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Abstract

The fabrication of polymer capsules via the layer-by-layer (LbL) approach has attracted
a great deal of attention for biomedical applications, thanks to the versatility that this
method offers, allowing the functionalization of all the constituent parts of the capsules.
Initially, this fabrication method relied on the alternate deposition of oppositely charged
polyelectrolytes onto planar substrates. However, thanks to the above-mentioned
versatility and simplicity, this method was rapidly translated to another type of
geometries (e.g., colloidal particles) together with the introduction of emerging
alternative building blocks (e.g., natural polymers, inorganic nanoparticles, drugs,
enzymes, etc.). Consequently, the fabrication of polymer micro- /nanocapsules with ad
hoc physical, chemical, morphological and mechanical properties has been extensively
explored during the last decades. Thanks to this extensive work, a plethora of systems
has been presented for their use in different biomedical applications, such as drug

delivery vehicles, imaging or as micro- and nanoreactors.

However, in most of the cases, these systems are endowed with a single functionality,
which may limit their potential use in the biomedical industry and their translation to
the clinical use. To overcome those challenges, a translation from monofunctional to
multifunctional systems is required, capable of simultaneously treating aberrant
mechanisms and/or cellular pathways while being tracked by imaging proves present in
the capsules. Hence, the fabrication of multifunctional polymer capsules for the
treatment of complex pathologies like cancer, neurodegeneration or heart diseases is

an actual challenge which has been placed in the spotlight of many investigations.

Those aforementioned pathologies present complex scenarios in which dysregulated
inflammatory responses, pH reduction and/or oxidative stress among others are
implicated. The last one is caused by an overproduction of reactive oxygen species
(ROS), such as hydrogen peroxide (H.0;2) and hydroxyl (-OH) and superoxide anion
radicals (O;"). These ROS play a pivotal role in numerous cell signalling processes, and in
normal cellular activity conditions are efficiently regulated by several antioxidant

enzymes and molecules present in the cells. On the contrary, when this native



antioxidant capacity is overwhelmed, oxidative stress occurs leading to cellular

apoptosis and senescence by damaging important cell structures.

Hence, taking advantage of the versatility of LbL method, this thesis has been focused
on the fabrication of LbL antioxidant microreactors for the treatment of oxidative stress.
Three different models have been analysed starting with one monofunctional system
and following with two multifunctional, in which different parts of the polymer capsules
were functionalized. In the third chapter of this thesis, the core of the capsules has been
modified using antioxidant inorganic nanoparticles (i.e., MnO, nanozymes) for the
reduction of H.O, from the cellular microenvironment. To impart multifunctional
attributes, in the following chapter the core of the capsule has been functionalized with
an antioxidant enzyme (e. g., catalase) and the membrane was fabricated with a
dendritic polyglycerol with a pH cleavable linker, capable of simultaneously releasing a
model drug under acidic conditions and protecting cells from multiple H,0; insults.
Finally, following with the fabrication of multifunctional antioxidant microreactors,
microcapsules capable of performing a cascade reaction were fabricated, which were
constituted with a model enzyme (e.g., glucose oxidase) within their core and an outer
inorganic (i.e., in situ MnO, fabrication) or organic (single enzyme nanogels with

catalase) antioxidant layer.

This way, with this thesis work, we propose three model systems capable of efficiently
reducing H,0, from the cellular microenvironment, thus protecting cells from apoptosis.
Furthermore, we demonstrate the versatility of the LbL approach, functionalizing
different parts of the polymer capsules toward the fabrication of multifunctional
microplatforms obtaining thus promising results for a simultaneous treatment of various

mechanisms, required in the current biomedical industry.
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Resumen

La fabricacion de capsulas poliméricas mediante el método layer-by-layer (LbL) ha
adquirido gran protagonismo en el dmbito de las aplicaciones biomédicas, gracias a la
versatilidad que presenta, ya que permite la funcionalizacion de todos los elementos
constituyentes de la capsula. En sus origenes, este método de fabricacidn se basaba en
la deposicion alternante de polielectrolitos de carga opuesta sobre sustratos planos. Sin
embargo, gracias a la versatilidad y simplicidad arriba mencionadas, este método fue
rapidamente trasladado a otro tipo de geometrias (p.ej.: particulas coloidales) junto con
la introduccidon de materiales y agentes terapéuticos alternativos para la formacién de
la membrana polimérica (p.ej.: polimeros naturales, particulas inorgdnicas, farmacos,
enzimas, etc.). Consecuencia de ello, en las ultimas décadas se ha explorado de forma
extensa la fabricacion de micro-/nanocdpsulas poliméricas con propiedades fisicas,
quimicas, morfoldgicas y mecdnicas ad hoc. Gracias a este extenso trabajo, se han
propuesto una gran variedad de sistemas para aplicaciones biomédicas como, sistemas

de liberaciéon de farmacos, adquisicion de imagenes o micro- y nanoreactores.

Sin embargo, en la mayoria de los casos, estos sistemas suelen estar dotados de una
unica funcionalidad, limitando asi su potencial uso en la industria biomédica y su
traslado al uso clinico. Para poder superar estos retos, es evidente la necesidad de
cambiar la configuracién de estos sistemas de monofuncionales a multifuncionales, para
asi simultdneamente tratar mecanismos y/o vias celulares andmalas mientras se hace
un seguimiento de ello mediante agentes de imagen presentes en las propias capsulas.
Actualmente, la fabricacién de cdpsulas poliméricas multifuncionales para el
tratamiento de patologias complejas como el cdncer, enfermedades

neurodegenerativas o del corazén es un reto en continua investigacion.

Estas patologias arriba mencionadas presentan escenarios complejos en los que suelen
estar implicadas entre otros, respuestas infamatorias, reduccién de pH y/o el estrés
oxidativo. Este ultimo suele ser causa de una superproduccidn de especies reactivas de
oxigeno (Reactive Oxigen Species, ROS) como perdxido de hidrogeno (H20;) y radicales
hidroxilos (-OH) y anién superéxido (O;7). Estas ROS, tienen un papel importante en

procesos de sefalizacidn celular y en condiciones normales de actividad suelen ser

Vil



reducidas de una forma eficaz mediante enzimas y moléculas antioxidantes presentes
en la célula. Por el contrario, cuando esta capacidad antioxidante innata se sobrepasa
se produce el ya mencionado estrés oxidativo que conduce a una apoptosis y

senescencia celular mediante el dafio sobre estructuras celulares vitales.

Por ello, haciendo uso de la versatilidad que presenta el método LbL, esta tesis se ha
enfocado en la fabricacién de microreactores antioxidantes para el tratamiento del
estrés oxidativo. Se han analizado tres modelos diferentes, empezando con un sistema
monofuncional para posteriormente analizar dos sistemas multifuncionales, en los que
se han funcionalizado diferentes constituyentes de las capsulas poliméricas. Asi, en el
tercer capitulo de esta tesis, se ha modificado el nucleo de las capsulas utilizando
nanoparticulas inorgdnicas antioxidantes (nanozimas de MnO;) para la reduccion del
H.0, del microambiente celular. Para dotar a las capsulas con cualidades
multifuncionales, en el siguiente capitulo el nucleo se ha funcionalizado con una enzima
antioxidante (p. ej.: catalasa) y la membrana se ha formado utilizando un poliglicerol
dendritico con un enlace sensible al pH, para asi obtener capsulas poliméricas en las que
simultaneamente se libera un farmaco modelo en pH acidos mientras se protege a las
células de varios estimulos de H20,. Por ultimo, siguiendo con el objetivo de fabricar
microreactores antioxidantes multifuncionales, se han fabricado microcapsulas para
llevar a cabo reacciones en cascada. Estas han sido formadas por una enzima modelo (p.
ej.: glucosa oxidasa) en su nucleo y con una capa externa inorganica (fabricacion in situ
de MnO;) u organica (single enzyme nanogels de catalasa) con propiedades

antioxidantes.

De esta manera, mediante este trabajo de tesis, hemos propuesto tres sistemas modelo
capaces de reducir de forma eficaz H.O, del microambiente celular, protegiendo asi a
las células de la apoptosis. Ademads, hemos demostrado la versatilidad del método LbL
mediante la funcionalizacion de diferentes partes de las capsulas poliméricas, con el
objetivo de fabricar microplataformas multifuncionales, obteniendo asi, resultados
prometedores para el tratamiento simultaneo de varios mecanismos y asi poder cumplir

con los requisitos actuales de la industria biomédica.
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Laburpena

Aurkezten duen moldakurtasunari esker, layer-by-layer (LbL) metodo bidezko kapsula
polimerikoen fabrikazioak garrantzi handia hartu du aplikazio biomedikoen sektorean,
izan ere, metodo honek kapsula osatzen duten atal guztien egokitzapena eta aldaketa
ahalbidetzen baitu. Hasieran, fabrikazio metodo hau geruza lauen gainean kontrako
kargako polielektrolito ezberdinen jalkitzean oinarriturik zegoen. Hala ere, aipaturiko
moldakortasun eta sinpletasunari esker, metodo hau azkar egokitu ahal izan zen beste
geometria mota batzuetara (adb., partikula koloidalak), geruza polimerikoa osatzeko
beste material eta agente terapeutiko desberdinen erabilerarekin batera (adb.,
polimero naturalak, partikula inorganikoak, drogak, entzimak, etab.). Honen ondorioz,
azken hamarkadetan, bereziki aukeratutako propietate fisiko, kimiko, morfologiko eta
mekanikoak dituzten mikro-/nanokapsulen fabrikazioa modu konstantean aztertu da.
Honi esker, aplikazio biomedikoetara zuzenduriko sistema desberdin asko proposatu
dira, hala nola, droga liberaziorako sistemak, irudiak lortzekoak eta mikro- eta

nanoerreaktoreak.

Hala ere, kasu gehienetan, sistema hauek funtzio bakarrekoak izan ohi dira, honela
beraien erabilgarritasuna industria biomedikoan eta kliniketan mugatuz. Erronka hauek
gainditu ahal izateko, argi dago sistema hauen egitura aldatu behar dela funtzio
bakarreko kapsuletatik funtzio anitzekoetara, honela, ezohiko jokabidea duten
mekanismo edota bide zelularrak tratatzen dituzten eta aldi berean kapsuletan dauden
irudi agenteei esker jarraipen bat egiteko gai diren kapsula polimerikoak sortuz.
Horregatik, gaur egun, minbizia, gaixotasun neuronalak edo bihotzeko gaixotasunak
bezalako patologia konplexuak tratatzeko, funtzio anitzeko kapsula polimerikoen

fabrikazioa etengabeko ikerketan dagoen erronka da.

Gorago aipaturiko patologiek, ezaugarri konplexuko inguruneak izan ohi dituzte, non
inflamazio irregularra, pH jaitsiera edota oxidazio estresa bezalako egoerak aurkitu
daitezkeen. Azken hau, ur oxigenatua (H,0z), eta hidroxilo (-OH) eta anioi superoxido
(02) erradikalak bezalako oxigeno espezie erreaktiboen (Reactive Oxigen Species, ROS)
gainprodukzioaren ondorioz ematen da. ROS hauek, garrantzi handia dute zelulen

seinalizazio prozesuetan, eta baldintza normaletan zelulan bertan dauden entzima eta
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molekula antioxidatzaileen bidez erreduzituak izan ohi dira. Bestalde, zelulek berezkoa
duten gaitasun antioxidatzaile hau gainditzen denean, aipaturiko oxidazio estres egoera
ematen da eta honek zelulen egitura garrantzitsuen hondaketaren bidez, hauen

apoptosi edota zahartzea eragin dezake.

Hori dela eta, fabrikazio metodo honek eskainitako moldakortasunaz baliatuz, tesi hau
oxidazio estresa tratatzeko mikroerreaktore antioxidatzaileen fabrikazioan oinarritu da.
Hiru modelo ezberdin aztertu dira, funtzio bakarreko batekin hasiz eta ondoren funtzio
anitzeko bi sistema aztertuz, non kapsula polimerikoa osatzen duten atal desberdinak
eraldatu diren. Honela, tesi honetako 3. Kapituluan kapsularen nukleoa nanopartikula
inorganiko antioxidatzaileak (MnO; nanozimak) erabiliz aldatu da H,O;-aren murrizketa
lortu ahal izateko. Funtzio anitzeko kapsulak sortzeko, ondorengo kapituluan nukleoa
entzima antioxidatzaile (adb.: katalasa) batekin bete da eta geruza polimerikoa pH-
arekiko hauskorra den lotura batez osaturiko poliglizeroi dendritiko batez osatu da,
honela aldi berean pH baxuko egoeretan eredu droga bat liberatuz, zelulak H,O>
estimulu desberdinez babesten diren bitartean. Azkenik, funtzio anitzeko
mikroerreaktore antioxidatzaileak sortzeko helburuarekin jarraituz, kate erreakzioak
egiteko gai diren mikrokapsulak sortu dira. Hauei, bere nukleoan eredu entzima bat
sartu zaie (adb.: glukosa oxidasa) eta kanpo geruza inorganiko (in situ sortutako MnO,
geruza) edo organiko (katalasa barne duten single enzyme nanogelak) antioxidatzaile

batekin eraldatu dira.

Honela, tesi lan honen bidez, hiru sistema proposatu ditugu inguruneko H,0; modu
eraginkorrean gutxitzeko gai direnak, modu honetan, zelulak apoptositik babestuz.
Gainera, funtzio anitzeko mikroplataformak sortzeko helburuarekin, LbL metodoaren
moldakortasuna frogatu dugu kapsula polimerikoak osatzen dituzten atal desberdinak
eraldatuz, eta hauekin, emaitza erakargarriak lortu ditugu mekanismo eta egoera
ezberdinenak aldi berean tratatzeko gai diren kapsulen sorkuntzan, horrela gaur egungo

industria biomedikoaren eskaeretara egokituz.
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CHAPTER 1. Hypothesis and Aims

HYPOTHESIS

The layer-by-layer approach can be exploited for the fabrication of polymer capsules
with antioxidant activity and additional functionalities to create multifunctional

microreactors capable of treating oxidative stress in the cellular microenvironment.
AIMS

The main aim of this thesis is the fabrication and functionalization of polymeric
microreactors with antioxidant capacity for the treatment of oxidative stress. For this,

three specific objectives were established:

1. To fabricate polymer microcapsules via de layer-by-layer approach with
encapsulated inorganic antioxidant nanoparticles (nanozymes).

2. To fabricate multifunctional polymer microcapsules for the simultaneous
release of a therapeutic agent and oxidative stress reduction.

3. To develop polymer capsules with an antioxidant outer layer capable of

performing cascade reaction.
These objectives were divided into several sub-objectives:

1. To fabricate polymer microcapsules via de layer-by-layer approach with

encapsulated inorganic antioxidant nanoparticles (nanozymes) (Chapter 3).

1.1.  Optimization of the encapsulation of the antioxidant nanoparticles and
characterization of the fabrication process of inorganic multilayer
capsules.

1.1.1. Setting of the encapsulated nanozyme (MnO;) quantity to obtain
antioxidant capsules.

1.1.2. Physico-chemical and morphological analysis of the polymer
capsules.

1.1.3. Antioxidant capacity assessment of the capsules.

1.2.  Internalization and cytotoxicity analysis of the polymer capsules.



1.3.

Chapter 1

1.2.1. Characterization of the effect of surface charge and capsule
quantity in the metabolic activity of the cells.

1.2.2. Analysis of the internalization and distribution of the capsules in
the cellular microenvironment.

Therapeutic potential assessment of the fabricated systems.

1.3.1. Setting of the detrimental H,0. concentration.

1.3.2. Analysis of the cell survival using antioxidant capsules against

H,0, stimuli.

2. To fabricate multifunctional polymer microcapsules for the simultaneous release of

a therapeutic agent and oxidative stress reduction (Chapter 4).

2.1.

2.2.

2.3.

2.4,

Optimization and subsequent characterization of the fabrication of

polymer capsules using a pH cleavable conjugate of a dendritic

polyglycerol with a model drug (dPG-DOX) as active layer.

2.1.1. Encapsulation of an antioxidant enzyme (catalase) into the
polymer capsule.

2.1.2. Physico-chemical and morphological analysis of the polymer
capsules.

Assessment of the multifunctional capacity of the fabricated capsules.

2.2.1. Antioxidant capacity assessment of the capsules and setting of the
proper capsule quantity.

2.2.2. pH dependent release analysis of the capsules using different pH
values.

Internalization and cytocompatibility analysis of the polymer capsules.

