixture was then placed in
the shaker for 1 h and sonicated in a water bath for 15 min. The mixture was centrifuged
and resuspended in ethanol several times at 8000 rpm for 45 min to eliminate the

reaction leftovers /282].

Then, the amine groups of the silane were used to attach 2-bromo-2-methylpropionic
acid through a condensation reaction /283/. Silanizated CNTs (4 mg), 2-bromo-2-
methylpropionic acid (33.4 mg, 0.2 mmol) and dimethyl aminopyridine (6 mg, 0.05
mmol) in 10 mL of CH,Cl, were placed in a three-necked flask and cooled down to 0 °C
while stirred magnetically. 1,3 Dicyclohexylcarbodiimide (51.6 mg, 0.25 mmol) was
added after which the reaction was allowed to reach room temperature slowly and was
stirred overnight. Purification was achieved by centrifugation and resuspension first in
dichloromethane twice, then in acetone twice and finally in water twice as well. The 2-

bromo-2-methylpropionic acid will act as initiator for the synthesis of PSPM /284].
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Figure 3.1. Scheme of the brush synthesis on CNTs, starting from silane attachment to
PSPM polymerization.

PSPM was in situ synthesized on CNTs surface employing atom transfer radical
polymerization (ATRP). For the polymerization, 3.5 mg of CNTs-initiator resuspended
in 0.2 mL of water was added to a mixture of 3-sulfopropylamino methacrylate, SPM
(0.7 g, 2.8 mmol), 2,2’-bipyridil (0.3 g, 1.9 mmol) and CuCl, (0.3 g, 2 mmol) in a
previously degassed mixture of dimethylformamide/water (3:2) 4 mL. The mixture was
allowed to react overnight at room temperature. The functionalized CNTs were then
washed with dimethylformamide/water 3 times, acetone 3 times, ethanol 3 times and
water by centrifugation and resuspension. Finally, they were placed in pleated dialysis
tubing (3.500 MWCO) against millipure water. After 3 days of dialysis, the sample was
freeze dried to yield 3 mg of CNTs functionalized with poly(3-sulfopropylmethacrylate)

(CNTs-PSPM).
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3.1.2. Characterization of the PSPM CNTs coating

The entire process of surface modification of the CNTs, from the oxidation of the CNTs
and the attachment of the silanes to the PSPM synthesis, was followed by {-potential
measurements. The (-potential was measured at 25 °C and a cell drive voltage of 30 V
using a monomodal analysis model, and all samples were measured at constant ionic

strength in 10 mM NaCl.

g-Potential (mV)
3
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CxHICHT Binked CNTs  CHTa-hilabyr  CHTS-PEPR

Figure 3.2. (~Potential of the stepwise surface modified CNTs from oxidation to PSPM

synthesis.

The results of the {-potential measurements are summarized in Figure 3.2. The (-
potential of the oxidized CNTs was ~—54 mV. The {-potential of non oxidized CNTs
could not be measured in water since it was not possible to obtain a stable aqueous
dispersion of the untreated CNTs. Nevertheless, it has been shown that the {-potential of
untreated CNTs can be measured in organic solvents, giving positive {-potential values
that could also change to negative values, due to a charge transfer process [277].
However, untreated CNTs {-potential in organic solvents cannot be extrapolated to
aqueous media. After attachment of the APTS silane the (-potential changed to —2.5
mV. Since this {-potential value is approximately zero, it reflects a compensation of the
charge of the CNTs by the amine groups, which should provide at least a slightly

positive charge. In view of the non positive charge, it is likely that the negatively
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charged carboxylates and/or hydroxyls present on the surface of the CNTs are not

completely bonded to the silanes.

After the reaction of the amine silane with 2-bromo-2-methylpropionic acid, the C-
potential decreased to 0 mV. It is possible to observe that, in agreement with the change
in {-potential, the attachment of the silanes decreased the solubility of the CNTs. The
synthesis of PSPM, however, increased the water solubility of the CNTs and resulted in
a (-potential of ~—60 mV for PSPM coated CNTs. The observed negative charge can be
assigned to the presence of sulfonate groups from the synthesized PSPM. Such (-
potential value is compatible with a stable colloidal dispersion and indeed, after the
PSPM synthesis, the CNTs remained dispersed in water solution for longer than a

month.
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Figure 3.3. Raman spectra of oxidized CNTs and PSPM coated CNTss.

Raman spectroscopic data of functionalized and unfunctionalized CNTs was obtained
for comparison (Figure 3.3). For the unmodified CNTs the Raman band corresponding
to the allowed tangential mode, called the G mode, can be observed at 1580 cm ', This

band is typical for graphite. The peak appearing at 1354 cm ™" is the so-called disorder-
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induced band, or D mode. This band displays a second-order harmonic /285/, which

can be seen at 2688 cm .

It is possible to observe that polymer-coated CNT does not broaden the bands in the
spectra. There is, however, after the PSPM synthesis, an increase in the intensity ratio of
the D and G bands. The increase in the ratio of these band intensities is indicative of sp’
hybridization /279/, which is consistent with the functionalization of the MWCNTs. For
oxidized MWNCTs, the ratio is 0.6716, while for MWCNT-PSPM, the ratio of the
normalized intensities increases to 0.7963. Also the maximum of the D band shifts for
MWCNT-PSPM 15 cm ' with respect to the unfunctionalized system. The
displacement of the maximum as well as the observed broadening of the D band can be
explained as a result of the covalent bonding of the polymer chains of PSPM to the
CNT walls as previously reported by Gao C., et al /286/, were they associated such a
displacement with the influence of the graft polymers in the electronic structure of the

CNTs.

Figure 3.4. TEM images of (a) unmodified CNTs and (b) PSPM coated CNTs, the
PSPM shell thickness is around 2nm.

TEM was employed for a direct visualization of the PSPM on the CNTs surface. TEM
images were obtained by dropping dilute solutions on a copper grid. Figure 3.4a shows
a representative TEM image of an uncoated CNT used in the study. The multi-walled

structure of the CNTs can be well appreciated in the image. The thickness of the CNT
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walls is approximately 20 nm. For the visualization of the polymer coating, the sample
was treated with uranyl acetate. In Figure 3.4b it is possible to observe a thin, soft white
shell around the CNTs, which was absent in the uncoated CNTs. The shell had a
thickness of 2 nm. Since the TEM measurements must be of dry samples, the polymer
brushes are in a collapsed state. In the hydrated state, the shell must result in a thicker
film. Nonetheless, the 2 nm thick polymer shell in the dry state suggests a low density
polymer shell, probably consisting of spaced polymer chains, which spread on the

surface of the CNTs when the brush collapses.

3.2. Polyelectrolyte brushes coated Carbon Nanotubes endowed with
guantum dots and metal oxide nanoparticles through in situ synthesis

In addition of provide colloidal dispersion in aqueous media, the polyelectrolytes could
be used to provide other functionalities to the CNTs, for example, as shown for the
tailoring of the CNTs with nanoparticles synthesized in situ from charged groups
present in block copolymers attached to the CNTs /276/. Additionally, charged
quantum dots and other nanoparticles have been assembled on CNTs based on

electrostatic interactions /287, 288].

Therefore, covalently bonded polyelectrolyte brushes were used as a platform for the in
situ synthesis of nanoparticles and show the feasibility of this approach to incorporate
CdS quantum dots or magnetic iron oxide nanoparticles in the CNT-brush assembly.
This type of dual-particle CNT hybrid assembly was not previously synthesized by use
of a covalently bonded polyelectrolyte brush. The approach provides a general route for
the fabrication of water dispersible, core—shell-type CNT/nanoparticle structures via the

polyelectrolyte brush.

3.2.1. CdS quantum dots in situ synthesis on CNTs-PSPM

For the in situ synthesis of CdS quantum dots first, 0.5 mg of CNTs-PSPM were
resuspended in 200 pL of 0.1 M Cd(NO3); solution and allowed to dialyze for 2 days
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against millipure water, changing water every 8 h. Before each exchange of the dialysis
solution a UV spectrum of this solution was measured to assess the presence of Cd(II).
After dialysis, 200 pL of Na,S 0.1 M solution were added to the sample. The mixture

was sonicated and dialyzed against a membrane with a 5000 MW cutoff for 3 days.

It is known that Cd(II) has a higher binding affinity towards sulfonates than potassium
ions. Therefore, a relatively high concentration of the exchanging ions was employed to
ensure total displacement of the potassium ions. When the removal of free ions was
completed, 0.1 M Na,S was added to the CNTs-PSPM and Cd suspension. The pH was
then adjusted to 12—-13 with NaOH to induce the precipitation of nanoparticles within
the PSPM brush. The reaction with Na,S precipitated CdS in the polymer matrix. The
scheme of the reaction for the CdS CNT synthesis is shown in Figure 3.5.
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Figure 3.5. Scheme of synthetic strategy followed for CdS quantum dot formation into

PSPM attached to CNT surfaces.

TEM images of the CNTs-PSPM with CdS attached to the surface of the CNTs are
shown in Figure 3.6. The CdS particles are crystalline with a size between 5 and 8 nm
(Figure 3.6b) and are located on the surface of the CNTs in a non uniform distribution.
The density of the quantum dots is therefore higher in some areas and rather low in
others. This is very likely due to the fact that the density of the brush varies over the
length of CNTs. The thickness and density of the brush are key parameters in order to
control the density and number of quantum dots around the CNTs since they will
determine the number of active sites (monomers) for the nanoparticle synthesis and the
distance between neighboring sites, which is also an important point for successful

nanoparticle preparation and also for controlling the size of the synthesized
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nanoparticle. No nanoparticles could be detected or observed outside the CNTs in large-

area imaging studies of the sample.

After the synthesis of the quantum dots, the water solubility of the CNTs decreased as
did the corresponding (-potential from ~—60 to —9.5 mV. This is probably due to a
change in the density of charged monomers at the tips of the brush after the nanoparticle
synthesis. The presence of the nanoparticles among the brush chains could affect the
conformation or arrangement of the polymer, possibly inducing some collapse and

chain splitting.

Figure 3.6. CNTs with CdS quantum dots embedded in a PSPM shell, average size 5-8

nm (a) and its corresponding higher magnification image (b).

The UV—vis absorption spectra recorded are shown in Figure 3.7 for the CNTs, CNT—
PSPM, PSPM-CdS and CNT-PSPM-CdS materials. The absorption spectra for the
CNTs are typical while that for the CNT-PSPM shows an additional band at about 310
nm associated with the PSPM moiety. The absorption spectra of CdS, which was
synthesized in a free PSPM aqueous solution, showed an adsorption band with an edge
onset at about 480 nm and another one at 270 nm, with the latter similar to that
observed for CdS block co-polymer-coated CNTs /276/. The characteristic shoulder in
the CdS absorption band (Figure 3.7¢) is blue shifted from that of bulk CdS (520 nm)
and suggests quantum confinement. Furthermore, the absorption spectrum is not

inconsistent with the CdS quantum dot size range of 4-5 nm /289, 290] as observed
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from TEM data for both the PSPM-CdS and CNT-PSPM-CdS systems. No such
shoulder is observed on the absorption band present in the CNT-PSPM-CdS spectrum,
which may be due to the broad absorption features of both the CdS and CNTs, which
extend through the near-IR or to energy transfer processes such as suggested in the

fluorescence emission data discussed below.
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Figure 3.7. UV-vis absorption spectra for diluted aqueous suspensions of (a) CNTs, (b)
CNTs-PSPM, (c) PSPM-CdS and (d) CNTs-PSPM-CdS.

The fluorescence emission spectra of the PSPM—-CdS and CNT-PSPM—CdS samples
were obtained in nanopure water exciting at 270 nm. The spectrum showed a broad
band centered at 660 nm, attributed to the emission of the quantum dots /297-293], as
observed in Figure 3.8. This band is not observed for the untreated and oxidized CNTs
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nor for the polymer functionalized CNTs. The band is, however, not very intense as it

may be quenched by the energy transfer of the quantum dots with the CNTs.

It is possible to observe complete fluorescence quenching in the CNT-PSPM—CdS
system, as was observed previously when the quantum dots were attached
electrostatically to charged CNTs /276]. This observation may be attributed to the
intervening PSPM network, which allows for a variable CdS—CNT distance normal to
the CNT wall. Since the dots are synthesized along the polyelectrolyte shell, some will
be synthesized closer to the CNT wall while others may be generated in the outer region
of the PSPM shell. These variable distances could possibly include dots located at
distances from the CNT walls where transfer is no longer effective, although the TEM
revealed a thin polymer shell. However, it cannot be ruled out contributions from
extraneous CdS not in the brush even though none could be detected with extensive

TEM analysis.
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Figure 3.8. Fluorescence emission spectra of the CNTs-PSPM-CdS.

3.2.2. Magnetic iron oxide nanoparticles in situ synthesis on CNTs-PSPM

In order to demonstrate the potential versatility of the present synthetic procedure and to

extend its usefulness, CNT-PSPM systems containing metal oxide nanoparticles were
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prepared, in particular, those of a magnetic iron oxide. Such a system, for example,
could allow for manipulation of the CNT-PSPM-NP with electromagnetic fields /294,
295]. A general requirement of the present synthetic system is that the intended
nanoparticles involve cations that are exchangeable with the cations of the polymer
brush and that they can be precipitated or condensed within the PSPM network, as has

been shown for the synthesis of quantum dots.

Magnetic iron oxide nanoparticles were in situ synthesized on the CNTs-PSPM as is
following described. 0.5 mg of CNTs-PSPM were resuspended in 200 pL of 0.1 M
FeCl,. The samples were purified by extensive dialysis against millipure water,
changing water every 8 h. A piece of iron bar was placed outside the membrane to avoid
oxidation of the iron ions. Samples were then centrifuged, resuspended in water and
centrifuged again. The water washing was repeated three times to eliminate any
remaining Fe(Il) in solution. The centrifugation was performed at 13 000 rpm for 15
min each time with a rotor of 22 065 x g. The samples were then dispersed in NaOH

solution of pH 12 or 13 under stirring, centrifuged and washed with water three times.

The iron oxide (I0) nanoparticles in the CNT-PSPM were detected by TEM as shown
in Figure 3.9. The synthesized iron oxide nanoparticles form a dense coating on the
CNTs surface. It can be noted that a narrow distribution in size of nanoparticles can be
observed, of 2—4 nm attached to the CNTs surface. As for the quantum dots no particle
could be detected outside the CNTs by means of TEM. The preparative conditions,
black color and observable magnetism of the CNT-PSPM-IO hybrid nanocomposite
suggest the magnetic phase to be magnetite or a solid solution of magnetite and

maghemite.

The detailed procedure provides a general route for the preparation of nanoparticles in
the polymer matrix surrounding the CNTs and for a relatively high concentration of
such particles proximal to the CNTs. Thus, CNTs endowed with nanoparticles external
but proximal to the tube may be prepared to provide stable aqueous dispersions of
magnetically or fluorescently responsive carbon nanotubes. The aqueous dispersibility
of the CNTs could be used to process or incorporate these modified tubes into other
structures through assembly, like layer-by-layer films.
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Figure 3.9. TEM images of CNTs-PSPM-IO.

3.3. Surface tailoring of Carbon Nanotubes with polyelectrolyte

brushes and lipid layers

The low aqueous dispersibility of bare CNTs can be increased, as was mentioned above,
by means of surfactants, polymer coatings, or just by charging CNTs by oxidation.
Oxidation and coating of the CNTs often affect the properties of CNTs as such but
increase considerably their colloidal stability in water. Perhaps, the biggest drawback
for the application of CNTs is not technical, but their questionable safety, that must be
ensured in those CNTs applications that imply their exposure to humans and the
environment, such as in textiles or packing, or for biomedical applications (e.g.: sensors,

drug delivery) /154, 155, 296-298].

The unique structural characteristics of CNTs have been explored for their use as
carriers for single DNA molecules /299, 300] or other therapeutics once stabilized in
aqueous solutions. But the use of CNTs in nanomedicine requires a deeper knowledge
of the toxicity of the CNTs, which is to a certain extent still missing. The special
arrangement of the carbon sheets in CNTs, their high polarizability, even in some cases

after surface modification, and the presence of impurities in the material can interfere
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with the biochemical processes at the cellular level and therefore CNTs may appear
toxic for living cells. For the toxic action of CNTs it may not be necessary that the
CNTs are incorporated into cells. CNTs could interfere with the plasma membrane
stability and function just by touching the membrane from outside. This is another point
which raises concern on the use of CNTs in complex materials containing CNTs, with
which cells could get in contact when such novel materials are being used in medical

devices.

In some situations in nanomedicine it may be advantageous to be able to control the
CNTs uptake and localization within cells. A biocompatible surface functionalization

may be quite helpful for this purpose.

The polyelectrolyte shell surrounding the CNTs (CNTs-PSPM) can also be used for the
assembly of a lipid layer on top of the CNTs in a similar fashion as shown by Artyukhin
A. B, et al. [179] with layer by layer films, where CNTs modified with polyelectrolyte
multilayers were deposited on a surface and then coated with lipids. Herein, the
polyelectrolyte synthesis and the lipid assembly will be performed on CNTs dispersed
in aqueous solution, following well established protocols for the formation of lipid
bilayers on top of polyelectrolyte layers /185, 301]. The choice of a spherical brush
ensures the stability of the CNTs in aqueous solutions and also reduces the number of
steps required in layer by layer to obtain a polymer cushion for the coating with the

lipid vesicles.

3.3.1. CNTs-PSPM surface modification with a lipid bilayer

Vesicles composed of 1,2-dioleoyl-sn-glycero-3-choline/1,2-dioleoyl-sn-glycero-3-
phospho-L-serine (DOPC/DOPS) in a molar ratio 3:1 were prepared following the

procedure described in section 3.5.1 from chapter 3, that detail the formation of lipid

vesicles.
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Figure 3.10. Scheme of polyelectrolyte and lipid assembly on top of the CNTs.

On top of CNTs-PSPM, a layer of poly(allyl amine hydrochloride) (PAH) was
assembled taking advantage of the electrostatic interaction between the cationic PAH
and the anionic PSPM. PAH provides the support for the following lipid assembly /185,
301]. Lipid vesicles composed of DOPC/DOPS were added and readily adsorb on PAH
as a result of the specific interaction of the PAH amino groups with the carboxyl and
phosphate groups of the phospholipids. The vesicles rupture and spread over the
polyelectrolyte support located at the surface of the CNTs. The strategy of the
functionalization leading to the polymer coating and lipid layers around the CNTs is

sketched in Figure 3.10.

3.3.2. Characterization of the surface modified CNTs with lipids

The entire process of surface modification of the CNTs, from the oxidation of the
CNTs, PSPM synthesis, PAH coating and lipid coating, was followed by (-potential
measurements. The {-potential was measured at 25 °C and a cell drive voltage of 30 V
using a monomodal analysis model, at constant ionic strength in 10 mM PBS. The

results of these measurements are summarized in Figure 3.11.

The oxidized CNTs display a negative surface potential around -54 mV. The {-potential
decreases furthermore to ~-60 mV after the synthesis of PSPM. The assembly of a PAH
layer reverses the potential to positive values, ~+6 mV. This proves that the PAH is
coating the surface of the CNTs. Finally, the lipid assembly recharges the surface of the
CNTs again to negative values, resulting in a (-potential of ~-11 mV, in accordance

with the negative charge of the vesicles containing DOPS.
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Figure 3.11. Variation in the {-potential of CNTs after polymer and lipid assembly.
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TEM was then applied for a direct visualization of the polyelectrolyte and lipid coatings
on the CNTs. TEM images were obtained by dropping dilute solutions on a copper grid.
Figure 3.12a shows a representative TEM image of bare CNTs stained with uranyl
acetate for comparison. The multi-walled structure of the CNTs can be well appreciated
in the image. The thickness of the CNT walls corresponds approximately to 5 nm and
the complete diameter of multi-walled CNTs is around 20 nm. For the visualization of
the polymer coating, the samples were treated with uranyl acetate (0.01%). In Figure
3.12b can be observed a thin, soft shell around the CNTs, which was absent in the
uncoated CNTs when treated with this substance. The shell had a thickness of 3 nm.
Since the TEM measurements are performed on dry samples, the polyelectrolyte
brushes are in a collapsed state. In the hydrated state, the shell has to be considerably

thicker.

To visualize properly the lipids by TEM in dry state, a thin layer of PEI was deposited
on top of the lipid coated CNTs. Otherwise, during drying the lipid would detach from
the surface of the CNTs. The treatment with uranyl acetate did not provide a clear
evidence of the lipid formation on the CNTs (Figure 3.12c¢). For this reason the lipid
coated CNTs were also stained with sodium tungstate, which stains phosphate groups.
In Figure 3.12d can be appreciated that after this treatment a shell close to 5 nm
thickness can be visualized around the CNTs; 3 nm can be attributed to the

polyelectrolytes coating and 2 nm due to the lipid bilayer in dry state.
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Figure 3.12. TEM images of CNTs stained with uranyl acetate: (a) oxidized, (b) PSPM
coated, (c) lipid coated, and (d) lipid coated CNTs stained with sodium tungstate.
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Chapter 4
Uptake, intracellular distribution and
cytotoxicity of Poly(lactide-co-glycolide)

Nanoparticles and Carbon Nanotubes

The use of NPs in medicine as drug delivery vectors, sensors or contrast agents is
among the most promising areas in nanotechnology research. For the application of
nanotechnology in medicine, ‘in vitro’ work is of paramount importance, especially
regarding the assessment of possible toxicological consequences of the
nanomaterials/NPs. It is a key issue to study the effects of ‘nano’ in the cellular
machinery and to understand how the nanomaterials are processed in the cell, their

distribution and fate after being taken up by the cells.

CLSM is often applied for uptake studies, but its application for NPs is not all the times
feasible since the size of the NPs falls well below optical resolution. Also, a main
drawback of CLSM is that, for most of the cases, both the NPs and cellular
compartments, must be fluorescently labelled and this is not always an easy task.
Besides that, labelling of NPs may in some cases require complex chemical routes
including, for example, silanization, assembly of polymers, etc. As a result, the
labelling can induce significant changes in the structure and properties of NPs, which
may in turn affect uptake and toxicity. TEM can be used to study the uptake and
localization of NPs and nanomaterials when the NPs have enough contrast, avoiding
their labelling. The drawback of TEM for this application is that it requires complex
and time-demanding preparations that also may affect the localization of the
nanomaterials within the cell. In addition, due to their nature, organic NPs, with the

exception of CNTs, are not easy to visualize within cells by TEM.
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Other label-free techniques for the study of the localization of nanostructures within
cells are spontaneous Raman microscopy and coherent anti-stokes Raman (CARS)
microscopy. In CARS, a single Raman band coming from the nanomaterial is scanned
throughout the cell. A mapping of the cell is obtained showing the intensity distribution
of the chosen Raman band /260]. Drawbacks of CARS are that only selected bands can

be mapped, and that spectral overlapping may cause problems.

Confocal Raman microscopy (CRM) combines spontaneous Raman emission with
confocal detection. CRM can be used to study the localization of nanomaterials in the
cells, taking advantage of the fact that every spot of the whole Raman spectrum is
recorded. The latter thus contains bands coming from the nanomaterials and from
representative cell molecules: proteins, DNA and lipids; which allow to identify the
region of the cell /302] where the nanostructures are located. In this chapter, the
spontaneous Raman emission of Poly(lactide-co-glycolide) (PLGA) NPs and carbon
nanotubes (CNTs) inside the cells, is employed for their detection and to assess the

intracellular region, where the nanomaterials are located.

4.1. Cellular uptake, co-localization and cytotoxicity of Poly(lactide-co-

glycolide) Nanoparticles

In Chapter 3, it has been shown that PLGA NPs can be prepared employing PEI or BSA
as surface stabilizers [96-98]. It was demonstrated by Flow Cytometer and CLSM, that
the uptake of NPs is influenced by the nature of the surface of the PLGA NPs. Large
uptake was observed for PLGA NPs coated with PEI and BSA. A coating with
polyelectrolyte multilayers or a pegylation reduced the uptake significantly. Subsequent

modification with folic acid facilitated again uptake by specific cell targeting /96-98].

It is nevertheless difficult to differentiate whether the NPs have been internalized in the
cells or remained attached to the cell membrane. Flow cytometry measures the

fluorescence per cell and does not provide further information about localization of
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labeled NPs, whether attached to or indeed taken up by the cells under study.
Visualization of the NPs by CLSM is not a straightforward task because it is not always
possible to distinguish between NPs that have been internalized in the cell and NPs
attached to the cell membrane, which in many cases needs to be labeled for cell
visualization. Also, the encapsulated dye may be released and accumulated in the cell
interior even though the PLGA NPs remained in the bulk phase. In the case that PLGA
molecules are labeled covalently, PLGA could eventually degrade and incorporated in
the cell together with the marker. In these situations, one could arrive to the false
conclusion that the particles have been incorporated in the cells when it is not the case

[260].

Xu P., et al. /260], have been demonstrated by means of coherent anti-Stokes Raman
scattering (CARS) microscopy, that PLGA NPs stabilized with poly(vinyl alcohol)
(PVA) were not taken up by cells, although CLSM and flow cytometry indicated that
they were. Notwithstanding with this observation, Chernenko T., et al., showed by
CRM that NPs stabilized with Pluronic F 108 are incorporated within cells and could be
found in the Golgi associated vesicles of the late endosomes /302/. The localization of
PLGA NPs was also recently studied with immune fluorescence techniques in epithelial
cells /265] demonstrating an association with different intracellular compartments as a
function of time. These results demonstrate that the chemical properties of the surface of

the NPs play a decisive role regarding internalization and uptake of PLGA NPs.

CRM is a well-suited technique to study the uptake of NPs into culture cells. CRM does
not require labeling and can therefore be used for studying a large variety of NPs
without having the requisite of labeling them. This is an important advantage because
authentic NP can be probed. In this chapter, the cellular uptake of PLGA NPs with PEI
or BSA as surface coatings has been studied by CRM and compared with data from
CLSM and flow cytometry. In addition, the cytotoxicity of these two kinds of PLGA
NPs was determined, to evaluate the possible use of surface-modified nanocarriers for

intracellular delivery.
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4.1.1. PLGA NPs cellular uptake by means of Flow Cytometer and Confocal Laser

Scanning Microscopy

Flow cytomerter and CLSM studies of the cellular uptake of PLGA NPs stabilized with
either PEI or BSA, were described in detail in Chapter 2. Briefly, in Chapter 2 it was
presented that the uptake of BSA and PEI stabilized NPs labeled with rhodamine
reaches a plateau during the first hours of incubation. For BSA the uptake was faster
than for PEI stabilized NPs reaching a plateau value corresponding to about 90 % of the
cell population within 6 h (Figure 4.1a). For PEI stabilized NPs the uptake ratio
increased more gradually and did not reach the values observed for BSA stabilized NPs.
The cell uptake ratio was defined as the percentage of cells, which are associated with

NPs, having them either internalized or attached to the cell membrane.

The fluorescence intensity was also taken as a measure of uptake. When comparing the
net fluorescence of BSA and PEI stabilized PLGA NPs it has to be taken into account
that these two particle preparations have a priori different fluorescence intensities per
NP. The fluorescence distribution of the BSA and PEI stabilized PLGA NPs was
measured with the flow cytometer, employing the same settings as the experiments with
cells (Appendix Figure E). The result was that the PEI stabilized PLGA NPs have
fluorescence intensity almost three times the intensity of the BSA stabilized PLGA NPs,
implying that the latter had a lower degree of labeling than the PEI stabilized NPs. In
Figure 4.1b, consequently, it is displayed the normalized intensity curves of PEI
stabilized PLGA NPs, taking the BSA stabilized labeled particles as the reference. The
data in Figure 4.1b thus provide a measure of the number of particles taken up by a
single cell. In the case of BSA stabilized PLGA NPs the intensity reached a maximum
within 3 h and then decreased. The uptake of PEI stabilized NPs increased; on the
contrary, more steadily reaching finally values comparable to BSA stabilized particles.
These results are consistent with the cell uptake ratio, where it is observed that the
percentage of cells with NPs associated increases faster for BSA modified NPs than for

PEI stabilized PLGA NPs.
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Figure 4.1. (a) Cellular uptake ratio and (b) normalized fluorescence intensity
maximum for PLGA (PEI) NPs as function of the incubation time.