2.3.1. Characterization of the effect of the capsules and their quantity in
the metabolic activity of the cells.

2.3.2. Analysis of the internalization and distribution of the capsules in
the cellular microenvironment.

Analysis of the protective effect of the capsules against different H,0»

stimuli.
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3. To develop polymer capsules with an antioxidant outer layer capable of performing

a cascade reaction (Chapter 5).

3.1.

3.2.

3.3.

Optimization of the encapsulated enzyme quantity and of the addition of
antioxidant outer layer, and subsequent characterization of the
fabricated polymer capsules.

3.1.1. Setting of the proper encapsulated enzyme (glucose oxidase
(GOx)) quantity.

3.1.2. Setting of the proper KMnOa quantity for the fabrication of the
inorganic antioxidant outer layer of MnO..

3.1.3. Setting of the proper quantity of single enzyme nanogels (SENs),
encapsulating catalase, for the fabrication of the organic
antioxidant outer layer.

3.1.4. Physico-chemical and morphological analysis of the polymer
capsules.

Characterization of the cascade reaction between GOx and the inorganic

and organic antioxidant layers.

3.2.1. Antioxidant capacity assessment of the fabricated capsules with
inorganic and organic outer layer.

3.2.2. Glucose reduction capacity assessment of the polymer capsules.

3.2.3. Analysis of the simultaneous glucose reduction and subsequent
H,0, scavenging of the fabricated capsules.

Cytocompatibility analysis of the fabricated polymer capsules
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CHAPTER 2. Introduction

Abstract

Polymer capsules fabricated via the layer-by-layer (LbL) approach have attracted a great deal
of attention for biomedical applications thanks to their tunable architecture. Compared to
alternative methods, in which the precise control over the final properties of the systems is
usually limited, the intrinsic versatility of the LbL approach allows the functionalization of all
the constituents of the polymeric capsules following relatively simple protocols. In fact, the
final properties of the capsules can be adjusted from the inner cavity to the outer layer through
the polymeric shell, resulting in theranostic agents that can be adapted to the particular
characteristic of the patient and face the challenges encountered in complex pathologies. The
biomedical industry demands novel biomaterials capable of targeting several mechanisms
and/or cellular pathways simultaneously while being tracked by minimally invasive techniques,
thus highlighting the need to shift from monofunctional to multifunctional polymer capsules.
In the present chapter, those strategies that permit the advanced functionalization of polymer
capsules are accordingly introduced. Each of the constituents of the capsule (i.e., core,
multilayer membrane and outer layer) is thoroughly analyzed and a final overview of the
combination of all the strategies toward the fabrication of multifunctional capsules is
presented. Special emphasis is given to the potential biomedical applications of these
multifunctional capsules, including particular examples of the performed in vitro and in vivo

validation studies.

2.1 Introduction

Biomaterials are in constant evolution to face the challenges of our current aging
population. The definition of biomaterial has been accordingly adjusted to reflect this
dynamic situation. According to a contextual dictionary published in 1999, a biomaterial
can be considered as a “material intended to interface with biological systems to
evaluate, treat, augment or replace any tissue, organ or function of the body”.! This
definition was further reformulated by the same author to be in line with the new
biomaterials paradigm, stating that “A biomaterial is a substance that has been

engineered to take a form which, alone or as part of a complex system, is used to direct,
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through the control of the interactions with components of living systems, the course of

any therapeutic or diagnostic procedure, in human or veterinary medicine”.?

Within the frame of biomaterials for therapeutic and diagnostic applications, future
biomaterials are expected to achieve several biological responses simultaneously, being
multifunctional in nature and showing optimized performance to treat and track
complex pathologies. These complex pathologies, led, among others, by cancer,
cardiovascular diseases and central nervous system disorders, demand customized
micro- and nanomaterials capable of crossing biological barriers and interacting with the
peculiarities of the tissue microenvironment opening new avenues in personalized
medicine.® For example, central nervous system diseases, which show a rapidly
increasing incidence, would be clearly benefited by the combination of multiple
functionalities in a single micro- or nanoplatform for their diagnosis and treatment. The
ideal future formulations in this field should actively target the disease-associated
markers to allow a more precise and efficient drug delivery, thus minimizing off-target
side effects. At the same time, the formulation should be equipped with several contrast
agents, favouring the multimodality imaging for early detection. This combination will
resultin theranostic tools that will have to cross the blood-brain barrier in a non-invasive
manner.? It is concluded from the previous example that, all in all, biomaterials
displaying a single functionality will be clearly inappropriate to meet the requirements
demanded by complex pathologies. Diagnosis and/or treatment of cancer represents
another clear example where multifunctional biomaterials will be of vital importance.
The combination of multiple therapy modalities (e.g., chemotherapy, photodynamic and
photothermal therapy) in a nano- or micro-formulation capable of simultaneously acting
as an imaging agent could overcome in the near future the limited clinical efficacy

observed for monotherapy approaches.>®

In this work, the layer-by-layer (LbL) approach is presented as a potent tool to fabricate
polymeric and hybrid micro- and nanoplatforms displaying multifunctional properties,
placing particular emphasis on their potential application as diagnostic and therapeutic
tools (Fig. 2.1). Originally, the LbL approach was based on the alternate deposition of
charged synthetic polyelectrolytes onto planar substrates to create self-assembled

multilayer films through electrostatic interactions.” The versatility of the process was
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rapidly exploited to consider alternative building blocks or elementary units (e.g.,
natural polymers, inorganic nanoparticles, enzymes, growth factors, genetic material,
drugs, etc.) to create multicomponent films not only in planar substrates but also in
micro- and nano-colloidal (sacrificial) templates. As a result, polymer micro-
/nanocapsules and micro-/nanoparticles of both scientific and technological interest
were developed.® These systems are now regularly considered in a plethora of
biomedical applications as drug/protein/gene delivery vehicles. Furthermore, the
precise control over the permeability of the multilayer membrane that results in a
selective diffusion of reagents and by-products through it has allowed their use as micro-
and nanoreactors where the reactions of interest are performed in a time- and spatial-
controlled manner.® The shift from monofunctional to multifunctional platforms,
together with validation experiments to test their suitability in real in vivo scenarios,
could pave the way for polymer capsules towards representing a real alternative in the

clinical practice.
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Fig. 2.1. Schematic representation of the strategies available for the fabrication of

multifunctional/multicomponent polymer capsules via the LbL approach.
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2.2. Core

The fabrication of polymer micro- and nanocapsules relies on the alternate deposition
of building blocks onto a (sacrificial) template. The choice of the template must be
carefully considered accordingly because it will determine the shape and the size of the
resulting capsules and their subsequent interaction with cells, tissues, and organs. The
stability of the template must be preserved during the LbL process to ensure the proper
deposition of the multiple layers. At the same time, the removal of the template should
be carried out in mild conditions, avoiding any damage to the multilayer assembly and
their sensitive components. A thorough consideration of the selected template is thus a
must in any protocol intended to be used in the fabrication of polymer capsules for

therapeutic and diagnostic applications.

2.2.1. The core as the active agent

The LbL method allows the deposition of nanometer-thick films on virtually any
substrate through either physical or chemical interactions. Using drug crystals as a
template for the LbL approach results in high loading capacities (i.e., usually in the range
of 80-90%), thus representing an important advantage with respect to alternative
carriers (e.g., liposomes, micelles, polymer-drug conjugates), particularly for drugs
showing poor solubility in water. The precise control over the wall thickness and the
versatility of the process in terms of available natural and synthetic polymers allows the
design of a plethora of configurations with tuneable features and controlled drug
release. The pioneering studies in this field were focused on the encapsulation of drug
microcrystals and subsequent modulation of their release by controlling the
permeability of the polymeric membrane.1%13 Increasing the number of deposited layers
(i.e., increasing the thickness of the membrane),’® using polymers with a loopy
conformation (e.g., gelatine),'®!3 or annealing the multilayer capsules!? were some of
the strategies that were explored to control the release kinetics. The shift from micron-
sized to nano-sized drug crystals further expanded the applicability of these systems by
developing novel nanoformulations that could be intravenously administered and boost

their capacity to reach target areas passively (e.g., via enhanced permeability and
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retention effect). Besides, the modification of the surface of the particles with targeting
moieties (e.g., antibodies,'* lectins,’® etc.) could also exploit active targeting and deliver
the drug at the site of action. For the fabrication of nanocrystals, top-down approaches
rely on particle size reduction, usually by ultrasonication and subsequent LbL coating, to
stabilize the resulting suspension.'® Contrarily, in bottom-up approaches, a sonication-
assisted crystallization of the drug is favoured by the progressive addition of a non-
solvent to a drug solution (Fig. 2.2a).17'8 Alternative approaches for the synthesis of
drug nanocrystals such as solvent evaporation emulsification method,*
nanoprecipitation?® or spray drying?! have also been explored. The modification of the
outermost layer with poly(ethylene glycol) (PEG) (i.e., PEGylation) is regularly acquired
as an effective strategy to improve the colloidal stability of the nanoparticles, reduce
protein fouling and consequently increase the circulation time in vivo.?2?* The
therapeutic efficacy of this approach was, however, questioned when PEGylated
nanoparticles were challenged in an in vivo context.?* PEGylated nanoparticles were
rapidly cleared from the blood circulation and did not reach the target tissue, probably
due to the displacement of the last layer by serum components and subsequent
adsorption of opsonins. This clearly demonstrates the need for more studies about the
behaviour of LbL particles in the complex environment of the body. The encapsulation
of drug nanocrystals via the LbL approach has also been recently proposed to overcome
the physiological and anatomical barriers of the gastrointestinal tract after oral
administration.?®> In an experimental model of colitis in mice, the multilayer
nanoparticles were able to reduce the leakage of the encapsulated cargo (i.e., curcumin)
in the stomach (pH = 1.2) and small intestine (pH = 5-7). However, the nanoparticles
were accumulated in the inflamed colon (pH > 7) thanks to the charge-reversal of the
particles resulting from the dissolution of the negatively-charged outermost layer of
cellulose acetate phthalate. Consequently, curcumin was released at the diseased tissue

and reduced the symptoms of colitis (Fig. 2.2b).
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Fig. 2.2. a) Top-down vs. bottom-up approaches for the fabrication of drug nanocrystals. In this
particular example, the figure below describes ultrasound-assisted antisolvent crystallization of
the drug. b) Above, SEM and TEM micrographs of curcumin nanocrystals coated with chitosan
(CH) and sodium alginate (AG) and surface-coated with cellulose acetate phthalate (CAP).
Increasing the number of multilayers limited the release of curcumin at pH 1.2 (stomach) and pH
5-7 (small intestine), whereas the release was accelerated at pH > 7 (inflamed colon). The
dissolution of the outer layer (i.e., CAP) at pH > 7 exposed the positively charged CH and
benefitted their electrostatic adhesion to mucins in the inflamed colon. Reprinted (adapted) with

permission from Biomacromolecules 2020, 21, 9, 3571-3581. Copyright 2021 American Chemical

Society.

Most of the studies mentioned above describe the use of poorly soluble drugs of small
molecular weight as the active core. However, the LbL approach has also been proposed
for the encapsulation and delivery of (bio)macromolecules (e.g., enzymes, peptides),
thus overcoming the limitations of these therapeutics such as poor permeability across

biological barriers, short half-life in the bloodstream and susceptibility to undergo
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proteolytic degradation. The encapsulation and sustained delivery of insulin, which is an
essential protein hormone for the treatment of diabetes, has attracted particular
attention.2® Insulin micro- and nano-aggregates can be synthesized via precipitation?” or
salting-out method and subsequently used as the template for the LbL deposition of
polymers. The salting-out method is directly influenced by the ionic strength and pH of
the solution and determines both the yield of the process and the size of the resulting
aggregates.?® The LbL approach opens the possibility to explore alternative delivery
routes for insulin, including oral?® or pulmonary3® administration and could overcome
the drawbacks associated with subcutaneous injections such as discomfort and poor
compliance. The reported in vivo studies?’ showed that encapsulated insulin decreased
blood glucose levels more efficiently and in a more sustained manner than the non-
encapsulated counterpart after oral administration, thanks to a preserved stability of

the insulin under acidic gastric conditions.

Encapsulation of active enzyme biocrystals allows the use of LbL micro- and nano-
entities as micro- and nanoreactors. Contrarily to the aforementioned examples, where
the encapsulated cargo is released by diffusion or triggered by a relevant stimulus, in
micro- and nanoreactors, the confined enzyme is protected from the outer environment
while the substrates and reaction (by)products diffuse across the polymeric
membrane.>3! The LbL deposition can be performed without causing any detrimental
effect on the encapsulated enzyme and can further protect the activity of the enzyme
against proteolysis.3? In comparison to the conventional LbL deposition of enzymes in
solution, the use of encapsulated enzymes results in films displaying up to 50 times
higher biocatalytic activities.3® This allows the development of more stable, robust and

sensitive biosensors.343>

Recently, an alternative method that allows the encapsulation of virtually any active
cargo at high loading capacity (> 80%) has been presented for the fabrication of capsules
with controllable geometry.3®3” This method represents a shift from traditional to
reversed production processes, in which defined-shape open microchambers are first
created by imprinting and subsequently covered with a polymeric film via the LbL
approach. Then, the cargo is placed inside each microchamber through either powder

deposition or crystallization from saturated solutions. Finally, the microchambers are
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sealed with the polymeric film and the template removed to yield a core-shell
microstructure. Although this method presents important advantages with respect to
more traditional approaches in terms of versatility in the choice of active substances and
controllable geometry of the resulting microcapsules, the transition from micro- to

nanoscale is currently a limitation.

2.2.2. Modification of the (sacrificial) template

As outlined in the previous section, using drug crystals as a template in the LbL approach
is a valid strategy to improve the stability and availability of drugs, particularly in the
case of highly hydrophobic and poorly water-soluble compounds. However, controlling
the shape, the polydispersity and the size at the nanometer scale of the resulting
formulations still represents a limitation in this approach. The use of pre-synthesized
templates as drug carriers and their subsequent coating via the LbL approach may
overcome the aforementioned limitations. The use of highly porous templates such as
mesoporous silica or calcium carbonate nano- and microparticles are of great value in
this context thanks to their high surface area and controllable pore size that results in
high loading capacities. Dissolving the drug of interest in an adequate solvent (e.g.,
chloroform, ethanol) and incubating with the porous template has become a routine
protocol to encapsulate high payloads of water-insoluble drugs within polymer capsules
made by LbL.3® The template can be finally eliminated or not, leaving behind polymer
capsules or core-shell structures, respectively. This strategy has been used for the
encapsulation of doxorubicin (DOX) within polymer capsules made out of tannic acid
(TA) and poly(N-vinylpyrrolidone) (PVPON) that respond to ultrasound irradiation and
allow a triggered release of the encapsulated cargo under both low-power and high-
power irradiation.?® For that purpose, DOX was dissolved in chloroform and incubated
with 5 um porous silica templates overnight. Then, the template was coated with
TA/PVPON multilayers and finally eliminated with hydrofluoric acid. Co-incubation of
porous templates with other small molecules permits the encapsulation of alternative
entities including contrast agents, which are of high interest for imaging applications.*°
In this particular example, the mesoporous silica nanoparticles were functionalized with

either amine or phosphonate terminal groups, which greatly improves the loading
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capacity of indocyanine green (1.96 wt% for pristine mesoporous silica nanoparticles vs.
16.5 wt% for the amine-functionalized counterparts). Thanks to this high loading
capacity and the LbL coating, the resulting nanoparticles presented increased
photoacoustic signal intensity both in vitro and in vivo. Even if the use of porous
templates has been the preferred method to encapsulate water-insoluble drugs into LbL
structures, alternative approaches are also being explored. These include, among
others, the use of zein nanoparticles as colloidal delivery systems for hydrophobic
compounds with a reported loading capacity for curcumin loaded by antisolvent

precipitation of 5.7%.4142

Apart from the incorporation of small molecules into solid templates, their modification
with biomacromolecules has been also widely reported. Adsorption of single-stranded
(ss), double-stranded (ds) and plasmid DNA on amine-functionalized silica
microparticles, followed by the LbL deposition of thiolated poly(methacrylic acid)
(PMASH)/PVPON multilayers and elimination of the sacrificial template, resulted in
polymer capsules applicable in gene therapy and diagnostic applications.** The
encapsulated DNA is protected from external insults (e.g., chemical degradation by
nucleases) by the polymeric membrane and remains active after the encapsulation
process, as demonstrated by PCR using encapsulated ss- and dsDNA as primers and
templates. This approach requires fine control over the adsorbed DNA on the sacrificial
template: a complete surface coverage of the template with DNA hinders the formation
of the capsules because of the poor interaction between PVPON and DNA. Mesoporous
silica particles were used by the same group to co-encapsulate both dsDNA and DNase
| enzyme in LbL polymer capsules.** The permeability of the polymer membrane to Mg?*
and Ca?* ions allowed the activation of the enzyme that resulted in the degradation of
the dsDNA and demonstrated the potential of this system to work as a microreactor. In
a different example, polystyrene microparticles functionalized with branched
poly(ethylene imine) (bPEl) were incubated with plasmid DNA and subsequently coated
with silk fibroin via the LbL approach prior to template elimination with tetrahydrofuran
(THF).**> In comparison to bPEI/DNA complexes, which were used as a control, the
incorporation of bPEI/DNA in the interior of the capsules and the protection with silk

fibroin resulted in less cytotoxic gene delivery vehicles. However, the transfection
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efficiency was very limited. As an alternative, bPEI/DNA was adsorbed on the capsule
surface, reaching a good balance between cytotoxicity and transfection efficiency.
Enzymes or nanoparticles are also prone to be incorporated in solid templates by simple
coincubation.?® In the case of enzymes, a high loading capacity must be accompanied by
the preservation of the enzyme activity to ensure the viability of the process. In this
sense, the shape of vaterite (i.e., a polymorph of calcium carbonate) microparticles
determined the activity of the adsorbed enzyme, being the star-like vaterite particles

preferable over other shapes (e.g., spherical, elliptical and rhomboidal).