CLSM was used to have a direct visualization of the association of NPs with HepG2
cells, again this has been already presented in Chapter 2. In Figure 4.2a, the confocal
image shows that PLGA NPs stabilized with PEI are associated with the cells. This
follows from the red color indicating the rhodamine labeled NPs distributed around the
blue stained nucleus. Similar images can be obtained for the PLGA NPs stabilized with
BSA, shown in Figure 4.2b. Because of the intrinsic difference in fluorescence between
the PEI and BSA stabilized particles the intensity of the red fluorescence in Figure 4.2b
is weaker than in Figure 4.2a, however, the normalized plot in Figure 4.1b shows that
the uptake of BSA stabilized PLGA NPs per cell is not smaller than the uptake of PEI
stabilized PLGA NPs.
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Although flow cytometry proves the association of both BSA and PEI modified PLGA
NPs with cells, it is not clear if the NPs are really incorporated into the cell and have
crossed the membrane barrier or if they remain only attached to the cell membrane. The
CLSM images in Figure 4.2, where the nucleus and NPs have been labeled with DAPI
(blue) and Rd6G (red), are representative of the behavior of the NPs in contact with
Hep2G cells. The images clearly show that the NPs do not reach the nucleus, but an
unambiguous conclusions about the environment in which the NPs are located within

the cell or if they simply remained attached to the cell membrane cannot be drawn.

Figure 4.2. CLSM images of HepG?2 cells after being co-cultured with (a) PLGA NPs
stabilized with PEI and (b) PLGA NPs stabilized with BSA.

4.1.2. Cell internalization and NPs co-localization and distribution by means of

Confocal Raman Microscopy

The internalization of the NPs as a function of their surface modification is certainly a
key issue regarding their potential use as delivery devices. Therefore, alternative
methods capable of proving internalization and intracellular location are highly
desirable. As it was mention above, Xu P., et al. /260/, showed that PLGA NPs
stabilized with PVA are not internalized by the cells. Employing CARS, they did not
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find the typical signal of PLGA at 2940 cm™ within the cell cytoplasm, where the
spectra of lipid bodies can be well detected. They concluded that although experiments
with fluorescently labeled NPs hint the uptake of PLGA NPs, the latter remained

attached to the cell membrane and did not enter the cytoplasm.

Instead of using CARS and looking at defined Raman bands within the cell,
spontaneous Raman confocal microscopy was applied to imagine the NPs at different
planes of the cell and at different spots in a plane. The advantage of spontaneous
confocal Raman microscopy is that at each spot the whole spectrum is recorded. The

disadvantage of this technique compared to CARS is that it takes much longer time.

In order to perform cellular internalization studies via Raman Spectroscopy, samples
were prepared as follow. When cell confluence of HepG2 cells reached around 70 %,
the culture was trypsinized and 100000 cells were seeded in a glass bottom Petri dish
for Raman experiments. After 24 h, the cells were incubated with UV sterilized NPs at a
concentration of 150 ug/mL of PLGA NPs for 12 h. Afterwards, the plate was rinsed
with PBS several times and the cells were fixed with 3.7 % formaldehyde in PBS during
30 min and rinsed again. Micro-Raman analyses were performed using a Renishaw
inVia Raman Microscope. Measurements were performed using the 532 nm laser
excitation wavelength with a grating of 1800 mm™. Spectra were taken using a 40x
water immersion objective. The size of the focal spot was approximately 1 gm. Raman
spectra were recorded in the region 300-3600 cm™ with a resolution of approximately 7
cm’'. The system was calibrated to the spectral line of crystalline silicon at 520.7 cm™.
At least 8-15 accumulation scans at different spots in the various cell compartments:
lipid bodies (LB), cytoplasm and nucleus, were taken to reduce the spectral noise.
Control spectra of the different cell compartments were taken in cells not exposed to
NPs. All spectra were corrected taking into account the PBS solution and glass

coverslip baseline.
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Figure 4.3. Raman spectrum recorded at different positions within a cell from the
HepG?2 line (v indicates stretching and ¢ deformation vibration modes; (l) denote
vibrations of lipids and (p) of proteins). The inset corresponds to the image of the cell
under study. The numbers together with the color indicates the location in the cell at

which the Raman spectra were recorded.

The nucleus, cytoplasm, and lipid bodies can be identified by the chemical signature of
proteins, lipids and nucleotides provided by the Raman spectrum. HepG2 cells have
characteristic multilamellar lipid inclusions within the cytoplasm that are called lipid
bodies. In the high frequency region, the intensity ratio of the symmetric stretch bands
of CH, (2850 cm™) to CHj (2935 cm™) is observed to be much higher in lipid bodies
than in the cytoplasm. This can be explained by the higher density of CH, groups more
abundant in the lipids from the lipid bodies, than in the cytoplasm. In the cytoplasm the
signal corresponding to CHs increases as the amount of proteins, which present more
CH; than CH, groups. The nucleus region, with high protein contain, reveals the
smallest intensity ratio of CH, to CHj bands, and specific bands assigned as vibration of
DNA bases of adenine (A) and guanine (G). Figure 4.3 displays the changes in the

Raman Spectra at different positions within the cell.
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Figure 4.4. Spot Raman spectra (blue) in cells exposed to PLGA NPs covered with PEI
(a) and BSA (b). In both cases, pink and green lines denote the component spectra of
PLGA NPs and of the cells, respectively. The insets correspond to the image of the cell

under study.

Then, cells incubated with PLGA NPs, which were either coated with PEI or BSA were
studied with CRM. The blue curves in Figure 4.4a, corresponding to PEI stabilized
PLGA NPs and in Figure 4.4b, corresponding to BSA stabilized PLGA NPs, display
features from the region of the lipid bodies as it is deduced from the relation of the
bands between 2850 and 2900 cm™, but they also show new bands in the methyl-
methylene stretching region. These bands correspond to the characteristic CH, and CHjs
vibrations of PLGA NPs. For comparison, the spectra of the pure PLGA NPs and of the
lipid bodies region have been included in Figure 4.4a and 4.4b (pink and green lines
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denote the spectra of PLGA NPs and the lipid body environment, respectively). It is
clear that the dark blue curve displays the main bands of both the pure PLGA NPs and
the lipid body region. From Figure 4.4 it can be concluded that it is possible to prove
the co-localization of the PGLA NPs and lipid bodies within the dimensions of the

confocal spot.
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Figure 4.5. Z scans of HepG?2 cells treated with PLGA NPs covered with PEI (a) and
with BSA (b). The height level z=0), refers to the plane where the intensity at 2950 em!
referring to the PLGA NPs is maximal. The transmission images in the inset correspond
to the scanned cells, the arrow points out the position where the measurement has been

performed in the cell.

Figure 4.5 displays Raman spectra of two spots taken at different z positions in cells
which were exposed to PLGA NPs stabilized with either PEI or BSA. While moving
away from the zero plane, the relative intensity of the signals of PLGA to that of the
lipid bodies diminishes as it is can observed for both the BSA and the PEI coated NPs.
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For the PEI coated NPs, when moving downward, a region rich of lipid bodies is
reached, where, however, NPs have not been detected as can be seen in Figure 4.5a. For
the BSA stabilized PLGA the cytoplasm is reached 5 um below the zero plane and again
NPs were not detected. The z scanning provides an ambiguous proof of internalization
of the NPs because the depth analysis is done in distances of micrometers inside the
cell, where the detection of PLGA attached to the cell membrane from the outside is

very unlikely.

The analysis of the Raman spectra revealed a co-localization of both PEI and BSA
stabilized NPs with lipid bodies in the sense that the PLGA NPs were always found
together with lipid bodies. However, the reverse conclusion cannot be drawn.
Furthermore, a co-localization of the PLGA NPs and the nucleus region was never

observed.

The reason, why BSA and PEI stabilized NPs were internalized, while the PVA
stabilized NPs reported in /260] were not, is most likely related to the particular surface
coating employed. It is known that polyelectrolytes carrying cationic amines like PEI
can interact with lipid membranes crossing the membrane barrier. PEI for example, is a
widely used vector for DNA delivery in cell culture /303, 304]. Most likely, the PEI
molecules around the PLGA NPs form a spherical brush, with chains protruding out of
the surface of the NPs /96, 97]. These chains will have some conformational freedom,
which can facilitate their interaction with the plasma membrane. It is also well-known
that the positive charge of the NPs will attract proteins of the media, mostly BSA but
also others like the apolipoprotein E, which can bind to a specific receptor in liver cells
and this could facilitate uptake /233, 236]. For BSA stabilized NPs protein adsorption
has to be less. Their negative surface charge will diminish the binding to the generally
negatively charged cell surface. Therefore, a priori a smaller interaction with the cell
surface as compared with PEI can be expected. Nevertheless, it is possible to observe
that the number of cells, which have incorporated NPs is higher for BSA modified NPs
than for the PEI modified ones. It is difficult to give a proper explanation to this
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observation at this point but it is probably related to a mechanism of uptake linked to a

receptor /303, 305].

In principle, the confocal raman microscope, allows for the recording of Raman spectra
in all three dimensions with an accuracy limited by the resolution of the device.
However, since the signal intensity is small, a multidimensional spectral mapping would
require a rather long time. Therefore the spatial mapping was restricted to line scans.
Raman spectra were recorded along lines crossing through cells, which had been
exposed to PLGA NPs with a distance increment of 0.5 um. The relative integral
intensities of the PLGA NP contribution in the Raman spectrum across the cell after
spectra decomposition was determined as described above in the NPs co-localization.
The lipid CH, symmetrical stretching band at 2852 ¢cm™ was chosen as the reference
band to obtain the lipid distribution across the scanned line. The integral intensities of
Vs(CH») was plotted as a function of the distance along the line. The lipid distribution
across the cell reflects the presence of lipid bodies, cytoplasmic lipid inclusions and
lipids in intracellular membranes. A well pronounced maximum in the lipid distribution
would indicate the presence of lipid bodies at a particular location. The distributions of
PLGA and lipids in a cell exposed to PEI stabilized PLGA NPs are shown in Figure
4.6a. The component intensities of PLGA and lipids were weighted to the maximum of
intensity. The transmission image of the selected cell and the line along which the
PLGA intensity distribution was mapped is displayed in Figure 4.6b as a rainbow color
presentation. Red corresponds to the maximum and black to the minimum of the PLGA

NPs signal.

The analysis of the Raman spectra of representative cells reveals two maxima along the
selected line scan (Figure 4.6). This means that there are two regions within the
particular cell, where PEI stabilized PLGA NPs have been accumulated. The uptake of
PLGA NPs with different distribution inside the cell was also observed for other cells. It
was therefore confirmed that, PEI stabilized PLGA NPs are being readily taken up by
HepG2 cells.
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Figure 4.6. (@) PLGA (black line) and lipid (red line) distributions across a cell
exposed to PEI stabilized PLGA NPs. The figure insert represent the spatial cross-
correlation function between the two component distributions. (b) Transmission image
of the cell. The line reflects the PLGA intensity distribution in rainbow presentation.
The red colour corresponds to the maximum intensity of the bands corresponding to the

NPs.

A remarkable issue to mention is that the major PLGA NPs fraction at the distance of
about 12 pm almost coincides with the maximum of the lipid bodies apart from a small
spatial shift (Figure 4.6a), which suggest the tendency of the PEI stabilized PLGA NPs
to follow the distribution of the lipid components. This tendency for co-localization can
be quantified by a spatial cross-correlation analysis. The Pearson product-moment
correlation coefficient (px, y) can been used to measure the correlation between two
variables X and Y, giving a value between +1 and —1. It is a measure of the strength of
the linear dependence between X and Y. The value 1 refers to 100 % linear dependence,
and the 0 value is found when the two variables are independent. The Pearson product-

moment correlation coefficient can be calculated by:

cov(X,Y
Pxy = Q (Eq. 4.1)
OxOy
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where cov(X,Y) is the covariance of the two variables, and ox oy is the product of their
standard deviations. The two variables in the line Raman mapping are the distance
dependent component intensities of PLGA NPs and lipids. pxy is calculated as a
function of a spatial shift, A. The spatial cross-correlation function is then defined as
px.y(A)=cov(X(r),Y(r£A))/(cxpy), and it is presented in the inset of Figure 5.6a. px y(A)
has a maximum value at A™=2.7 um with a correlation coefficient of 0.65, which
demonstrates a correlation between the lipid and the PLGA NPs distribution. A simple

max

geometric interpretation of the spatial shift, A™, would be the distance between the
centre of the lipids distribution maximum (radius about 0.5-1 pm) and the centre of
PLGA NPs accumulation This simple view is only meaningful if there is not more than
one pronounced spot where both kinds of particles co-associate. If there are many
centres of association A™ should assume a value close to zero since association on
either site should be equally probable. Similar results were obtained for the line

mapping analysis of cells treated with BSA stabilized PLGA NPs.

4.1.3. Cell viability

HepG2 cell viability was studied with the MTT assay. First, around 5000 HepG2 cells
were planted into each well of 96-well plates, and after 24 h, PLGA NPs covered with
PEI or BSA were added into culture media at different concentrations (0, 20, 50, 100,
200 ug/mL). After 3 days of co-incubation, 20 mL of MTT solution (5 mg/mL in 10
mM PBS) was added into each well of the plates and incubated for 3 h. The absorbance

was measured by means of a plate reader at 550 nm.

In Figure 4.7 is shown the HepG2 cell viability results of PLGA NPs stabilized with
PEI and BSA after 3 days of co-incubation. For both, PEI and BSA stabilized PLGA
NPs, the cell viability decreased with higher NPs concentrations. At the highest
concentration of NPs (100 pg/mL), cell viability was around a 50 % for PEI stabilized
PLGA NPs and almost 60 % for BSA stabilized PLGA NPs, indicating that PEI
stabilized PLGA NPs produce a higher cytotoxic effect than BSA stabilized PLGA NPs.
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Figure 4.7. Viability of HepG?2 cells incubated with PLGA NPs covered with PEI and
BSA after 3 days of co-incubation.

Cell toxicity is a critical aspect regarding the use of NPs in drug delivery. Therefore,
cell viability experiments have been extended to several lines, applying other different
tests than MTT /306/. Four different human tumor cell lines were used for the cell
viability study: Lymphoblastoid B (Hmy2), acute T lymphoblastic leukemia (Jurkat),
myeloid-monocytic lymphoma (U937), and prostate adenocarcinoma (PC3). Quick cell
proliferation testing solution was used to evaluate the cell viability and proliferation. All
cell lines were maintained in RPMI medium supplemented with 10 % heat inactivated
FBS, penicillin (100 U/mL), streptomycin (100 ug/mL), and glutamine (2 mM) at 37 °C
in a humidified atmosphere containing 5 % CO,. When culture confluence was around
70 %, cells were seeded in 96-well plates in different amounts, depending on their
proliferation rate as follows: PC3, 25000 cells/well; Jurkat, 10000 cells/ well; Hmy,
10000 cells/well; and U937, 20000 cells/well. After 24 h, NPs were added until a final
concentration of 50 ug/mL was obtained, with the exception of the control, and
incubated for 24 and 48 h. Then, the cell suspension from the plate was centrifuged 1
min at 1000 g and 100 xL of supernatant was removed. A total of 50 uL of Quick Cell
Counting Solution was added to each well and incubated for 3 h. The reaction product

was estimated by measuring its absorbance at 425 nm in a microplate reader.
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Results are shown as percent of viability (V%) according to the following formula:

Vo = absorbance(cell + medium+ NPs) — absorbance(medium + NPs)
o=

x100 (Eq. 4.2)
absorbance(cell + medium)

The cell viability for NPs stabilized with PEI and BSA for four different cell lines are
compared in Figure 4.8. Cell viability was measured after 1 day of exposure to the NPs
(Figure 4.8a), and after 2 days of exposure (Figure 4.8b). It is interesting to notice how
the viability changes for the different cell types. For example, the cell viability of the
Hmy line was not affected by the NPs while the cell viability of PC3 was around 90 %
for BSA stabilized NPs (Figure 4.8a). Also, it can be seen that for PEI stabilized NPs
the viability of the Jurkat line is close to 80 %, while in Hmy is less than 40 %. For each
cell line the viability in presence of NPs stabilized with PEI is always lower than for
NPs stabilized with BSA. For the Hmy and U937 lines this difference is most
pronounced. After a day of exposure to NPs it is observed viabilities of less than 40 %

for PEI coated NPs and over 100 % for BSA coated NPs.

The smallest difference in viability within a cell line is observed for the PC3 line, where
the viability for the PEI stabilized NPs is close to 90 % and the viability of the BSA
stabilized NPs is close to 100 %. Cell viability behavior after two days of exposure of
the cells to NPs differed in some cases from what is observed after a day of exposure,
but no particular correlation can be established between one and two days exposure of
the cells to NPs. To resume cell viability of PEI stabilized PLGA NPs was always lower
than that of BSA stabilized PLGA NPs for all cell lines, which means that the
cytotoxicity of these NPs was higher than the toxicity of the NPs stabilized with BSA.
PEI molecules are cytotoxic even condensed with DNA /306, 307], therefore, it is
understandable that the PEI coating on the surface of PLGA presents certain toxicity
within the cell lines tested. On the other hand, albumin, as the most abundant protein in
serum, has excellent cytocompatibility for most of cell types. This would explain that
when the NPs stabilized with BSA were added into the cell culture medium, almost no
cytotoxicity could be found. BSA coated NPs seem to have a positive effect on cellular

viability, which reaches values over the 100 % for several cell lines. From their
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moderate to low toxicity, the PLGA NPs fabricated, especially those stabilized with
BSA, are excellent candidates for intracellular drug delivery, as has been proved by

CRM that can be internalized within cells.
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Figure 4.8. Viability of different cell lines incubated with PLGA NPs prepared by PEI
or BSA as stabilizers after (a) I day and (b) 2 days of co-incubation.
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4.2. Uptake, intracellular distribution and “in vitro” toxicity of Carbon

Nanotubes

In Chapter 3, it has been shown the stepwise surface tailoring of CNTs with
polyelectrolyte brushes and lipid layers. Lipid coated CNTs could be an attempt
alternative to reduce CNTs toxicity for their possible biomedical applications. CNTs
with a soft interface based on a polyelectrolyte cushion and a lipid bilayer may affect

their distribution within cells and their cytotoxicity.

In this section, the interaction of CNTs with cells will be studied. Understanding how
the interaction of CNTs with biological matter can be tuned by their surface
modification it is very important issue to be studied. Most of the present applications of
CNTs are as composite materials, where the CNTs are imbedded in matrixes and could
be in contact with cells. Therefore, it is quite important regarding commercial
applications of CNTs to know how a biocompatible coating, in this case a lipid layer,

may affect their toxicity.

4.2.1. Cellular uptake and intracellular distribution of surface modified CNTs by
means of CRM and TEM

CRM can be applied for uptake studies of any kind of NPs or nanomaterials provided
that have a Raman Spectra. We have extended the work with PLGA NPs to the CNTs

bearing different surface functionalization presented in Chapter 3.

In order to study cellular uptake and intracellular distribution of surface modified CNTs
by means of CRM, samples were prepared following the same procedure described in
section 4.1.2 for PLGA NPs. In Figure 4.9a, it is possible to observe the Raman spectra
recorded in a HepG2 cell, which has been cultured in the presence of oxidized CNTs.

For comparison the Raman Spectra of the pure CNTs is also provided in the figure.
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Figure 4.9. Raman spectra of oxidized CNTs (a), PSPM coated CNTs (b) and lipid
coated CNTs (c). The blue lines correspond to the spectra of CNTs exposed to cells, the
green lines represent the Raman Spectra of the different surface modified CNTs and the

pink line corresponds to the control cells in the region of the lipid bodies. The insets are
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the optical images of the scanned cell in the scanned position.

When looking at the spectra within the cell, two prominent bands of CNTs were
observed in the exposed cells at 1350 cm™ (D-band) and 1585 cm™ (G-band). The D-
band is an indicator for disorder in the graphene sheet and is called ‘‘disorder-included’’

band. The G-band is a tangential mode originating from tangential oscillations of the
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carbon atoms in the CNTs [308-310]. These clearly defined bands allow for the
decomposition of the total spectrum into the CNT signal and the spectrum of the cell.
The latter represents the chemical signature of the cell in the presence of CNTs. The
characteristic peaks of this spectrum are very similar to those of the spectra taken in the
lipid rich region of cells as shown in Figure 4.3. Clearly pronounced symmetric bands
can be observed in the CH, stretching region. From the comparison of these spectra
follows that lipid bodies and CNTs are both present in the 1 pm in diameter confocal
spot of the laser beam. Therefore, the spectra do not only provide information on the
presence of the CNTs but also on the intracellular environment in the vicinity of the
CNTs like for PLGA NPs. Oxidized CNTs were always found in close vicinity to lipid

bodies or in the cytoplasm.

Figure 4.9b shows the Raman spectra for HepG2 cells co-cultured with PSPM coated
CNTs. The spectral decomposition clearly demonstrated that PSPM coated CNTs were
taken up by HepG2 cells and, as same as oxidized CNTs, CNTs-PSPM are located in
the lipid rich region of the cell. Moreover, the Raman spectra recorded for lipid coated
CNTs co-incubated with HepG2 cells, and their subsequent spectral decomposition
(Figure 4.9c), also revels the cell internalization of CNTs-lipids in the close vicinity of
the lipid bodies of the cell. The coating with polyelectrolytes and then with lipids had
no effect on the position of the characteristic bands of the CNTs but affected their

relative intensities.

In order to confirm cellular internalization of CNTs, Raman spectra were measured at
different planes in cells exposed to CNTs as shown in Figure 4.10. The intracellular
plane where the signals of the D and G bands from the CNTs were the strongest was
denoted by zero. Then, spectra were recorded at higher and lower planes. As it can be
seen the relation between the signal of the CNTs and those coming from the cell
changed progressively, showing an inhomogeneous distribution of the CNTs in the
cells. The Raman z-scanning proved that all the surface modified CNTs were

internalized into the cell and preferentially found in the lipid rich region of the cells.
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Figure 4.10. Raman spectra taken at different planes in HepG?2 cells incubated with:
oxidized CNTs (a), PSPM coated CNTs (b) and lipid coated CNTs (c).

Nevertheless, PSPM coated CNTs were also observed in the region close to the nucleus
of the cell. The fingerprints from the cell in Figure 4.11a show that the CNTs are
located in a region with a very small intensity of the CH, band to the CH; band, which
is characteristic of the nucleus. From all the CNTs coatings studied, CNTs-PSPM was
the only kind of nanotubes found in the close vicinity of the nucleus. The z-scan spectra

of the PSPM coated CNTs co-localizated in the cell nucleus are shown in Figure 4.11b.

To have an independent probe of the internalization of the CNTs in the cell, TEM
imaging of the cells after exposition to the CNTs were performed in the same conditions

as for Raman microscopy.
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Figure 4.11. (a) Spectra of PSPM coated CNTs (green), control cells in the cell nucleus
(pink) and cells exposed to CNTs-PSPM co-localized in the nucleus of the cell (blue).
(b) Raman spectra taken in nucleus at different planes in HepG2 cells incubated with

CNTs-PSPM. The inset corresponds to the optical image of the scanned cell.

A total of 2.5x10° cells were seeded into a 100 mm diameter cell culture Petri dish. The
different modified CNTs were added into the culture medium 24 hours later. The final
concentration of CNTs was adjusted to 50 pg/mL. After 24 hours of co-culture, cell
were trypsinized, washed with PBS, fixed in solution with 3.7 % formaldehyde and
resuspended in PBS. For the TEM visualization the sample was previously washed with
PBS and fixed with 1 % of osmium tetroxide. Then, the sample was infiltrated in
acetone at different concentrations (from 50 to 100%) at different times, followed by an

inclusion process in EPO resin. And finally, the resin blocks were cut by an
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ultramicrotome into ultrafine cuts of 70 nm. Each cut was placed on a copper grid and

contrasted by Reynolds technique for proper visualization.

Figure 4.12. (a) TEM micrographs of HepG2 cells treated with oxidized CNTs, (b) the
corresponding magnified micrograph of the region of CNTs in cell.

In Figure 4.12 can be observed the cells which had been exposed to oxidized CNTs. In
the images the CNTs can be recognized inside vacuoles from their cylindrical shape
showing lengths of approximately 500 nm. A closer inspection to the cell in Figure
4.12b proves that the CNTs are inside a vacuole in the cytoplasm, and shows clearly the
CNTs tendency to associate into bundles. This particular vacuole presents a high
concentration of CNTs. No CNTs could be detected in the nucleus. Although the use of
TEM gives a visual proof of the presence of the CNTs in the cells, which is absent in
Raman, confocal Raman has the enormous advantage for uptake studies of not being
invasive and that the cells can be imagined being still alive. In this way any artifact that
could come from the sample preparation is avoided. Besides that, Raman allows for fast

detection and to recognize the environment of the CNT in the cell.

TEM images in Figure 4.13 show the presence of PSPM CNTs in a HepG2 cell. The
amount of CNTs present seems to be less than that for the oxidized CNTs. Figure 4.13b
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and 4.13c are magnifications of Figure 4.13a in the region where the CNTs are
observed. Although the amount of the CNTs is smaller than the oxidized it can be
clearly seen that they tend to associate and also their characteristic shape tubular and
curved can be recognized. In the magnified images it is clear that the CNTs are in the

cytoplasm. The presence of CNTs in the nucleus could not be observed in these images.

Figure 4.13. TEM micrographs of HepG?2 cells treated with PSPM coated CNTs.
Magnified micrographs (b) and (c) correspond to the cell showed in (a).

For the lipid coated CNTs, TEM images also corroborate the uptake by the HepG2
cells. From all the samples studied this is the one with the highest uptake observed. In

Figure 4.14a it is appreciated the TEM image of a cell exposed to lipid coated CNTs.
126



Chapter 4 Uptake, intracellular distribution and cytotoxicity

The lipid coated CNTs accumulate inside the cytoplasm forming a dense arrangement
with a size in the um range. The aggregate shown in Figure 4.14b is more than 10 pm
long and 2 um wide. The aggregate does not seem to be inside vacuoles; at least these

cannot be clearly detected with TEM.

~lr
Figure 4.14. TEM micrographs of HepG2 cells treated with lipid coated CNTs.

Magnified micrographs (b) and (c) correspond to the cell showed in (a).

The z scan done with CRM (Figure 4.10c) confirms the internalization of the CNTs-
lipids and from the strong 2850 cm™ band (CH,), compared to the 2935 cm™ band
(CH3), would indicate that the CNTs are in a region of lipid bodies. In TEM the lipid
bodies cannot be recognized but it could be that they are associated to the CNTs. Also,
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the signals from the lipids coating the CNTs in such a dense arrangement could
contribute to the band at 2850 cm™. In Figure 4.14c a higher magnification of the
aggregates is provided where it can be observed that they are associated forming sort of
networks. The formation of these structures with CNTs in the cell and if they are due to
a previous aggregation of the CNTs in the cell culture media need of deeper

understanding.