The coprecipitation process, which relies on the in situ incorporation of the active agent
during the formation of calcium carbonate micro- and nanoparticles, has been widely
reported as an alternative strategy to the coincubation process described above. This
process allows the incorporation of a wide variety of theranostic agents (e.g.,
nanoparticles, growth factors, enzymes, DNA) in a simple way, displaying extraordinarily
good encapsulation efficiencies. Besides, since the subsequent elimination of the
template occurs in mild conditions via the incubation with a calcium-chelating agent,
the process to obtain polymer capsules does not have any detrimental effect on the
activity of the encapsulated entity. Following this approach, iron oxide nanocubes were
incorporated into calcium carbonate particles that were used as a sacrificial template
for the fabrication of polymer capsules.*” In comparison to free nanocubes which tend
to agglomerate in the cellular microenvironment, encapsulated counterparts
maintained higher specific absorption rate values and preserved the magnetic losses.
This is of great importance for hyperthermia applications since the dynamic magnetic
response is almost unaffected in a real biological environment. Following similar
strategies, other inorganic nanoparticles (e.g., gold nanorods, superparamagnetic iron
oxide nanoparticles) have been coprecipitated within the calcium carbonate templates
for the fabrication of polymer capsules displaying multifunctional properties (e.g.,
cancer chemo-photothermal therapy*®), or for tracking stem cells after in vivo

administration.*®

The encapsulation of proteins, including growth factors and enzymes, has clearly
benefited from the coprecipitation process. Moreover, the coprecipitation process

allows the incorporation of a cocktail of proteins in the calcium carbonate template,
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which may be essential to preserve the activity of the encapsulated entity.>%°! In this
context, basic fibroblast growth factor, heparin and bovine serum albumin (BSA) were
all incorporated in vaterite microparticles via the coprecipitation approach. In the
absence of heparin and BSA, the growth factor completely lost its activity during the
encapsulation process. Contrarily, in the presence of these two components, it
remained active and promoted the proliferation of L929 fibroblasts. Therapeutic
enzymes, such as catalase (CAT)*? and asparaginase,®® have also been successfully
incorporated into calcium carbonate microparticles for the fabrication of polymer
capsules with potential biomedical applications (Fig. 2.3a). As demonstrated by
stopped-flow measurements and hydrogen peroxide detection kits, CAT remained
active after the coprecipitation process and subsequent formation of polymer capsules
(Fig. 2.3b). These capsules were able to scavenge hydrogen peroxide in an inflammation
model of nucleus pulposus cells and consequently attenuated the expression of major
proteolytic enzymes (Fig. 2.3c). In the case of asparaginase, direct incubation with
standard concentrations of the calcium chelating agent (i.e., 0.1 M) inhibited the activity
of the enzyme. Thus, a dialysis process with a lower concentration of
ethylenediaminetetraacetic acid (EDTA) (i.e., 20 mM) was adopted as a protocol to
maintain the activity of the enzyme within the polymer capsules. The encapsulated
enzyme was accordingly protected from proteases by the polymeric membrane and

showed potential application for the treatment of leukaemia.

Finally, within the process of coprecipitation to functionalize the template, recent
advances about the incorporation of genetic material must be highlighted. In a recently
reported systematic study,”* plasmid DNA was co-precipitated in calcium carbonate
submicron particles, together with organic additives (e.g., human serum albumin,
dextran sulfate, glutathione, poly-L-arginine, protamine sulfate, tannic acid, inhibitors
of DNase Il). In the absence of organic additives, very low transfection efficiencies were
obtained (<6%) for the resulting polymer capsules. In contrast, the combination of poly-
L-arginine and DNase Il inhibitor resulted in a transfection efficiency as high as 72% due
to the synergistic effect of these organic additives that target different cellular
mechanisms. In a different example,®> messenger RNA (mRNA) and RNase inhibitors

were simultaneously coprecipitated in calcium carbonate templates. RNase inhibitors
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protected the encapsulated mRNA from exogenous RNases, which are abundant in
ambient space. As a result, the transfection efficiency of the developed capsules was

much higher in the presence of co-encapsulated RNase inhibitors.
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a ) o LbL EDTA Substrate Byproduct
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Fig. 2.3. a) Schematic representation of the fabrication of CAT-loaded capsules. The template is
fabricated via the coprecipitation process in the presence of catalase. b) Stopped-flow (above)
and hydrogen peroxide detection kit (below) measurements showing the capacity of CAT-loaded
capsules (CAT) to scavenge H,0, from solution. c) Cellular oxidative stress staining (green) of
nucleus pulposus cells stimulated with a pro-inflammatory cytokine (IL-18) (left) and further
incubated with CAT-loaded capsules (right). Below, the expression of major proteolytic enzymes
(i.e., MMP-3 and ADAMTS-5) by cells stimulated with IL-18 (NP (IL-18)) and further treated with
CAT-loaded capsules (NP (IL-18) + CAT)). Reprinted from Acta Biomaterialia, 67, A. Larrafiaga et
al., Antioxidant functionalized polymer capsules to prevent oxidative stress, 21-31, 2018, with

permission from Elsevier.
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The versatility and simplicity of the coprecipitation process in terms of the possibility to
co-encapsulate a wide variety of entities within calcium carbonate particles could pave
the way for the development of theranostic systems with multifunctional properties.
Recently, positron emitters were incorporated in calcium carbonate core-shell particles
via the coprecipitation approach, allowing to determine the biodistribution of the
particles by both positron emission tomography (PET) and computerized tomography
(CT).>® Among the studied strategies to incorporate the positron emitter into the core-
shell particles, the coprecipitation technique was the most efficient in terms of
radiolabelling stability. Alternatives to the most generally employed approaches for the
modification of the template discussed herein (i.e., coincubation of the template with
the active agent and coprecipitation) are regularly being reported. Among them,
freezing-induced loading appears as a promising strategy, considering that it can be used
for the incorporation of proteins and inorganic nanoparticles into calcium carbonate
nanoparticles and also due to the reported high loading efficiencies (four times larger
encapsulated amount in comparison to coincubation and coprecipitation).>”°8 However,
the freezing/thawing cycles could have detrimental effects on the activity of more
sensitive entities (e.g., enzymes) that could limit the universal application of this

approach.

2.2.3. Post-encapsulation

The controllable permeability of the polymeric shell allows the loading of therapeutic
agents after the fabrication of the capsules. Although post encapsulation has also been
applied for the loading of macromolecules, encapsulation of high-molecular weight
entities requires the “opening” of the capsules, usually by reducing the interaction of its
shell constituents. The conditions to promote the transition from the “closed” to the
“opened” state should be carefully controlled to avoid the complete disassembly of the
capsule and the degradation/denaturation of the encapsulated entity, which cannot
always be guaranteed. Therefore, several authors studying the encapsulation of a library
of entities have preferred the preloading process (described in the previous section) for
molecular cargos with molecular weight above 10 kDa, while the post encapsulation

process followed by a heat shrinking was used for cargos of small-molecular weight.>®
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The incubation of hollow polymer capsules with water-soluble drugs (e.g., doxorubicin
hydrochloride) in aqueous solutions is a simple method to load the drug of interest in
the cavity of the capsules. However, since the process relies simply upon a diffusion
mechanism, the release profile usually resembles the loading profile and results in a very
rapid release rate. Crosslinking of the polymeric shell constituents®® or temperature-
induced shrinking of the capsules®! are commonly followed to ensure a more controlled
release of the encapsulated cargo. The latest was recently used for the encapsulation of
small-molecular weight water-soluble drugs (i.e., gemcitabine and clodronate) into poly-
L-arginine/dextran sulfate (Parg/Dex) capsules.®? After the fabrication and loading of the
capsules, they were subjected to a heat treatment (i.e., 90 °C, 60 min) that resulted in
the tightening of the polymeric multilayer network, thus avoiding the leakage of the
encapsulated compound (Fig. 2.4a). The resulting polymer capsules, with sizes below
300 nm, were preferentially accumulated in the tumour lungs in comparison to healthy
organs thanks to the enhanced permeability and retention (EPR) effect, demonstrating

their potential accordingly to treat lung cancer (Fig. 2.4b).

Although the incubation of water-soluble drugs with hollow polymer capsules may seem
a trivial approach, there are several parameters (e.g., incubation time, solute
concentration, pH, ionic strength) that need to be finely adjusted to achieve high loading
efficiencies and capacities.®®* Drug molecules will not only fill the inner cavity of the
capsule but will also be adsorbed by the constituents of the polymeric shell through
molecular interactions. Considering the varying charge of the drugs and the polymeric
constituents at different pHs and the influence of ionic strength on their conformation,
small alterations in these parameters can result in dramatic changes in the loading
efficiency and capacity. For the encapsulation of lipophilic drugs (e.g., doxorubicin and
5-fluorouracil), an alternative incubation approach has been proposed. For example,
capsules made out of poly(methacrylic acid) (PMA) were incubated in a drug/oleic acid
mixture, allowing its infiltration through the polymeric walls and filling of the capsules.®*
The release of the drug occurred only in the presence of reducing conditions (e.g.,
intracellularly) thanks to the disulfide bonds between the layers, thus limiting any

systemic toxicity resulting from the release of the drug in the oxidative bloodstream.
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Fig 2.4. a) Schematic representation of the capsule fabrication and drug loading by incubation
and subsequent shrinking by heat treatment. b) Imaging of isolated organs after the
administration of fluorescent capsules and its quantification, highlighting the preferential
accumulation in lung and liver. Reprinted (adapted) with permission from ACS Appl. Mater.

Interfaces 2020, 12, 5, 5610-5623. Copyright 2021 American Chemical Society.

The so-called spontaneous deposition has been widely reported as a strategy to load a
plethora of active entities in the interior of polymer capsules under ordinary conditions
(i.e., room temperature, neutral pH, in pure water).%>® In this approach, a positively-
charged drug can spontaneously diffuse from a low- (e.g., the bulk) to a high-
concentration region (e.g., the interior of the capsule) thanks to the presence of
negatively charged species in the interior of the capsule. This phenomenon was first
reported for capsules fabricated with melamine formaldehyde (MF) as a core and
poly(sodium 4-styrene sulfonate)/poly(allylamine hydrochloride) (PSS/PAH) as
polyelectrolytes. During template removal at low pH, a complex between PSS and MF is

formed, which remains inside the capsule due to its large size and provides the driving
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force to induce positively-charged molecules to penetrate through the capsule wall. The
loading and subsequent release of the drug can be further adjusted by controlling
several factors, including feeding concentrations, temperature, and salt
concentrations.®®> Apart from small drugs, biomacromolecules (e.g., enzymes) have also
benefited from the spontaneous deposition.®’” By adjusting the pH of the enzymatic
solution below its isoelectric point, the charge of the enzymes becomes positive, thus
favouring the spontaneous diffusion towards the interior of the capsule. Moreover, the
encapsulated enzyme preserved its activity better than the non-encapsulated
counterpart when exposed to high temperatures. However, this process may not be
valid for more sensitive enzymes, in which a slight change in the pH of the solution may
result in conformational changes and a detrimental effect on their activity. Inspired by
the spontaneous deposition first described for MF cores, other templates have been
modified to facilitate the encapsulation of therapeutic agents. For example, Zhao et al.
fabricated polymer capsules made out of PAH/PSS using PSS-doped CaCOs
microparticles for the subsequent loading of daunorubicin (DNR) and DOX.®8 The charge-
controlled permeability (Donnan equilibrium) favours the diffusion of positively-charged
drugs, which can be further optimized by controlling important loading parameters (e.g.,
drug feeding and salt concentration) and multilayer configuration (i.e., a positive
outmost layer limits the loading of the drug due to charge repulsion). The modification
of the CaCO3; template by coprecipitation with heparin® or cyclodextrin’® are alternative
examples that have been reported to facilitate the post encapsulation of growth factors
(e.g., TGF-B1) and hydrophobic entities (e.g., coumarin, Nile red) respectively by
electrostatic and host-guest interactions. An encapsulation efficiency of 35% was
achieved in the case of TGF-B1 loaded into strongly anionic polymer capsules due to the
presence of heparin. The growth factor remained active after the encapsulation and
release process, as demonstrated by its capacity to transdifferentiate fibroblast into
myofibroblasts. The modification of nanoporous silica particles with polylysine has been
similarly used to post encapsulate small interfering RNA (siRNA) into PMA polymer
capsules.” By limiting the number of bilayers to five, siRNA could cross the polymeric
membrane and be sequestered by polylysine, forming a polylysine-siRNA complex that
is retained in the capsule interior. In this particular study, the expression of the target

gene was downregulated even when scrambled siRNA or empty capsules were used,
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suggesting a capsule-dependent off-target effect due to a cellular macroautophagy

response.

As mentioned at the beginning of this section, biomacromolecules (e.g., enzymes,
growth factors) can also be post encapsulated in prefabricated microcapsules by
reversibly switching the state of the capsules from a “closed” (impermeable) to an
“opened” (permeable) state. The permeability of PAH/PSS multilayer microcapsules was
reversibly switched when the NaCl concentration was varied between 0.5 - 102to 2 - 10°
2 M.”2 At increasing salt concentration, the ionic strength may weaken the electrostatic
interaction between polyelectrolytes, thus favouring the swelling of the capsules and
the corresponding diffusion of the macromolecules that were used as a control model.
Raising the pH of the solution also resulted in increased permeability of
chitosan/dextran sulfate (CHI/Dex) and protamine/dextran sulfate (Pro/Dex) based
capsules, presumably because of the electrostatic repulsion caused by the gradual
deprotonation of the amine groups in the cationic polyelectrolyte.”®”4 This allowed the
encapsulation of basic fibroblast growth factor (bFGF) and peroxidase (POD),
respectively, with reported loading capacities of 34 ug/mg of capsules in the case of
bFGF and 2.2 - 108 molecules/capsule in the case of peroxidase. Alternative approaches
to reversibly switch the permeability of the capsule and allow the encapsulation of
biomacromolecules, including the incubation of multilayer polymer capsules in
water/ethanol mixtures, have also been reported.”> The amount of post encapsulated
biomacromolecules will be strongly affected by the multilayer shell composition. In this
respect, the amount of encapsulated BSA in alginate/dextran sulfate (Alg/Dex) capsules
was 2.5 times higher than in dextran/poly(L-arginine) (Dex/Parg) counterparts.’® During
their post encapsulation, the diffusion of the biomacromolecule is directed toward the
centre of the capsule and can be accumulated in the polymeric shell, which will, in turn,
also affect the subsequent release rate. Therefore, several aspects need to be carefully
considered when trying to post-encapsulate biomacromolecules in multilayer polymer
capsules to ensure an efficient loading process and a sustained release. Above all,
preserving the activity of pH-, salt-, solvent-sensitive biomacromolecules (i.e., enzymes)
is of vital importance and this cannot always be guaranteed with the aforementioned

strategies.
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Table 1. Strategies to incorporate functionalities into the core of LbL capsules intended to be used in biomedical applications.