As it was showed above for PLGA NPs, Raman spectra were recorded along lines
crossing through cells, which had been exposed to CNTs with a distance increment of
0.5 pum. In this case, the relative integral intensities of the CNTs contribution in the
Raman spectrum across the cell after spectra decomposition was determined with the D-
band and G-band signals coming from CNTs. In Figure 4.15 the distributions and cross-
correlation functions in the cases of CNTs-PSPM and lipid coated CNTs are
represented. The observed behaviour is strikingly different. In the case of CNTs-PSPM
a spatial correlation between the localization of lipid bodies and the nanomaterials is not
observed as revealed by a correlation coefficient of about zero at A= 0. The increase of
correlation at A= -7 um to 0.6 can be interpreted as a tendency of the PSPM coated
CNTs to avoid the site where the lipid bodies are preferentially located. This follows
from the lipid body intensity distributions (Figure 4.15a), which has a maximum, where
the CNT signal has its minimum. The opposite behaviour is found in the case of the
lipid coated CNTs, Figure 4.15b. A well pronounced maximum of the cross correlation
coefficient of about 0.7 at A™= 0.4 um was found. This value reveals a relatively
strong correlation of the distribution of the CNTs with that of the lipid bodies and
cellular lipids. Line Raman mappings analysis shows that lipid coated CNTs tend to
localize, within cells, in close proximity of accumulations of lipid bodies. This tendency
can be due to either a lipid associated mechanism of uptake, or to a retrospective
arrangement of the CNTs with the lipid rich compartments in HepG2 cells. Nonetheless,
the Raman line scanning strongly suggests that the nature of the CNTs surface is

important concerning their possible effects on cells.
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Figure 4.15. (a) CNT-PSPM and (b) CNT-lipids (black lines) and lipid bodies of the
cell (red lines) distributions across CNTs treated cells. The figure inserts represent the

spatial cross-correlation function between the two component distributions.

4.2.2. “In vitro” toxicity of surface modified CNTs

A key aspect regarding the interaction of CNTs with cells is their toxicological effect.
To have an independent proof of the toxicity of the modified CNTs, MTT assays for the
different surface coatings employed have been performed. HepG2 cells were exposed to
oxidized CNTs, CNTs-PSPM and lipid coated CNTs with concentrations varying
between 10 and 100 ug/mL. Cell proliferation was measured at the end of the first day
after exposure to the CNTs, and at the end of the second, third and fourth day. The MTT

assay was carried out following the same procedure described above in section 4.1.3 for

PLGA NPs.

From proliferation data, shown in Figure 4.16, it follows that toxicity of oxidized and
polyelectrolyte coated CNTs are always higher than that of the lipid coated CNTs.
Indeed, oxidized CNTs cause a reduction in proliferation of around a 50 % after the first
day, and to around a 35 % after the fourth day of incubation. A similar value for the
proliferation as in the presence of oxidized CNTs is observed for PSPM coated CNTs
after the first day but proliferation decreases significantly to less than 30 % the second

day and to less than 10 % the fourth day of exposition. The CNTs coated with lipids
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only induce a reduction in proliferation to values between 80 and 90%. Proliferation
does not change pronouncedly in the following days; after the fourth day cell
proliferation reaches a value of 70 %; this value is significantly higher than that for any

of the other surface functionalization after a first day of exposure to the CNTs.
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Figure 4.16. Proliferation of HepG2 cells incubated with CNTs at a concentration of
100 ug/mL after 1, 2, 3 and 4 days of exposure.

The toxicity of sulfate group is well known /309, 3/1]. This might be an additional
factor to explain the dramatic decrease in the proliferation rate in the presence of PSPM
coated CNTs. From these data follows that concerning practical applications both, the
toxic impact of the CNTs [/312] itself, as well as the effect of the coating which is often
required to ensure colloidal stability of CNTs in aqueous solutions, have to be
considered. Indeed, the protecting effect of the lipid layer is such that it reduces the
toxicity of the CNTs, preventing the action of the CNT walls and polyelectrolyte

molecules in the time frame of the ‘‘in vitro’” experiments.
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4.2.2.1 “In vitro” Raman studies of surface modified CNTs impact on cell functions

CRM was also applied to study how the present of the CNTs impact on the cell
machinery looking at the evolution of the signals of DNA and proteins (Amide III band)
in the cell nucleus after the presence of the CNTs. The ratio of the adenine and guanine
bands to the protein bands in the nucleus can indeed be used as a measure of toxicity
[313-315]. Raman spectra in the cell nucleus were recorded for control HepG2 cells and
for cell exposed to the different surface modified CNTs. CNTs spectra were subtracted
from the total spectrum to avoid the overlapping of Raman signals in the amid III and
nucleic acid region. Differences in the Raman spectra in the nucleus region were found
between control cells and cells exposed to CNTs. The corresponding spectral region
was deconvoluted into five components (inset Figure 4.17). From the deconvoluted
signal it was possible to calculate the integral peak ratio between the peak related to A,
G (1338 cm™) and the peaks of the protein amid III bands, consisting of random coil, B-
sheet and a-helical contributions (1200-1290 cm™).

Figure 4.17a demonstrates that the relative intensity of the Raman peak at 1338 cm™,
associated with the nucleotide signal, to that of the amid IIl peak decreased in cells
treated with modified CNTs. The ratio of the bands of DNA to proteins diminishes in
cells exposed to the oxidized and PSPM coated CNTs to approximately a 30 and 50 %
respectively of its value for control cells non-exposed to CNTs. The ratio for the cells
exposed to lipid coated CNTs increases again to the values of the control cells. The
calculated DNA/protein ratio can be taken as a measure for the damage in cell nucleus
induced by the toxic effect of the respective CNTs. Like for the cytotoxic assay, the
coating of the CNTs with lipids seems to have a protective effect. Indeed, biomimetic
lipid layers /185, 316] on nanomaterials designed for delivery might be a good strategy
to reduce toxic side effects. The peak ratios, calculated for the surface modified CNTs,

are summarized and compared with the control in Figure 4.17b.
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Figure 4.17. (a) Average Raman spectra from the nucleus of HepG2 cells treated with
surface modified CNTs compared with the spectrum of the nucleus of untreated cells.
The inset graph shows the peak fitting analysis of a Raman spectrum from the untreated
cell nucleus. (b) Summary of the integral intensity ratios between A, G nucleobases and

amide III protein bands.

Different cellular process can change the DNA/protein ratio in response to cytotoxic
effects of CNT; first of all cytotoxicity often results in cell cycle delay, decreasing the
quantity of cells with duplicated genome (4 N) in phases S- or G- in the cell cycle. Just
taken into account the quiescent cells or G1-cells with (2 N) non-duplicated genome the
reduced DNA/protein ratio could be consequence of partial loss of DNA due to the

activation of endogenous nucleases and diffusion of low-molecular weight DNA outside
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the nucleus in apoptotic cells /377]. In response to DNA damage, over expression of
DNA associated proteins like histones or heat shock proteins /3/8/ will also result in
reduction of the ratio of DNA to protein bands through the increase of the proteins

proportion in the nucleus when earlier apoptosis.
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Chapter 5
Poly(lactide-co-glycolide) Nanoparticles
as potential carriers for the *“in vitro”

release of antiTNF-a and doxorubicin

5.1. Poly(lactide-co-glycolide) nanoparticles Layer by Layer

engineered for the sustainable delivery of antiTNF-a

In recent years, biomedical research has highly focused in the development of effective
and specific therapeutic agents. Among the novel therapeutic agents, the current sales
volume of therapeutic monoclonal antibodies is the largest, underlining their great
importance for curing complex diseases, such as autoimmune diseases and cancer /315,
319]. Adalimumab, also known as Humira or anti tumour necrosis factor alpha
(antiTNF-0), has been one of the first monoclonal antibodies in the market. This
antibody binds to the tumour necrosis factor alpha (TNF-a), thereby down regulating
inflammatory reactions in autoimmune diseases /320/. Meanwhile, there are more than
hundred different antibodies or antibody fragments undergoing trials or even on the
market. The administration of therapeutic antibodies is generally done by means of
injection or infusion, since oral administration is not possible. The drawbacks of this
systemic administration route are that they include non-specific off-target binding
resulting in adverse effects, caused by the required high doses of the antibodies. Any
reduction in the doses by controlling the release on the targeted site would decrease
adverse effects and also the costs of these comparatively high priced medications. Local
delivery systems with prolonged controlled release are thus highly desirable. In
addition, it is necessary to find ways of protecting the antibodies from proteolytic

enzymes active at inflammation sites.
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Although the encapsulation of an antibody into PLGA NPs is possible, its release would
depend on the degradation of the NP, which is a slow process of several days or even
weeks. Therefore, one could think as alternative to carry the antibody on the surface of
the NPs. This could be done covalent binding or self assembly. Antibodies can be
assembled on top of PLGA on the basis of the LbL technique /167, 168]. Both,
synthetic and natural polyelectrolyte molecules can be used for LbL assembly. The
loaded material will be released from the PEM, or the PEMs will be eventually peeled
off liberating the entrapped material /60/. In addition, an important advantage of the
LbL protocol is that the doses, the amount of encapsulated material, can be controlled

by the number of layers assembled.

Here it is shown the use of PEMs for the encapsulation of an antibody. A strategy based
on the antibody complexation with natural polyelectrolytes and LbL assembly will be
developed for the loading of PLGA NPs with antiTNF-a. A complex will be formed in
solution with antiTNF-a and an excess of the biopolyelectrolyte alginate (Alg). The
complex will be assembled in a PEM carrying antiTNF-a. It will be shown that in this
way the resulting PEM will be stable and only degrade in PBS progressively. The
strategy developed here can be extended to other antibodies and can be applied for the
development of carriers for sustainable delivery with multiple possible market

applications.

5.1.1. Characterization of the LbL assembling and antiTNF-a encapsulation

process

To confirm and monitor the LbL assembly, this was first conducted on a silicon oxide
coated quartz crystal in a QCM-D chamber. The antibody antiTNF-a is positively
charged and it could be assembled as polycation together with a negative charged
polyelectrolyte. Initial experiments were performed with different combinations of
natural polyelectrolytes. Several polyelectrolyte combinations of antiTNF-o and
biodegradable polyelectrolytes like with carboxymethylcellulose (CMC), chondroitin

sulfate, hyluronan, gelatin B, BSA and alginate, were tried. For the direct assembly of
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antiTNF-a as polyelectrolyte layer it was observed in all cases that the PEMs assembled
were not stable enough to remain attached onto the surface after flushing a PBS
solution; not even after the building up of more than 40 layers. Therefore, as alternative
it was decided to form a complex of antiTNF-a with polyelectrolyte in excess in bulk.
Having the antiTNF-a entrapped in a polyelectrolyte the charges of the polyelectrolyte
will be employed for the assembly in the PEM and the stability of the multilayer will be
determined by the interaction between the negative charge polyelectrolyte in the
complex and the polycation used for the LbL, and not involving antiTNF-a. Complexes
were formed between the different polyanions and antiTNF-a. For complex formation
an optimal combination was found for Alg and antiTNF-a with a molar ratio 2:1
Alg/antiTNF-a in 0.2 M NaCl at pH 4. The complex with this stoichiometry has a
hydrodynamic size of around 4.7 + 0.2 nm in diameter and a {-potential value of ~ -46.6
+ 2.4 mV (Figure 5.1). At this molar ratio the complex was stable and did not
precipitate. For PEM formation the complex was used as polyanion with poly(L-lysine)

(PLL) as polycation.

e wm E e m e  — w  —

Figure 5.1. (a) Size distribution by DLS and (b) {-Potential of the complex formed by
Alg/antiTNF-o with a molar ratio 2:1 in 0.2 M NaCl at pH 4.

The complex and PLL in 0.2 M NaCl were LbL assembled on a silicon oxide coated
quartz crystal in a QCM-D chamber. The pH of all the polyelectrolyte solutions was
adjusted to 4 by addition of either IM HCI or NaOH. The incubation time of each
polyelectrolyte layer was 15 min, and a 0.2 M NaCl solution was used to rinse the

crystal after each layer deposition.
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Figure 5.2. (@) QCM-D firequency and dissipation changes during the 25 PLL/Complex
multilayer assembly process. (b) Mass increase as function of the layer number,

calculated employing the Sauerbrey equation.

Figure 5.2a shows the variation in frequency (AF) and in dissipation (AD) during the
deposition of 25 multilayers of PLL/Complex. The mass deposited on the crystal was
calculated using Sauerbrey equation and in Figure 5.2b the increase of mass is plotted
per each layer deposited. A negative variation in frequency (AF) of ~ -427 Hz for the
whole PLL/Complex multilayers assembly is observed, revealing that the mass was also
continuously increasing up to a final mass of 7.72 pg/cm? for 25 layers. The increment
of mass per layer during the assembling of 25 layers shows an exponential growth

profile. Concerning the changes in dissipation, it is possible to observe in Figure 5.2a
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an increase of ~10X10 units confirming that the assembled film is densely packed.
Moreover, the ratio of dissipations and frequency changes (AD/-AF) is 2.34x10%/Hz, an
smaller value than 0.2x10°/Hz, which justifies the application of Sauerbrey equation to

calculate the mass deposited /321].

In the design of a drug delivery system the burst release is normally not desired but a
progressive release of the encapsulated material. The release of antiTNF-a,
encapsulated between PEMs will depend on the stability of the deposited layers. For a
progressive or sustainable release of antiTNF-a, the PEMs should have certain stability
and should not degrade at simple contact with the PBS solution but at the same time
they have not to be very stable and gradually start to peel off with time, delivering in
this way the antibody.

To study the stability of the system after LbL deposition of 25 layers of PLL/Complex,
either PBS or a solution of 1 mg/mL of lysozyme in PBS at 37 °C was flushed through
the QCM-D crystal and the frequency and dissipation changes were monitored. In
Figure 5.3a the frequency and dissipation changes when PBS at 37 °C was flushed
through the 25 PLL/Complex assembled multilayers are shown. Immediately after the
PBS injection into the chamber, an increment in AF of around 100 Hz was detected;
nevertheless, the AF recovers the same value that before PBS exposition after 1 hour of
flushing, and this frequency remains constant for the next 16 h. The fast increment in
the frequency when the PEMs were exposed to PBS indicates a loss in the mass that
may be due to a rearrangement of the PEM in presence of the phosphate salts or to the
increase of the ionic strength. This change is however revesible and the PEM recovers
its original frequency after passing through the 25 PLL/Complex multilayers PBS at 37
°C, meaning that no polymer is released. This result suggests that the interaction
between PLL and the Complex is strong enough not to be degraded by the PBS
flushing. In the case of the dissipation monitoring, a decrease of around 11 units can be
observed when PBS pass through the system, this dissipation value hold over the next
hours until the water rinse when the dissipation drops again to their value before PBS

flushing.
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Figure 5.3. QCM-D frequency and dissipation changes during the (a) PBS and (b)
lysozyme solution flushing through the 25 PLL/Complex multilayers film at 37 °C.

In order to expose the PEMs to more aggressive conditions than PBS at 37 °C, and
taking into account the possible use of the delivery system for biomedical applications,
a solution of 1 mg/mL lysozyme in PBS was passed through the preassembled
multilayers film at 37 °C. The frequency and dissipation change monitored in the QCM-
D for the flushing of the lysozyme solution through 25 PLL/Complex multilayers is
represented in Figure 5.3b. As same as observed when PBS was flushed through the
system, an increase in the frequency and a decrease in the dissipation were observed at
the beginning of the flushing, and as well, after 1 hour of flushing, the frequency and

dissipation, return to their original values. Not even lysozyme in solution at 37 °C is

140



Chapter 5 PLGA NPs as potential carriers for drug delivery

able to disrupt PLL-Complex interaction and cause the peeling off of the 25
preassembled PEMs.

The building up and the release experiments performed by QCM-D suggest that the
PLL/Complex PEMs, form a highly stable film that cannot be easily disrupted.
PLL/Complex multilayers with antiTNF-a entrapped in the Complex layers do not have
the drawback of fast peel off and burst release, and with the advantage of controlling the

amount of antibody encapsulated by the number of multilayers deposited.

5.1.2. Layer by Layer encapsulation of antiTNF-a onto PLGA NPs surface and

release profiles in PBS

For the fabrication of the actual carrier, the antibody antiTNF-o was assembled on
PLGA NPs using LbL technique. Polyelectrolyte solutions were prepared as mentioned
above for the characterization of the LbL assembling process onto planar surfaces. The
incubation time of each polyelectrolyte layer was 15 min, and the NPs were washed
with a 0.2 M NaCl pH 4 solution three times between each layer, until reaching 11 or 25
layers of PLL/Complex onto PLGA NPs, being in both cases PLL at the outmost layer.

The PEMs deposition onto PLGA NPs was followed via (-potential measurements
(Figure 5.4). The alternative assembly of polyelectrolytes of opposite charge induces
surface recharging and the consequent change in the sign of the potential. BSA
stabilized PLGA NPs displayed a {-potential of -25.5 mV. During the LbL assembly of
PLL/Complex the C-potential oscillated between +13 + 2 mV and -25 + 2 mV, for
either PLL or the Alg/ antiTNF-o complex as the outmost layer

After LbL assembly and antiTNF-a encapsulation onto PLGA NPs, the release of the
antibody was study in PBS at 37 °C and 60 °C for NPs containing either 11 or 25
PLL/Complex multilayers. A solution of 1 mg/mL in 10 mM PBS of PLGA NPs with
encapsulated antiTNF-a, was prepared. Then, the NPs were incubated in a
thermostatically controlled shaker at 100 rpm at 37 °C or 60 °C. In designed time

intervals, samples of the NPs suspension were taken out and centrifuged at 10 000 g for
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3 min. After centrifugation the remaining PLGA NPs with encapsulated antibody were
hydrolyzed with 1 mL of 0.1 M NaOH solution at 60 °C for 30 min, and then the
solution was adjusted to pH 7.4 by adding 1 M HCI. The amount of antiTNF-a released
and not released from the PLGA NPs coating was quantified by using the Q-ADA Kit.
The released samples were exposed to Q-ADA solutions that specifically react with
antiTNF-a, and then the UV absorption of the generated compounds was measured with
a plate reader recording at 450 nm. To calculate the concentration of the antibody
released, a calibration curve was previously made by testing with Q-ADA Kit antiTNF-

o solutions in PBS at different known concentrations.

coPatential {mv)
(=]
L

Figure 5.4. Variation of the (-Potential of BSA stabilized PLGA NPs during
PLL/Complex LbL assembly.

The amount of antiTNF-a encapsulated between the PEMs was obtained by hydrolyzing
a known amount of PLGA NPs coated with PLL/Complex layers and afterwards testing
the remaining solution by Q-ADA text as well. PLGA NPs coated with 11 layers can
load close to 53 pg of antibody per 1 mg of PLGA NPs, while PLGA NPs coated with
25 PEMs load up to 177 pg per each mg of PLGA NPs.

142



Chapter 5 PLGA NPs as potential carriers for drug delivery

The release of antiTNF-a from the PLGA NPs in presence of PBS was studied over 5
days. The antibody release curves for PLGA NPs coated with 11 PLL/Complex layers
are shown in Figure 5.5a and 5.5¢. It is observed that the release of antiTNF-a is very
fast at the beginning, and then became substantially slower after 8 h, resembling a first
order release model although the data cannot be fitted by Higuchi model because of the

burst release at the beginning of the profile.
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Figure 5.5. Release profiles at 37 °C and 60 °C of antiTNF-o. from the PLGA NPs
represented in: (a) concentration in ug of antiTNF-o. per mL of PBS and (c) released
ratio for PLGA NPs coated with 11 layers of PLL/Complex, and (b) concentration in ug
of antiTNF-o. per mL of PBS and (d) released ratio for PLGA NPs coated with 25 layers
of PLL/Complex.

The release profile of antiTNF-o from the PEMs was measured at 60 °C, to study the
effect of temperature on in the delivery. Comparing the antiTNF-o at different
temperatures, the final release rate is slower at 37 °C than at 60 °C. After 24 h ~29

143



Chapter 5 PLGA NPs as potential carriers for drug delivery

pug/mL (50 %) of antiTNF-a was released from PLGA NPs coating at 37 °C, while at 60
°C up to 40 pg/mL (70 %) of antibody was delivered. After 5 days, the release of
antiTNF-a from the 11 layers LbL coating almost reached close to 40 pg/mL (70%) at
37 °C, while at 60 °C all the antibody seems to be completely liberated (58 pg/mL).

The release of antiTNF-a from the 25 layers PEMs assembled on PLGA NPs, was also
characterized in PBS using Q-ADA assay. The release profiles are represented Figure
5.5b and 5.5d. Similar as for 11 layers, with 25 PLL/Complex layers antiTNF-a is
released relatively fast in the first hours of NPs exposure to PBS either 37 or 60 °C, and
after 8 h the liberation of the antibody became slower. Comparing the antiTNF-a release
at different temperatures, it is possible to see that release rate at 37 °C is slightly slower
than at 60 °C. After 24 h ~72 pg/mL (50 %) of antiTNF-o was released from the 25
layers coating at 37 °C, while at 60 °C up to 82 pg/mL (55 %) of antibody was released.
After 5 days, the release of antiTNF-a from the 25 layers coating reached 105 pg/mL
(60%) at 37 °C, and at 60 °C almost 110 pg/mL (70 %) of the antibody was liberated.
The release profile when antibody is liberated from the 25 layers coating can be
compared with a first order release model, but as in the profile for 11 layers, due to the

burst release at the beginning of exposure, the data cannot be fitted by Higuchi model.

Comparing the results profiles obtained for the release of antiTNF-a from PLGA NPs
LbL coated with 11 and 25 PLL/Complex layers in PBS at 37 and at 60 °C, it is possible
to observe that in both cases the release curves have similar tendencies, a burst release
at the beginning that becomes slower after 8 h. In addition, it is possible to confirm that
the amount of encapsulated antiTNF-o can be controlled by the number of layers
deposited onto PLGA NPs surface, almost the double of antibody was released for the

NPs coated with 25 layers as with the ones coated with only 11 layers.
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5.1.3. “In vitro” release of antiTNF-a from PLGA NPs

The amount of antiTNF-a present in HepG2 cells after co incubation with PLGA NPs
was quantified with the Q-ADA Kit. The HepG2 cell line was cultured in DMEM with
10 % FBS and 1000 U penicillin, 10 mg/mL streptomycin at 37 °C and in 5 %
CO,.When the cell confluence was around 70 %, all the cells were trypsinized. 10° cells
were seed into each well of a 12-well plate. 24 h later, PLGA NPs with antiTNF-a
encapsulated in 11 or 25 PLL/Complex multilayers coating, were added into the culture
medium at a final concentration of 100 pg/ mL following different incubation times.

Finally, the cells were washed with PBS twice, trypsinized and lysed.

In Figure 5.6a the amount in ng/mL of antiTNF-a in one million cells has been
displayed as a function of the incubation time for both, PLGA NPs, with 11 and 25
coating layers. In Figure 5.6b the release ratio of antiTNF-o has been plotted as
function of the time for PLGA NPs coated with 11 and 25 PEMs. It is observed that for
both cases 11 or 25 layers, the increase in concentration of antiTNF-a inHepG2 cells
resemble a first order release profiles in a similar way as for the release profiles in PBS

showed in Figure 5.5.

When HepG2 cells were exposed to PLGA NPs coated with 11 layers, a gradual
increase of the antibody inside 10° cells over time is shown. After 4 days of co-
incubation, the antibody uptake reaches the 22 ng/mL, which represents the 80% of the
encapsulated antibody. For the cells exposed to PLGA NPs coated with 25 layers, a
burst uptake of the antibody can be observed at the beginning of the profile. After 5
hours the release becomes slower liberating close to 32 ng/mL of antiTNF-a after 4
days; this amount represents the 95% of the antibody encapsulated for the given sample
of PLGA NPs. The encapsulation of antiTNF-a between the PEMs coating onto PLGA
NPs seems to be effective for the gradually release of the antibody inside the cells.
Nevertheless, these experiments only prove the presence of the antibody in the cell

population.
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Figure 5.6. Release profiles of antiTNF-a liberated inside 10° HepG2 cells from the 11
and 25 LbL coatings of PLGA NPs. The release profiles are represented for: (a)

concentration in ng/mL and (b) released ratio.

To effectively prove the intracellular liberation of antiTNF-o. CRM experiments were

performed. In Chapter 4 it has been shown that CRM can be used to study the uptake of
carbon nanotubes (CNTs) /155, 317], and PLGA NPs /99, 322] into cells. CRM
provides both information on the CNTs or PLGA NPs localization within cells,

internalization and co-localization within cell components. CRM allows differentiating

regions within a cell from their Raman signals as it can be appreciated in Figure 4.3.

The nucleus, the cytoplasm and lipid bodies by their chemical signature can be

recognized from their signature in the Raman spectra. The nucleus region, for example,
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reveals the smallest intensity ratio of CH, to CH3 bands and specific bands assigned as

vibration of DNA bases of adenine (A) and guanine (G).
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Figure 5.7. Spot Raman spectra (black) in cells exposed to PLGA NPs with antiTNF-a.
Encapsulated on their surface Green, red and blue curves denote the component spectra
of PLGA NPs, antiTNF-a and cell. The insets correspond to a zoom in the spectra for
the region of the antibody signals.

In Figure 5.7 it is observed the Raman spectra recorded in a HepG2 cell, which has
been cultured in the presence of PLGA NPs with a 25 layers PLL/Complex. The Raman
spectra recorded (black) displays features from the region of the cell cytoplasm as it is
deduced from the relation of the bands between 2850 and 2900 cm™ (Figure 4.3), but
also presents new bands in the methyl-methylene stretching region. These bands
correspond to the characteristic CH, and CHj3 vibrations of PLGA NPs. Moreover, it is
also possible to visualize three characteristic bands between 1500 and 1700 cm™ (inset
Figure 5.7), which correspond to proteins and C=0 stretching modes signals coming
from antiTNF-a. For comparison the spectra of pure PLGA NPs (green), antiTNF-a
(red) and of the cell cytoplasm (blue) have been included in Figure 5.7. From the spot

Raman spectra recorded can be concluded that it is possible to prove the colocalization
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of the PLGA NPs, antiTNF-a and cell cytoplasm within the dimensions of the confocal
spot.

Raman spatial spectra mappings were recorded within cells, which had been exposed to
NPs and contain antibody entrapped in their surface with a distance increment of 0.7
um. The relative integral intensities of the NPs and antiTNF-o contribution in the
Raman spectrum within the cell after spectra decomposition were obtained as described
above. The lipid CH, symmetrical stretching band at 2852 cm™ was chosen as reference
band to obtain the cell signal distribution across the scanned map. An arbitrary line in
the middle of the cell in the x direction was chosen to analyze the components
distribution across the cell. The integral intensities of vs(CH;) were plotted as a function
of the distance along the line. The lipid distribution across the cell reflects the presence
of lipid bodies, cytoplasmic lipid inclusions and lipids in intracellular membranes. A
well pronounced maximum in the lipid distribution would indicate the presence of lipid

bodies at a particular location.

The distributions of PLGA NPs, antibody and lipids in the cell are shown in Figure
5.8a. The individual intensities of all components were weighted to the maximum of
intensity. The transmission image of the selected cell map and the line along which the
NPs and antibody distributions were studied is shown in Figure 5.8b as a rainbow color
presentation. The analysis of the Raman spectra of representative cells reveals that the
major antibody fraction almost coincides with the maximum of the lipid signal of the
cell, and a very small fraction of the antibody maximum signal is coincident with the
intensities distribution of PLGA NPs. These results suggest that major part of the
antibody encapsulated onto PLGA NPs is released inside the cell, and this liberated
material preferentially co-localize in the lipid rich region or in the cytoplasm of the cell.
Nevertheless, the distribution of intensities across the selected line also showed that part
of antiTNF-a is coincident with PLGA NPs, revealing the presence of NPs with
encapsulated material. PLGA NPs with entrapped antibody are present as well in the

lipid bodies region and the cytoplasm of the cell.
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i

Figure 5.8. (a) PLGA (black line), antiTNF-a (red line) and cell lipids (blue line)
distributions across a cell exposed to PLGA NPs. (b) Transmission image of the cell.
The map reflects the antibody intensity distribution in rainbow presentation. The red
colour corresponds to the maximum intensity of the protein bands corresponding to
antiTNF-o. The dash line is the arbitrary line chosen for the distribution analysis

showed in (a).