Encapsulated . . .
Strategy eI:\tity Approach Biomedical application Outcomes Ref.
. . e Preferential accumulation in
Ultrasound-assisted antisolvent . . .
, o Ulcerative colitis inflamed colon. 25
Curcumin crystallization (core of c.a. 300 L . i .
am) (in vitro and in vivo) e Enhanced efficacy in
' controlling inflammation.
Solvent emulsification e More targeted binding of
) Cancer . . . 15
evaporation method (core of L . the lectin-functionalized
(in vitro with Caco-2 cells) .
c.a. 100 nm) particles.
= . Cancer ¢ Enhanced cytotoxic effect
c Ultrasonication . . ) . . 14
o (in vitro with MCF-7 and on antibody-functionalized
& (Core of c.a. 100 nm) .
Y BT-20 cells) nanoparticles.
% Paclitaxel e Improved colloidal stability
s Wet milling Cancer in vitro after PEGylation. 24
< (Core of c.a. 200 nm) (in vitro and in vivo) e Rapid clearance from the
o bloodstream in vivo.
[
s o The encapsulation of th
S Nanoprecipitation Cancer .drj edi(; EZ: w;aken itse 20
(Core of c.a. 150 nm) (in vitro with MCF-7) & . .
mechanism of action.
e Improved colloidal stability
o Cancer . .
. Nanoprecipitation . . in vitro after PEGylation. 93
Campotothecin (in vitro with a .
(Core of c.a. 160 nm) . . ¢ Prolonged activity of the
glioblastoma cell line) d
rug.
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Encapsulated . . I
Strategy eI:\tity Approach Biomedical application Outcomes Ref.
o Oral delivery of I
Ibuprofen Ultrasonication therapeutif:s ¢ Good cytocompatibility of 16
(Core of c.a. 100 nm) (in vitro with Caco-2 cells) the capsules.
. e Controlled delivery of
Diabetes, pulmonary ) L
. insulin via intrapulmonary -
Core of c.a. 5-20 um delivery . . .
(in vivo) administration depending
invivo on the number of layers.
¢ Enhanced stability of the
= encapsulated insulin at
(V]
20 . o . . acidic pH.
Y Insulin Precipitation Diabetes, oral delivery os ta': d and dose 27
2 (Core of c.a. 1 um) (in vivo) ustaine )
‘g dependent reduction of
Qo blood glucose after oral
ot administration.
S . Diabetes e Low release of insulin at
o Salting out (Neither in vitro, nor in acidic pH but sustained 28
o Core of c.a. 100-230 nm : ’
(Coreo ) vivo) release at neutral pH.
. e Higher biocatalytic activities
Catalase Catalase crystals Hydrogen peroxide wifh respect toynon— 32-34
(Core of c.a. 10 um) biosensor P
encapsulated counterpart.
e Faster response of the
Glucose oxidase Glucose oxidase crystals Glucose biosensor biosensor with respect to 35
(Core of c.a. 30 um) non-encapsulated
counterpart.
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Encapsulated

Curcumin

zein nanoparticles (core of c.a.
150 nm)

therapeutics (neither in
vitro, nor in vivo)

encapsulated drug.
e Controlled release of the
encapsulated drug.

Strategy entity Approach Biomedical application Outcomes Ref.
Coincubation with mesoporous Cancer e Encapsulated drugs show
Paclitaxel silica nanoparticles (core of c.a. (in vitro with LIM1899 similar efficacy to the free 38
o 400 nm) colorectal cancer cells) drugs.
® e Ultrasound triggered
g' release of the encapsulated
s Coincubation with porous silica cargo.
= - . . Cancer . . 39
© Doxorubicin microparticles (core of c.a. 3-5 . . e Ultrasound imaging
‘S (in vitro with MCF-7)
= um) contrast depend on
E
§ capsule’s rigidity, thickness
y and molecular weight.
s Coincubation with surface- Photoacoustic imaging e Increasing photostability
] . functionalized mesoporous (in vitro and and photoacoustic signal for 40
c Indocyanine green | ... . :
o silica nanoparticles (core of c.a. subcutaneously with the LbL encapsulated
‘é 65 nm) mouse cadavers) formulations.
".c—', e Increased light, thermal and
§ Antisolvent precipitation with Oral delivery of storage stability of the
41,42
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Encapsulated

Modification of the (sacrificial) template

1 um)

ovarian carcinoma cells)

dose inside biological
matrices for encapsulated
nanocubes.

Strategy entity Approach Biomedical application Outcomes Ref.
e Higher specific absorption
rate values for the
Iron oxide Coprecipitation in calcium Hyperthermia-Cancer encapsulated nanocubes.
nanocubes carbonate particles (core of c.a. (in vitro with SKOV-3 e More predictable heating 47

Gold nanorods

Coprecipitation in calcium
carbonate particles (core of c.a.
4.5 um)

Chemo-photothermal
therapy-Cancer
(in vitro with THP-1 cells)

o NIR triggered drug release.

e Increased cell death under
combination of drugs + NIR
stimulation.

48

Nerve growth

Coprecipitation in calcium
carbonate particles (core of c.a.

Treatment of
neuropathologies (in vitro
with hippocampal

e The presence of capsules
accelerated neurite growth
and promote the

51

factor neurons) development of primary
2-3 um)
and secondary-order
branches.
Intervertebral disc e Encapsulated catalase
. ) degeneration (in vitro with | preserves its activity.
Coprecipitation in calcium nucleus pulposus cells) Capsules scavenge
. o u v
Catalase carbonate particles (core of c.a. P g 52

2-3 um)

hydrogen peroxide from
solution and attenuate
oxidative stress in cells.
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Strategy

Encapsulated
entity

Approach

Biomedical application

Outcomes

Ref.

Modification of the (sacrificial)
template

Asparaginase

Coprecipitation in calcium
carbonate particles (core of c.a.
1-2 um)

Leukaemia
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MOLT-4 cancerous
lymphocytes)

e Template removal under
dialysis preserve the activity
of the enzyme.

e Encapsulated enzyme
promotes cell death in the
presence of proteases,
which inhibited the activity
of the free enzyme.

53

Coprecipitation in calcium

Treatment of influenza
virus infection (in vitro

e Reduction of viral
nucleoprotein level and

77

Post-encapsulation

iRNA bonat ticl fc.a. . .
>t carbonate p;_rglc ;ens)(core orc.a with MDCK kidney and inhibition of influenza virus
H A549 epithelial cells) production in infected cells.
Incubati ith prefabricated
ncubation with prefabricate o o« The release of the
capsules followed by Combination cancer encansulated car ceur
crosslinking of the therapy (in vitro with Hela P u.a edcargo o _u ° 60
too fast if the polymeric
polyelectrolytes (core of c.a. cells) . .
- shell is not crosslinked.
Doxorubicin 220 nm)

Incubation with prefabricated
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temperature induced shrinking
(core of c.a. 490 nm)

Cancer (in vitro with MCF-
7 and MCF7-ADR cells)

e Shrunken capsules allow a
more sustained release of
the encapsulated drug.

61
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Encapsulated . . ..
Strategy eFr)mtity Approach Biomedical application Outcomes Ref.
e Preferential accumulation
Lung cancer (in vitro with of capsules in tumour lungs
. . . mouse lung cancer with respect to health
Incubation with prefabricated . € . P y
L spheroids and bone tissue.
Gemcitabine and capsules followed by . ) 62
. . marrow-derived e The tumour-promoting
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macrophages; in vivo in a function of macrophages is
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[}
S
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©
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Strategy Encae;:‘i:il:ted Approach Biomedical application Outcomes Ref.
e The growth factor remains
active after the
Spontaneous deposition into Wound healing (in vitro fencslpsula.tlgn process and
TGF-B1 heparin loaded prefabricated with human dermal lcsr:nsZi;?elrr;nl’:icaetion to 69
capsules (core of c.a. 5 um) fibroblast) myofibroblast in a similar
.§ way to the growth factor in
c_; solution.
§ Loading the growth factor at Proof of concept work for | eSteady state growth of cells
9 bEGE high pH to increase the the delivery of cultured with encapsulated 73
f._f permeability of the polymeric biomacromolecules (in growth factor thanks to the
é’ shell (core of c.a. 3 um) vitro with L929 fibroblasts) | sustained release.
e Down-regulation of the
Complexation with ; o target gene als? occurs in
SIRNA preinfiltrated polylysine (core rostate cancer (in vitro the presence of empty 8
ofc.a. 1um) with PC-3 cells) capsules, suggesting a
capsule-dependent off-
target effect.
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2.3. Multilayer Membrane

A rational design of the polymeric membrane architecture and its subsequent assembly
onto the colloidal template may affect both the mechanical integrity of the resulting
capsule and its performance during a required application. Apart from shielding the
encapsulated cargo from the surrounding harsh environment, the polymeric shell
endows the capsules with responsiveness towards relevant stimuli and structural
stability to avoid their disassembly along their journey to the target site. The
functionalization of the membrane can be achieved by using a wide variety of inorganic
particles and/or therapeutic agents as building blocks in the assembly process.
Alternatively, building blocks can be functionalized prior to or after their deposition on
the template. This enables adaptation of the features and performance of the

membrane to meet the requirements of a specific biomedical application.

2.3.1. The layer as the active agent

The use of an active agent as a constituent of the polymeric membrane is one of the
most employed strategies to provide functional properties to the multilayered capsules.
The incorporation of inorganic nanoparticles between the layers endows polymeric
capsules with functionalities such as the capability to be guided, activated with an
external stimulus or monitored/tracked. Incorporation of iron oxide nanoparticles,
especially magnetite (Fes04) nanoparticles, is a common approach in those scenarios in
which an external in vivo monitoring and visualization of the capsules is needed,*79-8
or when the guiding and controlled release are a must to obtain an efficient treatment
(Fig. 2.5a).82%7 In stem cell regenerative medicine therapies, the monitoring and tracking
of the implanted cells is a prerequisite to determining the safety and efficacy of the
treatment.*® For this, the use of inorganic nanoparticles in combination with other
genetic reporters is a useful tool to track those cells after their implantation.*
Furthermore, in drug release applications, the possibility to track the in vivo fate of the
administered particles could provide useful information about the biodistribution,
which is directly associated with the release of the bioactive substance and its effect on

the treatment.”®8! Introducing magnetite, especially superparamagnetic nanoparticles
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(i.e., SPIONSs) as contrast agents, allows monitoring the polymer capsules via magnetic
resonance imaging (MRI) analysis, which shows high resolution and penetrations with a
high safety level.**#%81 The obtained contrast depends on size, shape and aggregation
level of the nanoparticles.8? When the nanoparticle concentration in the capsules
increases, the surface density of the capsule proportionally increases and the signal
intensity change does not exceed 25%. With lower magnetite concentration, the
reported signal intensity change is around 100%.8! Another benefit of using magnetite
nanoparticles as an element of the polymeric membrane is the possibility to fabricate
LbL capsules that can be remotely navigated to the target site, as well as capsules that
deliver the encapsulated cargo in response to an external trigger.82848¢ Under the effect
of an alternating magnetic field (AMF) or near-infrared light (NIR), the permeability of
the polymeric membrane increased due to the mechanical vibration produced on the
magnetite nanoparticles, thus allowing the release of the encapsulated cargo.8284%7 As
an illustration, Deng et al. fabricated doxorubicin-loaded multifunctional capsules
containing an iron oxide-decorated graphene oxide sheet, which were activated by NIR
and a magnetic hyperthermia system (MHS), thus allowing the release of the
chemotherapeutic drug. As a result, a higher hyperthermia effect and an efficient
tumour reduction were achieved (Fig. 2.5b).8” Furthermore, the outer hyaluronic acid
(HA) layer, with the help of iron oxide nanoparticles excited by a low magnet intensity
or NIR light, enhanced the internalization of the capsules obtaining thus an efficient
tumour targeting (Fig. 2.5b). Another way to induce the loosening/rupture of the
polymeric membrane is the use of high-intensity focused ultrasound (HIFU).8388 These
individual harmless beams focused on a small area can create a collective energy that
will lead to the rupture of the carrier walls in the presence of magnetite nanoparticles.
The position of the layer, including the magnetic nanoparticles, is a key parameter in this
case since it will affect the stability of the capsule before and during the sonication
process. For example, as reported by Stavarache et al., capsules comprising magnetite
nanoparticles in the fourth or tenth layer were more likely to be disassembled than
capsules with magnetite nanoparticles in the sixth layer. Consequently, the latest
displayed greater stability in terms of capsule rupture, cargo release and nanoparticle

leakage.®3
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Fig. 2.5. a) Iron oxide vs. gold nanoparticle incorporation in LbL polymer membranes. The figure
shows the characteristics and the possible applications of the incorporated nanoparticles. b)
Above, schematic representation of the fabrication process of DOX loaded microcapsules. The
iron oxide decorated graphene oxide (GO) nanosheets were incorporated between the
polysaccharide layers used for the formation of the polymeric membrane. To enhance the
targetability, an outer hyaluronic acid (HA) layer was added. The outer layer of HA, together with
a low magnetic field (middle, b’) or NIR light (middle, c’) improved the internalization and the
adhesion of the fabricated capsules comparing to the control (i.e., capsules without iron oxide,
GO) (middle, b,c). Below, images of mice and extracted tumours after the administration of
capsules and the quantification of the tumour size, highlighting that the synergistic effect of
magnetic hyperthermia and NIR light promoted tumour reduction. Reprinted (adapted) with
permission from ACS Appl. Mat. Interfaces 2016, 8, 11, 6859-6868. Copyright 2021 American

Chemical Society.

Remote control on the fabricated capsules and controlled release can also be achieved
by using gold nanoparticles and nanorods (Fig. 2.5a).89% In the presence of near-
infrared light (NIR), gold nanoparticles exhibit strong surface plasmon resonance (SPR)
and, consequently, are capable of converting this NIR into heat, which is useful in drug
release applications.® This strategy is helpful in cancer treatments, where a specific and

controlled release of the encapsulated cargo is required only at the site of action, with
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the aim of reducing side effects associated with the cytotoxic drugs and avoiding cellular
drug resistance.%*% Irradiating the gold nanoparticles that are present in the polymeric
membrane results in a local temperature increase and subsequent disintegration of the
capsule, thus leading to the release of the encapsulated cargo.’® Furthermore, these
nanoparticles hinder the leakage of the encapsulated agent and mitigate the so common
initial burst release observed on similar release platforms.! By using ultrasound instead
of NIR, increased permeability of the polymeric membrane can also be achieved, with
an increase in the release efficiency by up to 4-fold.? The local increase of the
temperature associated with the response of gold nanoparticles to NIR or high-
frequency ultrasound can also be used to damage the surrounding tissues and cells (Fig.
2.5a).92%3 Accordingly, a plethora of works has focused on the use of free gold
nanoparticles to cancer cell ablation, obtaining high tumour volume reductions.%¢%°
However, these free nanoparticles may usually need their functionalization to promote
their accumulation in the tumour and avoid the aggregation and systemic clearance.®”-
9 Within this context, the incorporation of gold nanoparticles in the membrane of LbL
capsules could be a useful tool to simultaneously protect them and provide additional

functionalities, improving the outcomes of the treatment accordingly.