CRM mapping demonstrates the release of antiTNF-a from PLGA NPs inside the cell.
As it can be observed in Figure 5.8a in the line analysis, in which there are some areas
where bands from the antibody are not coincident with that of the PLGA NPs, meaning
that the antiTNF-a is present in areas where no PLGA NPs can be detected This proves
that the antiTNF-a has been released from the PLGA NPs at least partially.

5.2. Study of intracellular delivery of doxorubicin from

Poly(lactide-co-glycolide) Nanoparticles

Controlling and monitoring the release of an encapsulated drug, is an important factor in

designing more effective drug carriers. Although, release kinetics are easy to monitor in
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the laboratory in biological fluids, it is quite difficult to track the liberation of an
encapsulated drug at the cellular level. For example, Doxorubicin (Dox) is one the most
frequently used drugs for cancer treatment and is also one of the anticancerigens most
commonly used as a model drug for delivery due to its intrinsic fluorescence which
makes it suitable for different characterization techniques. Dox acts by intercalating
itself in the DNA chains and, in this way, inhibits the strand replication process.
Nevertheless, typical fluorescence techniques, such as flow cytometry or confocal laser
scanning microscopy, are frequently limited when applied to “in vitro” characterization
of Dox release from a carrier, since it is very difficult to distinguish between
fluorescence due to the released drug and the encapsulated drug. Dai X. and co-workers
[323], showed for the first time that fluorescence lifetime imaging microscopy (FLIM)
can be applied for measuring drug delivery inside cells and permits the environment of
the drug in the cell to be determined. FLIM produces contrast images based upon the
lifetime of the fluorophores. The lifetime of a fluorophore is the average time the
fluorophore remains in the excited state before emitting a fluorescence photon.
Interactions between the fluorophore and its local environment can affect the lifetime
and, thus, can be used to probe the local environment within which the fluorophore
resides, e.g. inside the cell. As a result, lifetime data provides information about the
intramolecular interactions, such as protein binding /324/, pH changes [325/, local
viscosities /326], presence of quenchers /327, 328/, and many others which are also

helpful in drug delivery detection.

The drug delivery can finally be assessed by monitoring the effects of the cargo on the
cell function, once released. In the case of Dox this can be done by measuring how cell
viability is affected by the release of the drug with standard methods for measuring
proliferation. Also, Confocal Raman Microscopy (CRM) provides a means to monitor
alterations in the cell machinery due to the drug liberation. CRM can detect DNA
damage by measuring variations in the intensity of the DNA bases, adenine and guanine
bands. The ratio of the adenine and guanine bands to the protein bands (Amide III band)
in the nucleus has been proposed as a means to evaluate the toxicological end points and

cell response to drugs and nanomaterials/755, 373].
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In this section is dedicated to study the effectiveness of the PLGA NPs for intracellular
drug delivery. For this purpose Dox has been encapsulated as a model drug into PLGA
NPs. The drug was encapsulated during NP preparation via double emulsion-solvent
evaporation method. The release of Dox from NPs was studied in PBS. The kinetics of
NP and Dox uptake “in vitro” were then measured by using flow cytometry. Dox
release at the single cellular level was measured by fluorescence life time microscopy
(FLIM). Cell viability experiments were conducted to assess the capacity of the PLGA
carriers with Dox to decrease cell viability. In parallel, DNA defragmentation due to the

presence of Dox was measured by CRM.

5.2.1. Doxorubicin release from PLGA NPs in PBS

PLGA NPs with encapsulated doxorubicin (Dox) were prepared by the W/O/W double
emulsion—solvent evaporation method using BSA as a stabilizer /98, 99/. The Dox
loading efficiency was determined by measuring the UV absorption of a known quantity
of hydrolyzed PLGA NPs with encapsulated Dox. Dox encapsulation preformed in
combination with PLGA NPs fabrication via the double emulsion—solvent evaporation

method has a loading efficiency of approximately 80%.

The release behavior of the PLGA NPs with encapsulated doxorubicin (PLGA(Dox)
NPs) was first studied in PBS. A 1 mg/mL solution of PLGA(Dox) NPs in 10 mM PBS
was prepared, following this, the NPs were incubated in a thermostatically controlled
shaker at 100 rpm at 37 °C. In the designed time intervals, samples of the NPs
suspension were taken and centrifuged at 10 000 g for 3 min. The absorption at 480 nm
of the supernatant was recorded using a Varian spectrophotometer (Cary-500). After
centrifugation the remaining PLGA(Dox) NPs were hydrolyzed with 1 mL of 0.1 M
NaOH solution at 60 °C for 30 min, and then the solution was adjusted to pH 7.4 by
adding 1 M HCI. The absorption at 480 nm of the hydrolyzed NPs was also measured
using the spectrophotometer. Release experiments in PBS were also performed at 60 °C.
To estimate the amount of Dox released, a calibration curve was created by measuring
the absorption at 480 nm of Dox in PBS at different concentrations. The release curves

are shown in Figure 5.9. The rate of Dox release was initially rapid, before reducing
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substantially after 2 h. Although the release profiles resemble a first order release
model, the data cannot be fit to a Higuchi model. This is probably due to the burst

release shown at the beginning of the profiles.
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Figure 5.9. Release profiles of doxorubicin from PLGA NPs in PBS at 37 °C and 60 °C,
plotted for (a) ug/mL of doxorubicin released and (b) percentage of doxorubicin
released, from 1 mg of PLGA NPs in PBS.

In order to study the impact of temperature on the release, a temperature higher than that
of the glass transition temperature (Tg) of the PLGA (55-58 °C) was chosen. In contrast
to the glassy state, in which the polymer chains are hardly mobile, the segments of the
PLGA chains have increased mobility, leading to easier diffusion of molecules in the
polymer matrix /716, 329]. The release curves at 60 °C are also shown in Figure 5.9.
Comparing the Dox release at different temperatures it can be seen that the release rate

is slower at 37 °C than at 60 °C. After 8 h 17 % of Dox was released from PLGA NPs at
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37 °C, while at 60 °C around 22 % of the drug was released. After 3 days, the release of
Dox from PLGA NPs approached 30% at 37 °C and 42 % at 60 °C. The slow release of
Dox from PLGA NPs either at 37 °C or 60 °C in PBS can be explained by the Dox
positive electrostatic charge /330/ that may form a strong complex with the negatively

charged BSA present in the surface of PLGA NPs.

5.2.2. “In vitro” release of doxorubicin from PLGA NPs

Taking advantage of the intrinsic fluorescence emission of Dox at 588 nm, for an
excitation wavelength of 480 nm, Dox release inside HepG2 cells can be characterized
via fluorescent techniques. Therefore, flow cytometry was used to investigate, in
parallel, cellular uptake of the NPs and Dox by monitoring both fluorescence intensities,
from Dox and from PLGA NPs. NPs were prepared with fluorescein labeled PLGA.
The HepG2 cell line was cultured in DMEM with 10% FBS and 1000 U penicillin, 10
mg/mL streptomycin at 37 °C and in 5 % CO,.When the cell confluence was around 70
%, all the cells were trypsinized. 100 000 cells were seeded into each well of a 24-well
plate. 24 h later, fluorescent PLGA NPs with encapsulated Dox, were added into the
culture medium to give a final concentration of 100 pg/ mL, following different
incubation times. Finally, the cells were washed with PBS twice, trypsinized and

studied with flow cytometry.

In Figure 5.10a the mean fluorescence per cell has been displayed as a function of
incubation time while in Figure 5.10b the cellular uptake ratio has been plotted as a
function of time for the PLGA NPs and for Dox. In both cases, fluorescence intensity
and cellular uptake, it can be seen that the amount of PLGA NPs associated with the cell
increases rapidly in the first hours of incubation, and then after 2 hours both values
stabilize, reaching, after 24 hours of incubation, a fluorescence intensity of ~242 a. u.,

which represents a cellular uptake ratio of almost 90 %.

On the other hand, from the Dox fluorescence intensity and cellular uptake ratio it is
possible to observe that the amount of Dox associated with HepG2 cells quickly

increases in the first 4 hours of exposure, and then stabilizes for the next 4 hours with a
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fluorescence intensity value close to 230 a. u. (cellular uptake ratio of 66 %). Moreover,
after 8 hours the fluorescence intensity of Dox inside the cell begins to gradually
decrease, reaching a value of ~117 a. u. after 24 hours. The unexpected decrease in the
fluorescence intensity and cellular uptake ratio of Dox could be interpreted as
quenching of the Dox. This could be because Dox reaches the cell nucleus and stops the
replication process by intercalating between the DNA strands /337, 332/, or simply due
to lower emission intensities of Dox inside the cell when compared to encapsulated in

the NPs.
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Figure5.10. (a) Fluorescence intensity of PLGA NPs and Dox inside HepG2 cells and
(b) percentage of doxorubicin and PLGA NPs taken up by HepG?2 cells.
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Flow cytometry clearly shows PLGA NPs and Dox association within the cell;
nevertheless, it is not possible to distinguish if Dox has been released from PLGA NPs
or if it is still loaded in PLGA NPs. This can only be determined after a few hours due
to the decrease in fluorescence intensity of Dox while the values for PLGA remain

constant.

In order to probe the intracellular release of Dox from PLGA NPs FLIM was employed.
Confocal laser scanning microscopy (CLSM, Carl-Zeiss LSM 10 META) combined
with fluorescence lifetime imaging microscopy (TCSPC FLIM, Becker&Hickl Gmbh)
equipped with a pulsed diode laser (405 nm) were used to image the cells after
incubation with fluorescent PLGA(Dox) NPs. 100 000 cells were seeded on a coverslip
which was placed in a 3.5 cm culture plate. 24 h later, PLGA NPs were added into the
culture medium to give a final concentration of to 50 pg /mL. After 4 hours of
incubation, the culture medium was removed and the cells were rinsed three times with
sterilized PBS. The cells were subsequently fixed with 3.7 % formaldehyde solution in
PBS for 30 min. Finally, the coverslip was sealed with Mounting Medium for

fluorescence and observed under CLSM employing a 63X oil objective.

Water solutions of Dox and Dox loaded into PLGA NPs were first characterized by
FLIM. Dox in water excited by a 405 nm laser, was found to have a lifetime of 1.15 ns
(Figure 5.11b) with a homogeneous distribution, as can be seen in its lifetime image
and lifetime histogram (Figure 5.11a and c). Unlike the free drug, Dox encapsulated in
PLGA NPs displays a longer lifetime, with a value of 3.12 ns (Figure 5.11d-f). It can be
expected that the lifetime of Dox increases following encapsulation when compared to
free Dox in water, due to the fact that encapsulation reduces exposure to possible

quenchers, such as dissolved oxygen in water.

As it has been shown by using flow cytometry in PBS, Dox release from PLGA NPs
occurs rapidly. To avoid a high concentration of Dox in the media, PLGA NPs with
encapsulated Dox were incubated with HepG2 cells for a relatively short time of 4 h and
then studied by FLIM. In Figure 5.11g it is seen the lifetime image of HepG2 cells
exposed to PLGA(Dox) NPs, also shown is the lifetime distribution within the cell
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cytoplasm (Figure 5.11i). The lifetime distribution is relatively narrow, indicating that

there is only one fluorescent species of Dox present inside the cell.
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Figure 5.11. Lifetime images and corresponding lifetime decay curves and lifetime
distributions of Doxorubicin in water (a-c), Doxorubicin loaded into PLGA NPs (d-f)
and HepG?2 cells incubated with doxorubicin loaded PLGA NPs (g-i).

The lifetime value for Dox inside the cell was measured to be 1.61 ns, as can be seen in
Figure 5.11h and 5.11i, this is not consistent with the lifetime of free Dox in water or
PLGA(Dox) NPs. Nevertheless, it very well known that the lifetime of a fluorescent
molecule strongly depends on its environment. Dox tends to form =m-m stacks with
aromatic groups of biological compounds, which again reduce Dox exposure to external
quenchers resulting in an increase of the lifetime value /323, 333/. In addition, the Dox

lifetime obtained inside the cytoplasm of HepG2 cells is comparable with the lifetime
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value obtained by Dai X. and co workers in the cytoplasm of HeLa cells /323/. The
results obtained by FLIM for HepG2 cells co-cultured with PLGA(Dox) NPs, suggest
that after 4 hours of incubation, Dox is completely released from PLGA NPs and
preferentially locates in the cell cytoplasm. No measurable lifetime could be recorded
inside the nucleus, however, the small aggregates of DOX in the proximity of the
nucleus that could be observed in the lifetime image (Figure 5.11g), correspond to free
Dox. The fact that Dox could not be detected inside the nucleus in the experiments may
be because when Dox enters the nucleus the cell will immediately die. In all the
experiments performed here, alive cells were used and therefore the possibility of Dox

being present inside the nucleus is likely to be minimal.

5.2.3. Cell viability studies

Cell proliferation was also studied to indicate Dox release since is well known that this
anticancer drug is able to kill cancer cells such as the HepG2 cell line. The cell
proliferation was studied with the MTT assay. Initially, approximately 5000 HepG2
cells were planted into each well of a 96-well plate, and after 24 h, PLGA(Dox) NPs
were added into culture media at different concentrations (0, 20, 50,100, 200 xg/mL).
After different time intervals of co-incubation, 20 mL of MTT solution (5 mg/mL in 10
mM PBS) was added into each well of the plates and incubated for 3 h. The absorbance

was measured by means of a plate reader at 550 nm.