Less common alternatives to the use of iron- or gold-based nanoparticles mentioned

102 and cerium oxide (Ce0,)103104

above are titania (TiO2),% silica (Si02),'°! quantum dots
nanoparticles. These nanoparticles are useful for imaging and as protective barriers of
the encapsulated active entity, thus maintaining its activity during their in vitro or in vivo
application. In the specific case of cerium oxide nanoparticles, their remarkable redox
potential inactivates a wide variety of reactive oxygen species (ROS) and protects the
activity of the encapsulated agents (e.g., enzymes) from surrounding insults.1%3104 As an
example, Popov and co-workers demonstrated that adding CeO, nanoparticles in the
shell of the fabricated capsules preserved the activity of the encapsulated enzyme in the
presence of H20,. In contrast, the enzyme lost its activity in the absence of protecting

CeO; nanoparticles.103

Graphene oxide (GO) or reduced graphene oxide (rGO) as constituents of the multilayer
membranes are commonly used as structural elements and also for the remote-

controlled release. Using low doses and a low laser power, a controlled drug release can
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be achieved, especially with rG0.1%5107 GO presents unique properties, including
dispersibility in water and physiological components, excellent biocompatibility and
prolonged blood circulation. Thanks to these characteristics and its good permeability
for drug encapsulation, GO-based LbL capsules with simultaneous structural stability

and capability to release a drug have been reported.106:197

The incorporation of enzymes like glucose oxidase (GOx),'%%112 catalase (CAT),!%112
peroxidase (POD),%9113 or urease!*!1%in the membrane of polymer capsules fabricated
via the LbL approach is a facile way to obtain micro- and nanoreactors. In the case of
some enzymes, their immobilization between the membrane layers enhances their
stability against fluctuations in temperature and pH and also prolongs their storage
time.109114 |n this way, GOx entrapped between layers is capable of achieving its
maximum activity at 25 °C while the free enzyme achieves it at 35 °C. The enzyme suffers
a sharp reduction in its activity with temperature in both cases, being sharper in the case
of the free enzyme.1% Furthermore, the immobilized enzyme presents higher resistance
to pH changes.1% Taking advantage of the stability obtained by trapping GOx between
layers, these polymer capsules can be potentially used as glucose sensors and as micro-
platforms for diabetes treatment.108110-112 The by-products resulting from the reaction
between GOx and glucose can react with a fluorescence substrate in the presence of a
catalyzer, thus resulting in an increase in the fluorescence intensity, which enables their
use as glucose sensors.1%®11% One way to obtain the fluorescence signal is to incorporate
fluorescent layers that are activated when the O; level decreases. For example, Fang and
collaborators incorporated oxygen quenchable ruthenium-based complexes as layers.108
Another way is to include within the membrane H>O; consuming agents such as
Hemoglobin, which will react with Amplex red to yield Resorufin as a fluorescent
product.!!® These O, consuming sensors are a useful platform to study physiological
processes inside cells and monitor a disease for the subsequent treatment.1% For the
treatment of diabetes, the main requisite is to have a system that is switched on when
the glucose level is above the established value and switched off when it drops, thus
mimicking normal physiological processes.'’> As an example, Xu et al. fabricated
multilayer capsules that were capable of being repeatedly activated during four cycles

obtaining a total insulin release of 30% under normal glucose levels and of 70% release
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under hyperglycaemia conditions.'*? This phenomenon was achieved thanks to the
increase in the permeability of the layers as a consequence of pH drop resulting from

the reaction of GOx with glucose 10111

The use of small interfering RNA (siRNA) is a promising tool to improve the therapeutic
efficacy of some treatments towards more personalized medicine, particularly for
cancer.11®117 siRNA is capable of targeting oncogenes and genes implicated in cancer cell
growth and metabolism.16118 However, the efficiency of free siRNA has limitations such
as immunogenicity, nuclease degradation, low cellular uptake, fragile stability and
systemic side effects as a consequence of uncontrolled distribution and limited
transfection. Consequently, encapsulation or protection of siRNA is a must to ensure
safe use of this technology.!'®122 The fabrication of multilayer LbL micro- and
nanocapsules containing siRNA between their layers is a promising strategy to prolong
the circulation time of the device in the bloodstream, ensure a high siRNA loading and
minimize their potential toxicity.116-118120123-125 Ag reported by Choi et al., the LbL
nanoparticles containing siRNA between their layers led to the downregulation and
silencing of BCL-2 expression, causing the apoptosis of blood cancer cells in culture and
also in animal models (Fig. 2.6).118 One issue to take into account in these capsules is
their internalization by cells. The most important thing is not only the number of
internalized capsules, but also the number of active molecules delivered, which depends
on the loading capacity of the multilayer capsule.'?%122 Hence, several works are focused
on the optimization and enhancement of the nucleic acid adsorption modifying the salt

concentration of the incubating solution.127/128

The versatility of the LbL approach also allows the deposition of small molecules (e.g.,

drugs) into the polymeric membrane,!?°

as well as the incorporation of growth factors
(GFs).130-132 Tissue regenerative medicine is a challenging field within biomedicine, which
needs the intervention of several factors to help the tissue to regenerate. The use of GFs
is a useful tool to enhance cell differentiation to the corresponding tissue. For this, some
works developed LbL polymer capsules comprising within their membrane osteogenic
factors such as recombinant human BMP-2 or osteogenic growth factors (OGF) to

enhance bone tissue formation.130131
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Fig. 2.6. a) Schematic representation of dual-targeted (i.e., CD20 and CD44) nanoparticles for
SiRNA release for the treatment of haematological cancers presenting and up-regulation of
antiapoptotic BCL-2 protein. b) Cryogenic TEM images and energy dispersive X-ray (EDX) spectra
of PLGA core nanoparticles (left) and 4-layer LbL nanoparticles containing siRNA (right). The
particles show a uniform nanolayer coating in TEM images and the incorporation of siRNA was
analysed with EDX in which the presence of phosphate atoms confirms the presence of the nucleic
acid. c) In vitro gene silencing effect of siRNA (i.e., siBCL2) containing nanoparticles. The presence
of siBCL2 between the nanoparticle layers suppresses BCL2 gene expression (above) and, as a
consequence, a decrease in the viability of the cells was observed (middle). The storage stability
of the LbL nanoparticles was further analysed and the results show a gene silencing capacity
after 60 days (below). Reprinted (adapted) with permission from Adv. Funct. Mater. 2019, 29,
20, 1900018. Copyright 2021 WILEY-VCH GmbH.

The incorporation of the above-mentioned active agents usually relies on the
electrostatic interaction between the building blocks. Consequently, the deposited
active agent could be released before reaching the target site, thus losing its therapeutic
potential and causing side effects associated with off-target accumulation. As an
alternative to physical interactions, chemical conjugation techniques can be considered

to improve the interaction between the constituents of the polymeric membrane.
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2.3.2. Crosslinking and functionalization of the building blocks

Crosslinking of the building blocks constituting the multilayer membrane is regularly
adopted to impart mechanical integrity and/or responsiveness to the polymeric
capsules. Using thiol-modified polyelectrolytes for the LbL deposition and its subsequent
crosslinking to form disulfide bonds results in redox responsive vehicles capable of
releasing an encapsulated agent in response to the glutathione (GSH) levels
encountered in the cellular microenvironment.133-137 Thus, the fabricated capsules are
stable at physiological pH but are deconstructed under reducing conditions allowing the
targeted release of the cargo intracellularly.3*13> This strategy is useful in vaccine
formulations since traditional strategies have been unsuccessful in immunizing against
many chronic diseases such as HIV.2*>%37 The capsules are subjected to phagocytosis by
antigen-presenting cells (APC) and to micropinocytosis by dendritic cells (DC), both being
of utmost importance in the immune response coordination.!3*> Within this field, Sexton
and co-workers fabricated LbL capsules for vaccination, formed by a polymeric
membrane of thiolated poly(methacrylic acid) (PMASH) and poly(vinylpyrrolidone)
(PVPON) capable of encapsulating ovalbumin (OVA) peptide. They observed that these
LbL capsules containing the peptide within their core were capable of efficiently
stimulating T immune cells.?®> Furthermore, in comparison to the free protein, the
encapsulated peptide antigen was able to induce an equivalent immune response using
a lower dose.'3> Instead of using disulfide crosslinked polymeric membranes to protect
and control the release of the encapsulated cargo, other authors employ
polyelectrolytes that are sensitive to an external or internal trigger, such as UV light or
pH change.138139 By covalently assembling poly(2-vinyl-4,4-dimethylazlactone) (PVDMA)
with PEI, the degradation of the LbL occurred only at acidic pH values, allowing the
release of the encapsulated cargo under these conditions.?3° Using poly(diallyldimethyl
ammonium) chloride (PDADMAC) and poly[1-[4-(3-carboxy-4-
hydroxyphenylazo)benzenesulfonamido]-1,2-ethanediyl, sodium salt] (PAZO) as the
constituents of the polymeric membrane, the release of the cargo was controlled using
UV light thanks to the formation of azobenzene (AZO) aggregates which induce a phase

separation on the polymeric membrane.!*°
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The conjugation of the active agent to a polyelectrolyte is a useful alternative to avoid
the aforementioned limitations associated with the electrostatic adsorption of the
building blocks onto the sacrificial template. The incorporation and encapsulation of
small hydrophobic molecules is usually a challenge in the fabrication of LbL micro- and
nanocapsules. Many works have described the conjugation of the drug or prodrug to
one of the polyelectrolytes to improve its solubility, stability and transport of the
therapeutic hydrophobic molecule.14%14¢ Thanks to the conjugation, a better control
over the release rate and an improvement in the targeting are achieved. This is very
useful in pathologies like cancer, in which the control over the dosage and efficient
targeting of the anticancer drug determines the success of the adopted approach.14>146
Anticancer drugs like doxorubicin or paclitaxel have been successfully conjugated to a
wide variety of polyelectrolytes.'#144 Within this context, several strategies have been
followed for the conjugation of the drug. Some of them use the amine bond formation
for the conjugation of DOX to the polyelectrolyte used for the fabrication of the
polymeric membrane (Fig. 2.7a).1%! Following this strategy, Ochs et al. observed a
successful decrease in the viability of LIM 1899 human colon cancer cells after the
treatment with the fabricated capsules, which were capable of releasing DOX in a
controlled manner thanks to enzymatic degradation.'*! Another strategy to incorporate
these hydrophobic drugs is the use of cyclodextrins, which are water-soluble
oligosaccharides capable of hosting various guest molecules into their hydrophobic
cavity (Fig. 2.7a).1** For example, Jing and collaborators fabricated LbL capsules using a
hyaluronic acid-cyclodextrin conjugate as a building block, which was subsequently
loaded with paclitaxel. This system exhibited a controlled release and high effectiveness
in reducing the viability of breast cancer cells (Fig. 2.7b). In cancer treatment, another
strategy is the use of prodrugs conjugated to the polymer membrane layers. The use of
Pt(I)-based drugs have been extensively reported since they are capable of inhibiting
the growth of cancer cells interfering in transcription and other DNA-mediated cellular
functions.'#> However, these drugs have limited solubility and lack of functional groups
capable of facilitating their encapsulation, thus limiting their use in the clinic.}%
Moreover, they have a wide variety of side effects ranging from nephrotoxicity and
cumulative neurotoxicity to ototoxicity.'#> The use of its prodrug (i.e., Pt(IV)) represents

a promising alternative because it shows better pharmacokinetics and reduced side
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effects.1#>146 Several works have conjugated the Pt(IV) prodrug to a polypeptide or a
polysaccharide to exploit them as part of the polymeric membrane.*>4¢ |n this way,
higher toxicity than free Pt(ll) was observed thanks to a higher intracellular
accumulation of Pt.1*> As reported by Zhang and co-workers, capsules fabricated via the
LbL approach combining in their membrane Pt(IV)-chitosan conjugates and
complementary anticancer drugs (e.g., gemcitabine (GEM)-conjugated to HA) were
capable of releasing the active agents in a sustained manner, obtaining a synergistic

effect that reduced lung cancer tumour while avoiding toxic effects in off-target organs
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Fig. 2.7. a) Chemical conjugation (above) vs. cyclodextrin complex formation (below) for the
incorporation of poorly soluble molecules. The image below has been reprinted (adapted) with
permission from Chem. Mater. 2013, 25, 19, 3867-3873. Copyright 2021 American Chemical
Society b) Viability results and fluorescence micrographs of MDA-MB-231 cells in response to
unloaded capsules (upper row), paclitaxel (PTX) in solution (middle row) and PTX-loaded capsules
using cyclodextrin complex formation (row below). Capsules with the cyclodextrin-PTX complex
induce a higher cell toxicity obtaining thus an efficient anticancer treatment. Reprinted (adapted)
with permission from Chem. Mater. 2013, 25, 19, 3867-3873. Copyright 2021 American Chemical

Society.
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Table 2. Strategies to incorporate functionalities in the multilayer membrane of LbL capsules intended to be used in biomedical applications.
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2.4. Outer layer

It is evident from the previous sections that the LbL methodology offers numerous
advantages including the colloidal stability, degradability, drug release and
biocompatibility, among others.}*’ These advantages derive through the careful design
of the LbL micro/nanocapsules, that includes the selection of the appropriate
components that act as the core, as well as the building blocks that are used as the
coating layers and their functionalization. Although both the core and the multilayer
membrane affect the in vitro and in vivo behaviour of the capsules, the most important
component is the outer layer. The outer layer is the one that comes first into contact
with the biological microenvironment defining the in vitro/in vivo fate of the capsules.
Thus, a suitable functionalization can improve characteristics like circulation time in the
blood and cell uptake or provide responsiveness to a physical, chemical or biological

stimulus.

2.4.1. Colloidal stability and circulation time

Colloidal stability inside a biological environment is of crucial importance since it
strongly affects the fate of the administered capsules. One of the most common
techniques for improving the colloidal stability and circulation times (through
opsonization inhibition) of nano- and microcapsules, is their surface-functionalization
with poly (ethylene glycol) (PEG).85148-154 The ability of PEG to create brushes that inhibit
the attachment of proteins present in the blood, and the steric hindrances that promote
the individual stability (through aggregation inhibition) of each capsule, make PEG one
of the best stability enhancement approaches. As an example, PEG was used as the final
layer in a poly(L-lysine)/poly(glutamic acid) (PLL/PGA) capsule-based system aiming at
improving its colloidal stability.®® In this work, where the main objective was to prepare
nanocapsules for hyperthermia applications, nanoemulsion droplets were used as the
core around which the polyelectrolyte nanocapsule was formed. The Fe30a4
nanoparticles that were incorporated between the layers provided the responsiveness
to alternating magnetic fields, whereas the PEG coating allowed for a long-term colloidal

stability of 90 days, as demonstrated by dynamic light scattering studies. This long-term
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colloidal stability, demonstrated the capability of the fabricated capsules to avoid the
above-mentioned opsonins’ adsorption onto the colloidal multilayer capsules and thus
avoiding the unspecific clearance, via phagocytosis, of immune cells like
macrophages.}411152 |n their work, Wattendorf and collaborators functionalized the
outer layer of the fabricated microcapsules adding to the surface PEG-grafted PLL (PLL-
g-PEG) and PGA (PGA-g-PEG) to analyse their stealth effect in human monocyte derived
dendritic cells (DC) and macrophages (M®).1>2 As they observed, PLL-g-PEG coated
capsules were capable of resisting the internalization by DC and M® in comparison to
the non-PEGylated counterparts. The capsules remained freely in the cellular
microenvironment, thus reducing the uptake rate by about two-thirds and a half

obtaining a drop in the phagocytosis mechanism by up to 85-90%.

However, this conventionally used PEG coatings present several limitations including, its
degradation by oxidation, hypersensitivity, poor bioavailability, immunogenicity and
non-biodegradability.’>> As an alternative, other brush-like structures have been studied
and among them, poly(2-oxazoline)s (POxs) have emerged as interesting candidates.
These POxs present excellent biocompatibility, a great stealth behaviour and protein
repellence, and an ease of fabrication, thus increasing the circulation time and avoiding
the clearance via phagocytic pathways.?>>1°8 In their work, Kempe et al. observed that
capsules fabricated with these brush-like structures and incubated in model protein
serums like BSA and lysozyme, were capable of reducing in 40% the association of
proteins in comparison to its linear counterparts.’®> The better hydration and
subsequent increased resistance to protein adhesion was the main reason behind the
observed behaviour. In a similar work, it was observed that capsules fabricated with
poly(2-ethyl-2-oxazoline) (PEtOx) and incubated in human serum presented a three-fold
reduction in protein fouling with respect to the control systems in which
poly(methacrylic acid) (PMA) and poly(2-diisopropylaminoethyl methacrylate) (PDPA)

were used as the outer layer of the polymeric capsule.t®’

2.4.2. Targetability and selective internalization

Besides stability, surface functionalization using proteins or sugars on the surface of the

capsules can improve cell internalization while enhancing the selective uptake by a
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specific cell type. Additionally, a surface protein or sugar can be used as a recognition
molecule rendering the capsules able to act as biosensors or biomolecule separators. In
an interesting work,?° fibrinogen was used to functionalize the surface of
dextran/PLL/PGA multilayer capsules aiming at attracting the circulating platelets. Due
to fibrinogen, the platelets adhered to the microcapsules via the allbB3 integrin, forming
a hybrid platelet-microcapsule system. The system was able to travel to the clot area
and release the encapsulated anti-clotting factor VIl in an in vitro model of Haemophilia
A. Notably, the release of the pro-clotting factor was achieved through the rupture of

the capsules upon activated platelet contraction.

The use of lectin as a target is another approach that has been reported in the
literature.’®® The authors of the study fabricated a sodium alginate/chitosan
microcapsule coated with a lipid bilayer. This bilayer not only sealed the encapsulated
drug daunorubicin, but also allowed the functionalization with a laboratory-synthesized
glycolipid that shows high affinity to lectins. To further improve the targetability and
selective uptake of the system, the authors used an additional lipid-based folate group
(DSPE-PEGg00-folate) that has the ability to target the MCF-7 cancer cells. A different
system that also made use of lectin as a targeting group was reported by Zhang and co-
workers.2®! In their work, the authors made a polyelectrolyte microcapsule constituted
of poly(vinyl galactose esterco-methacryloxyethyl trimethylammonium chloride)s
(PGEDMC) and PSS. PGEDMC contained galactose branches able to recognize
membrane-bound galactose receptors (ASGPR). The in vitro studies revealed a peanut
agglutinin (PNA) lectin recognition that allows adhesion to the HepG2 receptor,

suggesting the potential of the system for hepatic targeting.