The graph in Figure 5.12, clearly shows that the cell viability after incubation with
PLGA(Dox) NPs decreases with higher NP concentrations and increasing incubation
time. In the first 2 h at 10 ug/mL, the lowest concentration of NPs, cell viability was
around 68 % and close to 34 % for the same concentration following 24 h of incubation.
In case of the higher concentration of NPs (100 ug/mL) cell viability was almost 50 %
in the first 2 h of incubation, decreasing to approximately 8 % after 24 h of incubation.
MTT results shows that cell viability decreases considerably after 24 h of incubation
with PLGA(Dox) NPs. It was previously shown that PLGA NPs stabilized with BSA, as
prepared here, have no toxic effect in HepG2 cells /99/; therefore, the low viability of

the cells can be related directly to the presence of Dox.
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Figure 5.12. Cell viability of HepG2 cells after co-incubation with PLGA(Dox) NPs at

various concentrations over 4 days.

Since the action of Dox is due to its intercalation in the DNA strands inhibiting the
replication process, CRM experiments were conducted to study the impact of the
delivery of Dox in cell physiology. As for FLIM, CRM allows us to look at individual
cells. Differences in the Raman spectra of the nucleus region were found between
control cells and cells exposed to PLGA(Dox) NPs. Spectra were deconvolved into the
cellular and the respective NP components. The signal of the PLGA NPs and Dox were
subtracted from the total spectrum to remove the overlapping Raman signals in the
region of amide III and nucleic acids. Figure 5.13a shows the changes in intensity of the
Raman peak at 1338 cm™, associated with a nucleotide signal and in the amide III peak
for cells treated with empty or Dox loaded NPs. The corresponding spectral region was
deconvoluted into six components (inset of Figure 5.13a), from the resulting signal it
was possible to calculate the integral peak ratio between the peak related to A, G (1338
cm’™") and the peaks of the protein amide III bands, consisting of random coils, p-sheet
and o-helical contributions (1200-1290 cm™). The ratio of the A G bands to the amide

T bands are summarized and compared with the control in the table in Figure 5.13b.
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Figure 5.13. (@) Averaged Raman spectra from the nucleus of cells treated with PLGA
NPs (green line) and PLGA(Dox) NPs (orange line) compared with the spectrum of the
nucleus of untreated cells (blue line). The inset figure shows the peak fitting analysis of
a Raman spectrum from the nucleus of untreated cells. The arrows denote f-sheets, o

helices and A, G bands from left to right. (b) Summary table of the integral intensity

ratio between A, G bases and amide Il protein bands.

The calculated DNA/protein ratio can be taken as a measure of the damage in the cell
nucleus induced by the toxic effect of external molecules. When HepG2 cells were
exposed to PLGA NPs there was a minimal change observed in the DNA/protein ratio
compared with the ratio of the control cells, revealing that there is almost no effect
detected in the nucleus of the cells as a result of PLGA NPs co-culturing. In contrast to
the PLGA NPs, a dramatic decrease of the DNA/protein ratio can be detected, in the

case of Dox loaded PLGA NPs the ratio drops to approximately 29% of the
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DNA/protein ratio of the control sample. The results prove the acute toxicity of Dox
since PLGA NPs alone do not show any toxic effect on HepG2 cells. One possible
explanation of the decrease of the DNA/protein ratio is fragmentation of DNA as a
result of Dox intercalation into DNA strands and enzymes inhibition. Moreover,
conformational changes of the secondary structure of proteins can be observed from
Figure 5.13a in the spectra of cells treated with PLGA(Dox) NPs. The intensities of o-
helix associated peaks at 1270 cm™ are reduced compared with those resulting from f-
sheets at 1256 cm™. The deconvolution of amide III bands revealed the same tendency.
The protein fraction with random coils and a-helical conformations are reduced and
conformational transformation to -sheets occurred in cells exposed to NPs containing

Dox.

Raman experiments were also performed using living cells and cells exposed to PLGA
NPs for 4 hours. The observed effects on cells may be due to the presence of the Dox in
cytoplasm before coming into the nucleus since, as already mentioned for the FLIM

experiments, cells with Dox outside the nucleus could be seen to be alive.
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Conclusions

This PhD thesis work presented the design, fabrication and surface engineering of

PLGA NPs and CNTs as potential nanocarriers for targeted delivery. The surface

modification of both nanomaterials was carried out on the basis of polyelectrolyte

molecules through LbL films and polyelectrolyte brushes, combined with covalent

chemistry, and on the self assembly of lipid vesicles. It has been demonstrated that

through the proper surface modification of PLGA NPs or CNTs it is possible to control

their interactions with the cells such as, uptake, localization, biological fate and toxicity.

Moreover, it has been shown that there is a potential use of PLGA NPs as drug delivery

carriers through the encapsulation and “in vitro” release of different molecules. The

main results of the thesis are summarized below:

PAA/PEI multilayers were successfully built up on positively charged PLGA
NPs, and were used for further surface engineering through the covalent
attachment of PEG and PEG-FA molecules. The PAA/PEI multilayer coating
and pegylation provide a simple and stepwise procedure to define the surface
properties of the NPs especially regarding their interaction with proteins and
cells. Co-culture of the engineered NPs with HepG2 cancer cells revealed that
the cellular uptake of the NPs decreased significantly after pegylation. However,
a higher cellular uptake was obtained for the NPs whose surface was engineered
with PEG-FA. It is known that the tumor cells such as HepG2 overexpress folate
receptors on their membranes, thus the PEG-FA coated NPs can be potentially

used as the specific targeting carriers for anticancer drugs.

Chitosan (Chi) and alginate (Alg) were LbL assembled on top of the BSA
stabilized PLGA NPs. The PEMs also provided a stable coating for further
functionalization with specific recognition functions by means of covalent
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binding of FA and PEG-FA. The Chi/Alg multilayers, with either Alg or Chi at
the outermost layer, displayed very low interaction with albumin, with minimal
deposition on the multilayer and display a very low association with cells. These
results allow us to envisage the use of Chi/Alg multilayers as antifouling
coatings to avoid interactions with proteins and to decrease cell uptake. A higher
cellular uptake has been achieved after FA or PEG-FA was covalently bound to

the multilayer.

The results obtained for PLGA NPs engineered with either, PEI/PAA or Chi/Alg
multilayers, show that the LbL approach combined with covalent binding of
PEG and FA, can tune the surface properties of the NPs to reduce unspecific

interactions and to achieve targeted delivery in cancer cell lines.

e PLGA NPs have been surface modified with lipid layers assembled on top of a
polyelectrolyte coating. The cellular uptake and the co-localization of PLGA
NPs inside HepG?2 cells can be controlled by proper engineering of their surface
with mixed lipid layers of DOPC and DOPS. Lipid coated PLGA NPs are taken
up by cells, forming vesicle-like aggregates in the proximity of the nucleus,
more specifically they co-localize with the ER in the HepG2 cells. Increasing the
molar ratio of DOPC in the lipid coating of the NPs, results in more vesicle-like
aggregates with a clear co-localization in the ER of the cell, although fewer NPs
are taken up. Regarding the uptake mechanism, lipid coated PLGA NPs were
not taken up via fusion of their lipid coatings with the cell membrane. The
internalization mechanism of unmodified PLGA NPs follows clathrin-mediated
endocytosis, macropinocytosis and internalization through the cell cytoskeleton,
while the PLGA NPs coated with lipids, either with 65:35 or 95:5 DOPC/DOPS,
were found to be internalized into the cell mainly via macropinocytosis, clathrin-

mediated and caveolae-mediated endocytosis.

The strategy presented for the engineering of PLGA NPs with lipid layers with a

variable composition of DOPC and DOPS represents a simple but effective way

of targeting NPs towards the ER as well as controlling the amount of NPs
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assimilated by the cells. Therefore, PLGA NPs engineered with lipid layers
could potentially be used for the treatment of different diseases in which the
synthesis and transport of proteins in the ER play an important role, such as the
intracellular delivery of some proteins as cancer vaccinations, or for the delivery
of specific sugars that are known to inhibit glycoproteins folding, useful in

antiviral human pathogens treatments.

e CNTs have been successfully coated with a negatively charged polyelectrolyte
brush of PSPM by in situ polymerization employing ATRP from initiating
silanes attached onto the CNTs surface. The covalently bonded polymer brush
forms an organic layer around the CNTs and provides colloidal stabilization in
aqueous media. The polymer shell also serves as a scaffold for the synthesis of
nanoparticles such as: quantum dots or magnetite to form hybrid organic—
inorganic CNT—polymer—NP structures. The fabrication strategy followed
results in water stable, hybrid CNTs nanocomposite structures that could have
applications in the design of more complex systems and devices. The
synthesized nanoparticles, endow CNTs with magnetic or fluorescence
properties. The procedures developed could be applied to the synthesis of other

nanoparticles as cargo to broaden the usefulness or functionality of the CNTs.

e The PSPM shell surrounding the CNTs was also used for the assembly of lipid
layers on top of the CNTs. The strategy followed comprised the assembly of an
oppositely charged polyelectrolyte layers on top of CNTs-PSPM, and, finally,
the assembly of lipid vesicles composed of 1,2-dioleoyl-sn-glycero-3-choline
and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine on top of the polymer cushion.
The whole procedure was performed in an aqueous environment resulting in a
stable colloidal dispersion. The proposed strategy of functionalization could be
used for the coating of surfaces where CNTs are present as part of composites

and biocompatibility is required.
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By means of CRM it has been shown that PLGA NPs either stabilized with PEI
or with BSA can be internalized in HepG2 cells. The Raman data
unambiguously prove the interpretation given by flow cytometry and confocal
laser scanning microscopy that the NPs were internalized. PEI stabilized NPs
were taken over a longer period of time compared with BSA stabilized PLGA
NPs. CRM proves that both kinds of PLGA NPs are found in the region of the
lipid bodies. Cell viability studies shows that PEI stabilized NPs are moderately
toxic, while BSA stabilized NPs display very good biocompatibility, resulting in
cell viability percentages comparable or better than the control. These results
indicate the potential use of PEI/BSA coated PLGA NPs for intracellular
delivery.

The interaction of the stepwise modified CNTs with HepG2 cells has been
studied by means of CRM based on spontaneous Raman emission, TEM and cell
toxicity assays. It has been found that oxidized and polyelectrolyte coated CNTs
have a higher toxicity than lipid coated CNTs. The lipid coating significantly
reduces the toxic effect of CNTs. The results suggest the use of lipid coated
CNTs for biological applications, delivery or sensing, where a moderate toxic
response in vitro is acceptable. Also, the proposed strategy of functionalization
could be used for the coating of surfaces where CNTs are present as part of

composites, reducing their possible toxic effects.

Spontaneous CRM has been successfully applied to identify PLGA NPs and
CNTs with different surface modification in single hepatocarcinoma cells. The
obtained results prove that CRM, being a label-free technique, is a powerful tool
to study the uptake of nanomaterials in cells. For either, PLGA NPs or CNTs,
CRM confirms the internalization and co-localization within different
environments of the cell (cytoplasm, lipid bodies and nucleus). CRM was also
used as a tool to measure toxicity, since is possible to analyze the signals coming

from DNA and proteins of the cell nucleus.

A strategy for the encapsulation of antiTNF-a in PEMs has been developed on

the basis of the complexation of antiTNF-a with an excess of Alginate, and the
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assembly of this complex in the PEMs. It has been proved by means of QCM-D
that a stable multilayer can be built up by the complex and PLL. PEMs with up
to 25 layers of antiTNF-a /Alg and PLL were fabricated which, suffer little

degradation in the presence of PBS or lysozyme.

The assembly of the antiTNF-a /Alg complex was performed on PLGA NPs.
For the particles the antiTNF-a is released following an approximate first order
release mechanism in PBS, which is not temperature dependent. Uptake
experiments at intracellular level displayed the same tendency of an increasing
presence of antiTNF-a in the cell population as the antiTNF-a is released in
PBS. To prove the liberation of the antiTNF-a complex inside the cell CRM
experiments were performed. It was shown that the Raman bands from antiTNF-
o can be detected alone in some areas within the cells, not correlating with the
signal coming from the PLGA. This situation is only possible when the PEMs
have been dissociated from the particle. The procedure shown here can be
extended to any other antibody or therapeutic with a moderate charge that can be

first, complexed and then, assembly in LbL fashion.

e Doxorubicin was encapsulated inside the PLGA matrix during NPs fabrication
via emulsion methods. The intracellular delivery of Dox encapsulated in PLGA
NPs to HepG2 cells has been shown. Flow cytometry proves that PLGA NPs
and Dox follow, initially, the same kinetics. However, after 8 hours the intensity
of Dox significantly decreases while that of the PLGA remains constant. This
indicates that Dox is being released from the NPs. FLIM studies show that the
lifetime of Dox inside the cell has a value of 1.61 ns, lower than inside the
PLGA NPs and higher than in water. The presence of only one lifetime implies
that the Dox has been completely released inside the cells after 4 h.

The effectiveness of Dox delivery in reducing cell proliferation was assessed by
the MTT assay. For all concentrations of loaded Dox studied, from 10 to 100
mg/ml, cell viability decreased to values below 25 % after 24 hrs. The action of

Dox in cells was also measured from the defragmentation of DNA that could be
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determined with CRM at the single cell level. PLGA NPs stabilized with BSA
and fabricated by emulsion-solvent evaporation technique can be used for
intracellular delivery of anticancer drug such as Dox. Further work will be
required in order to control the release of the encapsulated drug to achieve a

more sustainable release.
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FIRT spectra of Folic Acid (FA), Poly(ethylene glycol) (PEG) and PEG modified FA.

Figure A
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Appendix

Figure B

1H NMR spectra of PEG modified FA (500M in D,0)
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Appendix

Figure C

FCS vs Fluorescence Intensity dotplot graphs of (1) HepG2 cells without NPs as control
sample and (2) HepG?2 exposed to PEG-FA grafted NPs after 0.5h incubation.
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Appendix

Figure D

PLGA NPs size variation during surface modification (1) and DLS size distribution (2).
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Appendix

Figure E

Fluorescence Intensity of RA6G labeled PLGA NPs stabilized with : (1) PEI and (2)
BSA.
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