In another study,6?

surface functionalization of magnetic polyelectrolyte capsules using
an antibody against horseradish peroxidase (HRP) led to the magnetic separation of HRP,
proving the biomolecular recognition ability of these capsules through selective
antibody functionalization. In a similar study, PEGylated microcapsules were
functionalized with an antibody against collagen type IV, allowing their use for exclusive
binding to collagen type IV substrates.!®® Following the same rationale,®*
PAH/polyacrylic acid (PAA) microcapsules were functionalized with antibodies (Y3, 5D3

and W6/32) against the major histocompatibility complex | (MHC |) (Fig. 2.8a). The
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results of this study showed that the targeting towards this complex is selective and
allotype specific (Fig. 2.8b and 2.8c). Additionally, when the microcapsules were coated
with the staphylococcus aureus protein A before the antibody functionalization, then
the targeting efficiency increased by 40-50% compared to the direct antibody
functionalization (Fig. 2.8c). This was attributed to the specific orientation of the
antibodies deriving from the optimized immobilization on the microcapsules’ surface

due to the protein A coating.

Enhanced targeting can be also achieved using antibodies specific to receptors that are
overexpressed in various cells, like the endothelial growth factor receptor (EGFR) that is
overexpressed, among others, in breast cancer. In a particular study, the authors
fabricated quantum dots that were subsequently coated with PAA/PAH and
functionalized with cetuximab, a monoclonal antibody against the EGFR.1®> The in vitro
studies that were carried out in the MDA-MB-468 and MCF-7 human breast
adenocarcinoma cell lines showed that the antibody-conjugated capsules interacted
only with the MDA-MB-46 (EGFR positive), and not the MCF-7 (EGFR negative) cells.
Other commonly overexpressed marker is A33, which is present in 95% of human
colorectal tumour cells.'®® Functionalization of polymer capsules with the humanized
A33 (HuA33) antibody, allowed their binding to corresponding receptors overexpressed
in the LIM1215 colorectal cancer cell line. This binding was the first step towards an
efficient internalization, and thanks to this, nearly all cells were capable of containing

one particle, demonstrating an efficient targeting to the tumour site.1%®

Aside from proteins and antibodies, oligonucleotides like aptamers have also been used
for surface functionalization.'®”:168 |n one of the works presented by Liao et al., aptamer-
functionalized microcapsules offered selective targeting and responsiveness to
overexpressed cancer cell biomarkers like the vascular endothelial growth factor (VEGF)
and adenosine triphosphate (ATP).1®” When the microcapsules were incubated with the
cancer cells (MDA-MB-231), the VEGF on the surface of the cells or the intracellular ATP
were bound to the anti-VEGF/anti-ATP on the surface of the capsules, leading to their
unlocking (higher effectiveness with ATP functionalization) and releasing of the

encapsulated drug doxorubicin. When the capsules were incubated with non-cancerous
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MCF-10A cells, a lower toxicity was observed, suggesting that no doxorubicin was

released.
a)
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Fig. 2.8. a) Schematic representation of (PAH/PAA), microcapsules coated with protein A and
post-functionalized with the murine Y3 antibody capable of specifically recognizing specific class
I molecules at plasma membrane of STF1 cells. b) Confocal microscopy images showing the cell,
antibody and allotype specific targeting of the capsules. In the particular case of these images,
capsules post-functionalized with Y3 were attached after 3 h to STF1 cells. White arrows highlight
the specific contact point between the cells and the capsules. c¢) Flow cytometry results
summarizing the interaction study between the capsules functionalized with different antibodies
and T1 cells. The used capsules were: (A) non functionalized, (B) coated with protein A, (C)
functionalized with the Y3 antibody in optimized orientation, (D) functionalized with the 5D3
antibody in optimized orientation, (E) functionalized with the W6/32 antibody in optimized
orientation. (F) Y3 antibody, (G) 5D3 antibody and (H) W6/32 antibodies were randomly
orientated (I) BSA coated capsules. The results showed the allotype and cell specific tendency in
this specific case using T1 cells. Optimizing the orientation of the antibodies, the targeting
efficiency increased by 40-50%. Reprinted (adapted) with permission from ACS Appl. Mater.
Interfaces 2017, 9, 13, 11506-11517. Copyright 2021 American Chemical Society.
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Other alternatives for the functionalization of the outer layer and the subsequent
improvement of their targetability is the use of polysaccharides like hyaluronic acid (HA).
HA presents great affinity to CD44, a cell surface receptor present in many cancer types,
that plays a pivotal role in cancer progression and metastasis (Fig. 2.9a).1%%170 Within
this context, many works have focused on the fabrication of capsules with a HA outer
layer to enhance the targetability and also the internalization of the capsules (Fig.
2.9b).87.118169-171 Choj and collaborators fabricated capsules encapsulating siRNA to
disable the B-cell lymphoma 2 (BCL-2) present in haematological cancers.!*® These
capsules were functionalized with an outer HA layer conjugated to a specific antibody
(CD20). As a result, the capsules were capable of binding to two different surface
receptors obtaining a higher efficiency in the treatment. Furthermore, thanks to the
presence of HA, capsules were internalized in an efficient way after their binding to the

upregulated CD44 marker.

2.4.3. Providing stability and stimulus-responsive release

In the aforementioned sections we have already described how nanostructures like
nanoparticles, in the intermediate layers of the LbL microcapsules, can provide
advanced functionalities. However, nanoparticles and nanorods have also been used in
the outer layer of various microcapsules aiming at improving the release properties by
rendering the capsule responsive to a stimulus. As an example, silical’?1’®> and titanial’®
nanoparticles have been formed through in situ nucleation on the surface of PSS/PAH
microcapsules resulting respectively in an ultrasound and UV/ultrasound-dependent
release of Rhodamine-B and Dextran. Although the systems were not tested either in
vitro or in vivo, the presented data suggested their potential use in the biomedical field.
In another example, gold nanorods were used to decorate hydroxyapatite (HAP)
/chitosan (CHI)/hyaluronic acid (HA) microcapsules aiming at the creation of a pH-
responsive (chitosan) and NIR-responsive (gold) system.'”” The microcapsules showed a
significant increase in the release of doxorubicin (~72%) when low pH (4.5) and NIR
irradiation were combined. In the specific case of silica, apart from making the capsules
capable of releasing a specific therapeutic agent in response to an external stimuli, this

outer layer endowed the capsules with a greater robustness and reduced permeability
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of the membrane, avoiding unspecific release, thanks to the blocking of the capsule
pores.}74175178 Timin and collaborators observed that the capsules encapsulating
doxorubicin and functionalized with an outer silica layer were capable of hindering the
release of the encapsulated compound in the absence of an externa stimuli (i.e.,
ultrasound excitation or the presence of a reducing environment).1’# On the contrary,
the drug was rapidly released under ultrasound treatment obtaining 87% of drug release
after 120 s of stimulation and the same capsules in the presence of GSH were capable
of releasing 71% at 48 h. Consequently, they obtained a selective drug delivery while

maintaining the integrity of the encapsulated drug until the targeted site was reached.

Another way to obtain stimuli responsive capsules by functionalizing the outer layer of
the polymeric membrane relies on the use of polysaccharides such as CHI and HA. One
LbL system that made use of the pH-sensitivity of chitosan was presented by Verma et
al.}”® In their chitosan/sodium alginate system, the surface was functionalized with
Vitamin 12 aiming at its uptake in the intestine and through the intrinsic factor receptor-
mediated endocytosis. The system was able to safely deliver the encapsulated insulin
both in vitro and in vivo presenting a 4.3-fold increase in its absorption when loaded in
the nano-capsules (< 250 nm), compared to the free insulin. HA, apart from its ability to
target the overexpressed tumour marker CD44 mentioned in the previous section, is
also capable of being hydrolysed by hyaluronidase which is usually overexpressed under
bacterial infections and cancer environments (Fig. 2.9a).18%181 Using this strategy, Zheng
and co-workers developed a capsule with an outer layer of HA which was degraded in
the presence of hyaluronidase, thus promoting the release of the encapsulated protein
cytochrome C (Cyt).18 In this way, capsules in the presence of hyaluronidase were

capable of releasing 98% of the encapsulated protein after 96 h (Fig. 2.9c).
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Fig. 2.9. a) Schematic representation of the capability of HA to specifically bind to the CD44
receptor and subsequent hyaluronidase degradation allowing the release of the encapsulated
therapeutic agent. b) Fluorescence micrographs showing the interaction between non treated
capsules (NT), bare carboxylate-modified (CML) polystyrene latex beads (Bare) and HA
functionalized capsules (HARPs). Nuclei of the cells were stained with DAPI, cell body structure
with AlexaFluor 488 and capsules are shown in red. Republished with permission of Royal Society
of Chemistry, from Enhancing chemoradiation of colorectal cancer through targeted delivery of
raltitrexed by hyaluronic acid coated nanoparticles, Rosh J. et al., 11, 29, 2019; permission
conveyed through Copyright Clearance Centre, Inc. c) TEM images of HA coated nanocapsules
degradation by hyaluronidase after 0 h (left) and 96 h (middle). Encapsulated Cyt protein release
percentage of the nanocapsules (right). The analysed capsule conformations were: (1) capsules
coated with 163 mg/qg HA, (2) capsules without HA coating, (3) capsules coated with 80 mg/g HA
and (4) and (5) capsules coated with the considered amounts of HA in the presence of
hyaluronidase. Reprinted (adapted) with permission from ACS Nano 2019, 13, 11, 12577-12590.
Copyright 2021 American Chemical Society.
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2.4.4. Miscellaneous

Apart from the above-described properties that the LbL coatings offer, there are still a
few attributes that are worth mentioning. As an example, improved stability, but this
time in terms of degradation time of the polyelectrolyte layer was also studied after the
coating of PAH/PSS capsules with bacterial self-assembled proteins isolated from
Bacillus thuringiensis.*®? These proteins, called S-layers,83 are composed of glycoprotein
subunits that cover the outer layer of gram (+), gram (-) bacteria and archaea and have

great potential to be used as biomimetic coatings.

Polydopamine has also been reported as an additional functionalization of the outer
layer to improve the mechanical stability.!8* This stability could be attributed to the
creation of covalent bonds between the repeated monomeric units that interconnect
through the polyelectrolyte layers enhancing the mechanical strength of the

polyelectrolyte system.

On a different approach, Dex/Parg LbL capsules were coated with a variety of liposomal
formulations aiming at the activation of dendritic cells (DC) and a specific immune
response.’®> The data of this study showed that the lipids acted as immunopotentiators
enhancing DC activation with the combination of a lipid A derivative with 1,2-Dioleolyl-
3-trimethylammonium-propane chloride salt (DOTAP)/1,2-dioleoyl-sn-glycero-3-
phospho-ethanol-mine (DOPE), giving the strongest activation.

Finally, in a recent work by Cambell and co-workers, 16 different types of capsules were
studied in terms of stability, by correlating the stability of the fabricated polyelectrolyte
complexes (PECs) in the absence of the calcium carbonate template.'® This study, that
made use of various polyelectrolytes like heparin sulfate, dextran sulfate, chondroitin
sulfate and hyaluronic acid, helped to identify polyelectrolyte pairs with the highest
potential for drug delivery. Notably, it was shown that not all the pairs are suitable for
LbL coating with several of these pairs not being able to form capsules after the removal

of the core.
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Table 3. Strategies to incorporate functionalities on the outer layer of LbL capsules intended to be used in biomedical applications.

interaction

Reduced human serum
albumin adsorption.

Surface . .
Strategy Encapsulated Surface functionalization Biomedical Outcomes Ref.
entity functionalization application
approach
Cancer .
. PEG grafted on the (Neither in AMF—mduce.d . 86
Iron oxide ) . hyperthermia resulting to
PGA electrolyte vitro, nor in : .
. morphological alterations.
vivo)
qE; Bioimaging (in Fluorescence signal of
= LaVO4:Tb3* PEGylation vitro/in vivo capsules within cells and 148
.g toxicity) tissues.
® Cancer (in vitro | e Decreased non-specific
S N/A PEG grafted to PSS | with LIM1215 | binding. 151
; polyelectrolyte and LIM2405 HuA33 functionalization
c PEG A33+ cells) increase cell binding.
>
£ PEG grafted to PLL gi‘t’j‘;'e:‘e;rzign .
o N/A and PGA Shielding IStribu ° 152
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3 PO Y and dendritic cells.
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Strategy

Encapsulated
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Surface
functionalization

Surface

functionalization

approach

Biomedical
application

Outcomes

Ref.

Colloidal stability and circulation time

Urokinase
plasminogen
activator

Poly(2-ethyl-2-
oxazoline)

Electrostatic
interactions

Thrombolysis

High platelet affinity.
Thrombin responsiveness

and thrombus dissolution.

158

N/A

Poly(2-oxazoline)

Electrostatic
interactions

Antifouling

40% lower protein
association in brush like
POx than in linear.

155

N/A

Poly(2-ethyl-2-
oxazoline)
copolymerized with
methacrylic acid

Electrostatic
interactions

Antifouling

Preferential uptake of
dendritic cells instead of
macrophages.

156

N/A

Poly(2-ethyl-2-
oxazoline)
copolymerized with
methacrylic acid

Electrostatic
interactions

Antifouling

Three-fold reduction in
human serum protein
adsorption with poly(2-
ethyl-2-oxazoline)
copolymerized with
methacrylic acid systems.

157
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Targetability and selective internalization

Surface . .

Encapsulated Surface . .. Biomedical

Strategy . . . L functionalization .. Outcomes Ref.
entity functionalization approach application
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antibody reaction v;'vo) to collagen type IV.
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180

65




Table 3. Continued.

Chapter 2

rf . .
Encapsulated Surface S:u ac_:e . Biomedical
Strategy . . . L functionalization . .. Outcomes Ref.
entity functionalization approach application

Tirapazamine

Electrostatic

Cancer (in vitro
studies in SCC-

¢ NIR/MR imaging and
guiding capability.

e In presence of
hyaluronidase 50-60%

181

(]
2
[72)
c
o
o
[ . .
< Hyaluronic acid 7, MCF-7 AND
g and TPPS, yaiuronicact interactions ’ oS 7 cell cargo release in 12 h.
S lines) e Specific uptake obtained
g Q thanks to CD44
; § overexpression.
c
d g e Negligible drug release
= ) . without any stimuli (silica
S In situ nucleation L .
T based on the Cancer (in vitro | shell protection).
% Doxorubicin Silica . studies in Hela | e Ultrasound stimuli: 87% 174
oo hydrolysis of TEOS i
£ cells) release in 120 s.
T and TESPT
3 ¢ GSH presence: 71%
- release in 48 h.
Biocompatibilit
§ N/A Bacterial self- Recrystallization on y e Improved stability towards 182
g assembled proteins the outer surface (in vitro with degradation.
= MG-63 cells)
§ Surface (Neither in .
= . . - . ) e Improved mechanical 184
S Glucosidase Polydopamine polymerization of vitro, nor in stabilit
dopamine vivo) ity

66




Table 3. Continued.

Chapter 2

Encapsulated Surface S:urfac_:e . Biomedical
Strategy . . . L functionalization . .. Outcomes Ref.
entity functionalization application
approach
Immunomodul
. . Electrostatic ation . 185
N/A Liposomal formulation interactions (in vit ih | ® Enhanced DC activation.
@ in vitro wi
S DCs)
E, e Stability studies among
K several polyelectrolyte
3 .
S N/A N/A N/A N/A Iay.ers showed speC|_f|c 186
pairs being more suitable
for the formation of LbL
capsules.

67




Chapter 2

2.5. Towards multifunctional capsules

As described along this introduction, the LbL fabrication method allows the
functionalization of almost all the components that form the polymeric capsule, from
the inner cavity/core to the outermost layer through the polymeric membrane.
However, the single functionalization of only one of these parts may limit their capability
to overcome the challenges involved in complex pathologies. Consequently, the
functionalization of various parts of the polymer capsules needs to be considered when
adjusting to the individual particularities of a patient. Thus, taking advantage of the
versatility of LbL approach, many works have developed capsules combining multiple
functionalities within their structure, obtaining multifunctional micro- and

nanoplatforms for a synergistic treatment adapted to the particular characteristics of

the pathology.3958:116123,159,165,171,187-193

Theranostic nano- and microcapsules are excellent examples of these multifunctional
systems. They are capable of interweaving diagnosis and therapeutic functionalities in
the same single system, combining in their architecture imaging probes with therapeutic
agents to simultaneously track and treat the target site.!?® The use of these theranostic
nano- and microplatforms is a useful tool in cancer therapy to gain information about
the tumour progression and promote its shrinking while avoiding the so common off-
target side effects.3988116123,189,191 Traditionally, to impart imaging and diagnosis
functionalities to the capsules, a combination of nanoparticles, such as iron oxide or
quantum dots with encapsulated chemotherapeutic drugs has been adopted.8188191
However, other employed alternatives rely on the use of ultrasound detectable
polyelectrolyte pairs or chelating agents bind to an isotope detectable via positron
emission tomography (PET).3919 Using the latest approach, Kozlovskaya and
collaborators fabricated PVPON/TA layered capsules containing in their shell
deferoxamine (DFO) chelating agent capable of binding to 89Zr isotope.!®® This isotope
provided a good balance between longer-term imaging and spatial resolution,
maintained for 7 days. Furthermore, thanks to the rational selection of the
polyelectrolyte pair, they were capable of releasing the encapsulated DOX using

ultrasounds, sufficient to deliver the drug, but not being detrimental for the patient.
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Additionally, they demonstrated that they were able to track the accumulation of the
capsules in the course of time and while the therapeutic agent was released. However,
these systems that make use the above-mentioned imaging probes are only capable of
giving useful visual information of the target site and monitoring the release of the
chemotherapeutic agent. Hence, the group of P. Hammond went a step further and
fabricated nanoparticles capable of obtaining information about precise pathological
changes, thus obtaining more dynamic systems not only focused in the local image

information provided by the aforementioned counterparts.1?3

The developed
nanoparticles which included on their outer layer a urinary biosensing peptide, were
activated by matrix metalloproteinase-9 (MMP-9) that is overexpressed in tumours.
Simultaneously, the nanoparticles were capable of releasing encapsulated siRNA

obtaining a prolonged gene silencing.

An additional way to efficiently treat tumours relies on the combination of targeting
ligands in the outer layer and encapsulated chemotherapeutics in the core, in the same
multifunctional nano- or microcarrier.16>171187.193 sing targeting ligands such as
antibodies, the fabricated capsules are capable of binding to biomarkers present in the
tumour to obtain an active accumulation.’®>!*® Moreover, apart from using only
traditional chemotherapeutic agents, different photosensitizing agents can be included
in the polymeric shell to obtain a synergistic treatment, which combines commonly used
chemotherapy with photodynamic therapy (PDT) capable of inducing a higher cell
apoptosis and necrosis.}’1187 As an example, Gaio et al. fabricated capsules with a core
containing chemotherapeutic docetaxel (DTX), a photosensitizer retained between the
layers and an outer HA layer capable of binding to specific receptors like the CD44 or
RHAMM present in various tumours.'®” Thanks to the co-delivery of both therapeutic
agents, a strong synergism between them that resulted in a significant reduction in cell

viability, was observed.

Other pathologies in which the multifunctional systems could be useful are
cardiovascular and haemolytic pathologies.>192 Here, different strategies can be used
to build the architecture of the capsules, guide them to the target and simultaneously
treat it, by releasing therapeutic agents such as the recombinant tissue plasminogen

activator (rtPA) or pro-clotting agents.?>>192 One of these examples relies on the use of
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the platelet system as the sensor and actuator for the treatment. Thus, using fibrinogen
as an outer layer, Hansen and co-workers were capable of attaching to the surface of
their capsules platelets which actuated as capsule disrupters in the presence of
thrombin, a clotting activator.’® Capsules were capable of releasing VIl factor to
increase fibrin formation and decrease clotting time to treat pro-clotting factor

deficiency in Haemophilia A pathologies.

Based on the vast bibliography discussed along this introduction, the present thesis
pretends to explore alternative polymer capsule configurations to yield multifunctional
microreactors capable of alleviating the oxidative stress found in the cellular

microenvironment.
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CHAPTER 3. Encapsulation of manganese dioxide nanoparticles
into layer-by-layer polymer capsules for the fabrication of

antioxidant microreactors

Abstract

Oxidative stress is caused by the accumulation of reactive oxygen and nitrogen species (ROS
and RNS) in the cellular microenvironment. These ROS and RNS damage important cell
structures leading to cell apoptosis and senescence, thus causing a detrimental effect on
numerous disease pathologies such as osteoarthritis, neuro- degeneration and
cardiovascular diseases. For this reason, there is a growing interest in the development of
antioxidant biomaterials that can eventually regulate the levels of ROS/RNS and prevent
oxidative stress. The encapsulation of antioxidant enzymes (e.g., catalase or superoxide
dismutase) on polymer microcapsules fabricated via the layer-by-layer (LbL) approach
represents a promising strategy within this context. The diffusion of reagents and by-
products through the shell of these microcapsules is timely and spatially controlled, allowing
the bio-chemical reaction between ROS/RNS and the encapsulated enzyme. However,
natural enzymes usually present low stability, high cost and difficult storage, which could
limit their potential application in the bio- medical field. Hence, nanomaterials with intrinsic
enzyme-like characteristics (i.e., nanozymes) have been considered as inorganic alternatives.
In the present chapter, manganese dioxide nanoparticles were encapsulated into LbL
polymer microcapsules to yield synthetic antioxidant microreactors. These microreactors
efficiently scavenged hydrogen peroxide (H,0;) from solution and protected cells from
oxidative stress in an in vitro model. The versatility of the synthetic procedure presented
herein allows the fabrication of capsules with either positive or negative surface charge,

which has a direct impact on the cytotoxicity and cell interaction.

3.1. Introduction

Reactive oxygen species (ROS) such as hydrogen peroxide (H20), hydroxyl (-OH) and
superoxide anion radicals (O;) are reactive molecules which play an essential role in
numerous cell signalling processes.! In normal cellular activity conditions, cells are

capable of regulating efficiently the levels of ROS through several antioxidant enzymes
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and molecules. However, an overproduction of these ROS can overwhelm the
antioxidant capacity of the cells and induce oxidative stress, which is the cause of
numerous pathologies like neurodegeneration, cancer, osteoarthritis and

cardiovascular diseases.!

For the reduction of the overproduced ROS, different alternatives based on biomaterials
have been widely studied, including polymer micro- and nanocapsules fabricated via the
layer-by-layer (LbL) approach. These consist on the alternate deposition of oppositely
charged polyelectrolytes on a colloidal template, which is subsequently removed.® This
process allows the fabrication of tailor-made micro- and nanocapsules with the
possibility to adapt their physical, chemical, morphological and mechanical properties
to the required application.®’” More precisely, the thickness of the polymeric membrane
and the amount of polyelectrolyte attached to the sacrificial template can be tuned
changing the polymerization degree of the polyelectrolytes, adjusting the ionic strength
of the polyelectrolyte solution or modulating the template-polyelectrolyte amount ratio
to ensure an efficient layer adhesion.® To impart advanced functionalities to the
fabricated polymer micro- and nanocapsules, the outer layer can be chemically
functionalized with several biomolecules.® Alternatively, inorganic nanoparticles can be
incorporated either within the capsule or between the layers to create stimulus-

responsive micro- and nanocapsules.1%-13

Thanks to the versatility of this process, the fabricated capsules have been used for
different biomedical applications such as drug delivery vehicles,'*® imaging,”!® or,
more recently, as micro- and nanoreactors.’®?? In the latter case, the capsules
accommodate within their core active biomolecules such as enzymes, which act in situ
allowing the continuous transfer of reagents and products through the polymeric
membrane. Enzymes like catalase *° or superoxide dismutase (SOD) have been widely
studied for the reduction of the overproduced ROS. However, the exposure of these
enzymes to diverse environmental conditions (e.g., extreme pH, high temperature,
organic solvent) has a detrimental effect on their catalytic activity, thus limiting their

practical application.?

As an inorganic alternative to these antioxidant enzymes, nanozymes (e.g., CeO 2%22 or

Mn0,%232%) have gained interest in nanobiotechnology owing to their high catalytic

100



Chapter 3

efficiency and robust stability.??32>27 Manganese dioxide nanoparticles are of
particular interest as ROS scavengers because of their multienzyme nature that mimic
simultaneously the activity of both catalase and SOD.?3 Furthermore, the decomposition
of these nanoparticles in Mn?* and H,0, preventing their accumulation in the body,
makes manganese dioxide a good inorganic alternative for the treatment of oxidative

stress.!

In this chapter, it was hypothesized that MnO;-loaded polymer microcapsules would
protect cells from H,0»-induced oxidative stress. We fabricated polymer capsules loaded
with MnO; nanoparticles via the LbL process, depositing alternately poly(sodium 4-
styrenesulfonate) (PSS) and poly(allylamine hydrochloride) (PAH) on a MnO;-decorated
CaCOs sacrificial template. After the CaCOs template removal, antioxidant polymer
capsules loaded with MnO nanoparticles were obtained. The capsules were thoroughly
characterized in terms of physico-chemical, morphological and functional properties
and, as a proof of concept, their therapeutic potential was evaluated in a preliminary in

vitro model of oxidative stress using Hela cells.
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3.2. Materials and methods

3.2.1. Materials

Calcium chloride (CaCly), sodium carbonate (Na;COs), sodium chloride (NaCl), potassium
permanganate (KMnOQa), hydrogen peroxide (H,02) (30% wt. in H.0), poly(allylamine
hydrochloride) (PAH) (Myw ~17,500 g/mol), poly(sodium 4-styrenesulfonate) (PSS) (Mw
~70,000 g/mol), ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA),
fluorescein 5-isothiocyanate (FITC), Phosphate Buffer Saline (PBS), Hank’s Balanced Salt
Solution (HBSS), Triton X-100, Tween 20 and bovine serum albumin (BSA) were
purchased from Sigma Aldrich. Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), penicillin-streptomycin solution (P/S), AlamarBlue® cell viability
reagent, rhodamine-phalloidin, 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI)

and 16% Formaldehyde Solution (w/v) were purchased from Thermo Fischer Scientific.

3.2.2. Synthesis and characterization of MnO2 nanoparticles

3.2.2.1. Synthesis of MnO; nanoparticles

MnO; nanoparticles were synthesized using a modified procedure as previously
reported.328 Briefly, 4.125 mmol of KMnO4 was dissolved in 150 mL of distilled water
inside a conical flask, and left under stirring (300 rpm) for 15 min. In parallel and in a
smaller conical flask, 1.072 mM of PAH was dissolved in 50 mL of distilled water and
stirred (300 rpm) again for 15 min. After 15 min, the stirring speed of the KMnOa solution
was increased at 600 rpm and the aqueous solution of PAH was added. The mixed
solution was stirred for 24 h and then freeze dried for 48-96 h. The freeze-dried sample
was resuspended in 10 mL of distilled water inside a 15 mL falcon tube with the help of
an ultrasonic probe (90% amplification for 5 min), and then was washed 3 times by
centrifugation at 7000 g. After each centrifugation, the precipitate was redispersed in
distilled water either by shaking or vortexing. After the third spinning, the precipitate
was dispersed in distilled water using an ultrasonic probe for 1 h (90% amplification)

inside an ice bath. The dispersion was kept at 4 °C until further use.
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3.2.2.2. Characterization of MnO; nanoparticles

The morphological analysis of the MnO; nanoparticles was carried out by means of
Scanning Electron Microscopy (SEM: FEI 200) at a working voltage and working current
of 10 kV and 43 pA, respectively and by Transmission Electron Microscopy (TEM: JEM
1011, Jeol, Tokyo, Japan) at an accelerating voltage of 100 keV. The samples for the TEM
were prepared by drop-casting 6 pl of solution previously diluted onto ultrathin C-film

150 mesh Cu grids.

Fourier-transform infrared spectroscopy (FTIR) was performed using a Shimadzu Miracle
10. The number of scans was set to 45, the scanning range was set from 4000 to 400 cm’

1 and the resolution step at 4 cm™.

The size distribution as well as the surface charge were measured using a Zetasizer
NanoZS90, Malvern instruments LTD. The measurements were carried out at 25 °C in
distilled water at a concentration of 200 pg/mL. The size and the surface charge
measurements represent the mean + SD of three different measurements, with ten runs
of ten seconds for each measurement. Before each measurement, the samples were
sonicated for ten seconds using a Bandelin ultrasonic probe at 8 W, to avoid the

presence of aggregates during measurements.

3.2.3. Fabrication and characterization of polymer capsules

3.2.3.1. Fabrication of polymer capsules

Polymer capsules were fabricated via the LbL process using CaCOs microparticles as a
sacrificial template and PSS and PAH as negative and positive polyelectrolytes,
respectively. CaCOs particles stabilized with PSS were obtained by the fast precipitation
reaction between CaCl, and NaCOs, similar to previous reports.?® Briefly, aqueous
solutions of 0.2 M CaCl, and Na,COs were prepared separately. 0.2 M Na,COs solution
was prepared in the presence of PSS (4 mg/mL). The CaCl, solution was quickly poured
into the PSS-Na,COs solution in an equal volume. After 30 s of vigorous stirring, the
solution was incubated for 15 min. The obtained dispersion was centrifuged at 2000 g

(1 min) and the particles were washed 3 times with distilled water. Then the particles
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were resuspended in a 4 mg/mL MnO; aqueous solution (4 mg MnO nanoparticles:10
mg CaCOs microparticles) and incubated in an orbital shaker at 300 rpm (30 min). After
the incubation, the dispersion of particles was washed three times with a 0.005 M NaCl
solution to remove the excess of MnO; nanoparticles. The amount of adsorbed MnO;
nanoparticles onto the CaCOs templates was assessed by dissolving the template within
a 0.1 M EDTA solution. First, a calibration curve of MnO; in a 0.1 M EDTA solution was
prepared. CaCOs3 templates were incubated with different concentrations of MnO;
nanoparticles and after the washing steps described above, templates were immersed
in the EDTA solution thrice. The supernatant of each incubation step was collected and
the MnO; concentration was determined by UV-VIS (Perkin Elmer lambda 365) at A =
385 nm. Thereafter, the particles were resuspended in a 2 mg/mL PSS solution in 0.5 M
NaCl (pH 6.5) and after ten minutes of incubation, the particles were centrifuged and
washed thrice with a 0.005 M NaCl solution. After that, the particles were resuspended
in a 2 mg/mL PAH solution in 0.5 M NaCl (pH 6.5) and incubated for ten minutes. This
process was repeated until the desired number of layers was deposited. Finally, the
particles were immersed in a 0.1 M EDTA solution to remove the template. After 5
minutes of incubation with EDTA, the particles were centrifuged and recovered. This
process was repeated three times to ensure the complete removal of the sacrificial
template (Fig. 3.1). The resulting capsules were washed several times with PBS or

distilled water for the following use and characterization.

In a particular case, FITC-labelled PAH was used for the fabrication of fluorescently-
labelled capsules to analyse the internalization of the polymer capsules by the cells. To
do so, PAH and FITC were mixed at a ratio of 100 mol amide group of PAH per 1 mol of
FITC. Briefly, PAH was dissolved in a 500 mM carbonate buffer (pH = 9.5) and then FITC
solution (1 mg/mL in DMSO) was added dropwise to this solution sheltered from light.
After 30 min of incubation, the solution was dialyzed for 48 h against distilled water,
using a dialysis tubing cellulose membrane (avg. flat with 10 mm) (Sigma Aldrich). Once

the dialysis process finished, the solution was freeze-dried (Telstar LyoQuest).
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CaCl, (0.2M) Na,CO, (0.2 M)
PSS (4 mg/ml)

N

PAH deposition
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CaCO; microparticles () MnO,-decorated CaCO,
microparticles (+) Repeat
Washin p .

g process Washing

EDTA
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with PSS and PAH
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(2 mg/ml, pH = 6.5)

MnO, -loaded antioxidant
polymer capsules

Fig. 3.1. Schematic representation of the fabrication of MnQO,-loaded antioxidant polymer

capsules.
3.2.3.2. Physico-chemical and morphological characterization

The morphological analysis of the CaCOs microparticles and polymer capsules was
carried out by means of Scanning Electron Microscopy (SEM: Hitachi S-4800) at a

working voltage and working current of 5 kV and 2 nA, respectively.

To confirm the presence of MnO. nanoparticles in the CaCOs microparticles, X-ray
Diffraction (XRD) analysis was performed using a PHILIPS X'PERT PRO automatic
diffractometer operating at 40 kV and 40 mA, in theta-theta configuration, secondary

monochromator with Cu-Ka radiation (A = 1.5418 A) and a PIXcel solid state detector.

The size distribution of the CaCOs microparticles was obtained in a Laser Scattering

Particle Size Distribution Analyzer (HORIBA LA-350).

The C-potential of the particles after each polyelectrolyte deposition was measured from

a minimum of ten runs using a Malvern Instrument Zetasizer (ZEN 3690).

Infrared spectra of the polyelectrolytes and capsules before and after the CaCOs

sacrificial template removal was measured using a Nicolet AVATAR 370 operating in the
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Attenuated Total Reflectance (ATR-FTIR). Spectra were taken with a resolution of 2 cm"

1 and averaged over 64 scans.

The complete removal of the template was further confirmed via energy dispersive X-
ray spectroscopy (EDS) using a FEI 200 SEM with a built-in Bruker Nano XFlash 5010
detector. The voltage was set at 20 kV and the scanning time at one minute. All the

samples were coated with gold at 25 mA for 70 s before analysis.

The antioxidant capacity of the polymer capsules in the presence of biologically relevant
H.0, concentration (i.e., 10 uM and 50 puM) was evaluated using a Fluorimetric
Hydrogen Peroxide Assay Kit (Sigma Aldrich). Briefly, polymer capsules at a final
concentration of 1-10°, 1-10°, 1-107 or 1-10® polymer capsules/mL were incubated in a
10 or 50 uM H;0: solution for 30 min. Afterwards, the dispersion of polymer capsules
was centrifuged and 50 pL of the supernatant was transferred to a well in a 96-well plate
together with another 50 pL of master mix containing horseradish peroxidase and red
peroxidase substrate. After incubating for 20 min sheltered from light, the fluorescence
intensity was measured (Aex=540 nm/Aem=590 nm) on a microplate reader (BioTek

Synergy H1M) to determine the H.O; concentration.

The capacity of the capsules to scavenge H,0, after being exposed to several cycles of
H.0; was also evaluated. For this purpose, polymer capsules at a final concentration of
1-10% capsules/mL were incubated in a 10 or 50 puM H,0, solution for 30 min and
subsequently centrifuged. The supernatant was collected to determine the H.0;
concentration following the procedure described above (Cycle 1). The polymer capsules
were then resuspended in H,0; solution (10 or 50 uM) and incubated for another 30
min. After being centrifuged, the supernatant was collected to determine the H,O>

concentration (Cycle 2). This process was repeated until cycle 4.

The H,0; scavenging capacity of the polymer capsules after being sterilized with ethanol
was also determined. Here, polymer capsules at a final concentration of 1-:10” or 1-108
polymer capsules/mL were incubated in a 10 uM H,0, solution for 30 min and
subsequently centrifuged. The supernatant was collected to determine the H.0
concentration following the procedure described above (non-sterilized sample). The
polymer capsules were then resuspended in ethanol for 10 min. They were then

collected by centrifugation and incubated in a 10 uM H;,0; solution for 30 min. The
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supernatant was finally collected after centrifugation to determine the H20;

concentration (sterilized sample).

3.2.4. In vitro studies

3.2.4.1. Hela cell seeding

Hela cells (ATCC) were grown in T-75 flasks with complete medium (DMEM + 10% FBS
+ 1% P/S) and incubated at 37 °C in a 5% CO, atmosphere. For the metabolic activity
measurement and H,0; scavenging analysis, the cells were seeded at a density of 50,000

or 5,000 cells/well on a 24 or 96-well plate, respectively.

3.2.4.2. Preliminary cytocompatibility test

To evaluate the cytotoxicity of the capsules, the metabolic activity of Hela cells in the
presence of polymer capsules was measured using the AlamarBlue® assay. Cells were
seeded in 24-well plates and treated with MnO»-loaded capsules with different surface
charge (positive or negative) at three different capsules-to-cell ratios (10, 100 and 1000
polymer capsules/cell). Cells cultured in the absence of capsules were used as a control.
At the selected time points (24 h or 72 h), the culture media was removed and replaced
by fresh complete media containing AlamarBlue® (10% v/v). Cells were then incubated
for 75 min at 37 °C in 5% CO, atmosphere sheltered from light. Finally, 200 uL of the
assay media was transferred to a 96-well plate and the fluorescence intensity (Aex=545

nm/Aem=590 nm) was read on a microplate reader (BioTek Synergy H1M).

The internalization of the FITC-labelled capsules by the cells was also analysed. After 24
h incubation of the cells in the presence of polymer capsules (10 capsules/cell), the
culture media was removed and the cells were washed with HBSS and fixed with 4%
paraformaldehyde. Cells were then washed with HBSS and permeabilized with 0.5%
Triton X-100 in PBS for 10 minutes. After that, the cells were washed twice with PBS and
incubated in a 1% BSA solution in PBS in the presence of rhodamine-phalloidin (0.066
M) and DAPI (300 nM) for 15 minutes. Finally, cells were washed twice with PBS-T (0.1%
Tween 20) and once with PBS before being observed in an inverted fluorescence

microscope (Nikon Eclipse Ts2).
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3.2.4.3. Therapeutic potential of the polymer capsules in H>O-induced in

vitro model

To evaluate the capacity of the capsules to protect cells in a H,02-induced oxidative
stress model, cells were first seeded at a concentration of 5,000 cells/well in a 96-well
plate in complete medium. After cell adhesion (4 hours), polymer capsules with either
positive or negative surface charge were added at a final ratio of 10, 100 and 1000
capsules/cell and incubated overnight. After this incubation, three stimuli of a
biologically relevant H,02 concentration (100 uM) were applied at different time points
(0 h, 12 h, 24 h). The metabolic activity was measured using AlamarBlue® assay at the

selected time points (8 h, 24 h, 32 h from the first stimulus addition) as described above.

3.2.5. Statistical analysis

All quantitative data related to the fabrication and characterization of polymer capsules
are presented as the mean + standard deviation (SD). For the in vitro studies six technical
replicates (n=6) were employed and the results are presented as the mean + standard
deviation (SD). The statistical difference between groups was tested by one-way analysis
of variance (ANOVA), using the Bonferroni post-hoc test and a confidence level of 95%

(p<0.05).
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3.3. Results and discussion

3.3.1. Synthesis of MnO2 nanoparticles

Following the experimental procedure described above, we were able to acquire MnO;
nanoparticles of spherical morphology and an average size of ~50 nm (Fig. 3.2a, 3.2b).
The FTIR spectrum presented in Fig. 3.2c shows the characteristic peaks resulting from
the PAH-stabilized MnO2 nanoparticles. More specifically, the peaks in the range of 550-
650 cm? can be attributed to the stretching vibration of Mn-O. Shifting to higher
wavenumbers, the stretching vibration of C-H of the PAH coating can be seen in the
range of 1435-1485 cm?, while the asymmetric vibration of N-H can be observed in the
range of 1570-1650 cm™™. Finally, the broad peaks in the range of 2800-3000 cm™ and
3140-3400 cm™ are respectively attributed to the symmetric stretching vibrations of O-
H and N-H. Dynamic light scattering measurements were performed to assess the
colloidal stability of the synthesized nanoparticles. The results presented in Fig. 3.2d and
3.2e show respectively the Gaussian distributions of the hydrodynamic diameter
(average size: 129.7 + 5.1 nm) and of the surface charge (average {-potential: +42.4 +
0.05 mV). The higher hydrodynamic diameter deriving from the DLS measurements can
be attributed to the PAH-coating. This coating is also responsible for the positive surface
charge as well as the polydispersity (PDI) value of 0.35 + 0.04. This PDI value suggests a
moderate nanoparticle dispersion which can be attributed to the hydrogen bonds that
are created between the PAH and the water molecules, affecting the hydrodynamic
diameter. However, the strong positive surface charge that indicates strong repulsive
electrostatic interactions, as well as the small size of nanoparticles suggest an increased

colloidal stability.
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Fig. 3.2. a) Scanning electron micrograph depicting the morphology and size of the synthesized
MnO; nanoparticles, b) Transmission electron micrograph depicting the morphology and size of
the synthesized MnO; nanoparticles, c) FTIR spectrum presenting the characteristic peaks of the
synthesized nanoparticles, d) size and e) (-potential (surface charge) distributions of the

synthesized nanoparticles, respectively.

3.3.2. Fabrication of MnO,-decorated CaCO; template

For the fabrication of CaCOs sacrificial template, CaCl, and Na;COs salts were mixed in
the presence of PSS. The process resulted in vaterite-like spherical particles with a
porous surface and a slightly uniform size distribution (Fig. 3.3a). The obtained
microparticles had a mean diameter size of 2.73 £ 1.0 um (Fig. 3.3d, left). The addition
of PSS plays a pivotal role in the fabrication of the CaCOs sacrificial template, preventing
the recrystallization of the microparticles to calcite-like structure?® and endowing this
CaCOstemplate with stability. Furthermore, PSS helps in the achievement of a narrower
particle diameter distribution and a strong negative surface charge, which would
improve the subsequent incorporation of positively charged MnO; nanoparticles
through electrostatic interactions. Although alternative templates (e.g., polystyrene
beads, silica nanoparticles) could yield smaller particles with a narrower distribution of

sizes, the use of CaCO3 microparticles brings the opportunity to fabricate capsules by
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using mild conditions (i.e., avoiding the use of organic solvents and/or extremely
acidic/basic conditions for core removal). This is vital to preserve the integrity of the
assembled layers. Great efforts are being made to improve the polydispersity of CaCOs-
based templates by using, among others, PSS, ethylene glycol (EG) or glycerol as

additional reagents in the precipitation reaction.30-33

After the incubation process of the CaCOs sacrificial templates with the MnO;
nanoparticles, particles of 2.99 + 1.1 um (Fig. 3.3d, right) were obtained. No significant
differences were observed in size distribution and morphology between the MnO;-
decorated CaCOs; templates and non-decorated templates (Fig. 3.3a and 3.3b). The
successful incorporation of MnO; in the sacrificial template was confirmed by XRD

analysis, where diffraction peaks at 19° and 38° associated to MnO; appeared in the

diffractogram (Fig. 3.3c).
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Fig. 3.3. Morphological characterization via SEM (a,b) of CaCOs; templates (a) and MnQO,-
decorated CaCOs templates (b). c) XRD spectra of the sacrificial template. d) Size distribution of
CaCO;s microparticles (left) and MnO;-decorated CaCOs microparticles (right).

111



Chapter 3

As the adsorbed MnO; quantity will affect the H,0; scavenging capacity, the ratio 4 mg
MnO;: 10 mg CaCOs microparticles was chosen to maximize the adsorbed MnO;
quantity. To optimize this ratio, CaCOs microparticles were incubated with different
amounts of MnO; nanoparticles (e.g., 2, 4, 8 and 10 mg of MnO; with 10 mg of CaCOs
microparticles) and after the dissolution of the template with EDTA a similar MnO;
adsorption was observed at all the studied ratios (Fig. 3.4), suggesting that an excess of

MnO; that ensures maximum MnQ; adsorption was employed in all the cases.
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1.6+
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1.2+
1.0
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0.4
0.2- v e Equation: y = -0.02786 + 0.01455 x
0.0 o R?= 0.99586

S
)

0 20 40 60 80 100 120 140
Concentration (ug/ml)

Absorbance at 385 nm (a.u.)

Adsorbed MnO2 (ug)
Concentration, M1 M2 M3 | Mean (ug) SD

2:10 124.7 | 125.5 | 86.5 112.2 22.3
4:10 98.7 | 1179  97.2 104.6 11.5
8:10 99.5 | 135.1 - 117.3 25.2
10:10 143.1 | 15651 | 121.3 139.8 17.2

Fig. 3.4. Calibration curve of different MnO;, concentrations at 385 nm (above)Amount of
adsorbed MnO;(ug) in 10 mg of CaCOstemplate at different MnO,:CaCOsratios (2:10, 4:10, 8:10,
10:10) (below).

3.3.3. Fabrication of capsules via de layer-by-layer approach

For the fabrication of polymer capsules, positively charged PAH and negatively charged

PSS were deposited alternately onto CaCOs cores. These polyelectrolytes were chosen
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for the formation of the shell, due to their active use, as model polyelectrolytes, in the
fabrication of different therapeutic systems.3*37 In the development of advanced
materials for biomedical applications, the use of biodegradable polymers such as
chitosan and alginate are highly desirable. However, for the particular application of
polymer capsules as nano- and microreactors, a fast degradation of the polymeric shell
could be detrimental. Therefore, a timely degradation of the polymer capsule while
ensuring the diffusion of reagents and by-products through the polymeric shell should

be ensured, which can be achieved by the precise control of the crosslinking degree.

The initial surface charge of the CaCOs template was positive in the case of MnO,-
decorated sacrificial templates, whereas it was negative in the non-decorated
templates. MnO;-decorated CaCOs microparticles were first incubated with PSS and the
surface charge shifted from +5.0 mV to -21.5 mV (Fig. 3.5c). In the case of CaCOs3
microparticles without MnO, the first layer was made of PAH and the {—potential value
changed from -17.7 mV to -1.7 mV (Fig. 3.5c). Thereafter, polyelectrolyte layers were
assembled alternately and a sequential charge reversal was observed in the —potential,

demonstrating the successful assembly of the layers (Fig. 3.5c).

After the LbL process, the CaCOs sacrificial template was removed by the immersion of
the microparticles in 0.1 M EDTA. As observed by SEM (Fig. 3.5a and 3.5b), after the
EDTA incubation, the capsules were hollow, owing to their collapsed shape. To confirm
the complete removal of the sacrificial template, FTIR and EDS spectra were acquired.
In the FTIR spectra (Fig. 3.5f), the two main bands of the CaCO; at 1384 cm™ and 870
cm™ were observed before the EDTA immersion. After the EDTA addition, these bands
disappeared and only the characteristic bands of PAH and PSS were detected. In the EDS
(Fig. 3.5d and 3.5e), no traces of calcium were observed in the spectrum after the EDTA

addition, confirming the complete removal of the template.
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Fig. 3.5. Morphological characterization via SEM (a and b) of polymer capsules a) before and b)
after 0.1 M EDTA addition. c) {—potential of CaCOs microparticles and MnO,-decorated
microparticles after each polyelectrolyte deposition. EDS spectra of polymer capsules d) before
and e) after 0.1 M EDTA addition. f) FTIR spectra of polymer capsules before and after 0.1 M
EDTA addition.

The resulting hollow polymer capsules were incubated with two biologically relevant
H20, concentrations (10 uM and 50 pM) at a final concentration of 1-10°, 1-10°, 1-10’,
1-108 polymer capsules/mL for 30 min to assess their antioxidant capacity. At the 50 uM
H,0, concentration, a significant (p<0.05) decrease in the H,O; concentration was
observed only in the case of 1-102 capsules/mL (from 100 + 6% to 45 + 3%) (Fig. 6a). At
the 10 uM H,0; concentration, significant decreases (p<0.05) in the H,0, concentration
were observed with the concentrations of 1-10°, 1-10” and 1-108 polymer capsules/mL,
from the initial value of 100 + 6% to 84 + 4%, 64 + 2% and 6 + 1%, respectively (Fig. 3.6a).
Taken together, these results confirm the H.O; scavenging capacity of the developed
capsules. The reaction between the MnO; nanoparticles embedded in the polymer

capsules and H,0; results in the generation of O, as previously reported.!33840

To test the regeneration capacity of the capsules to scavenge H;0,, capsules were
subjected to several H,O; scavenging cycles. Capsules were incubated with two different
H,0, concentrations (10 and 50 uM) in four subsequent cycles at a concentration of

1-108 capsules/mL. The supernatant of each incubation was collected to analyse the
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H,0; reduction capacity (Fig. 3.6b), considering 100% reduction capacity the reduction
observed in the first cycle. In both cases, a significant decrease (p<0.05) of the H.0;
scavenging capacity was observed after the second cycle. However, the capsules were
able to maintain a 34 £ 6% and 58 + 1% of their activity after the fourth cycle for the

H.0; concentrations of 50 and 10 uM, respectively.

To analyse the effect of sterilization on the scavenging capacity, the capsules were
sterilized with ethanol and subsequently incubated with 10 uM H,0O, at different
concentrations (1-10” and 1-108 polymer capsules/mL). In the case of 1-107 capsules/mL,
there was a significant decrease (p<0.05) in the H,0; scavenging capacity of the sterilized
capsules with respect to the non-sterilized ones (Fig. 3.6c). This can be associated to the
reversible reorganization of the polyelectrolytes in the water/ethanol mixture that
causes an increased permeability of the shell and subsequent loss of MnO2 nanoparticles
from the interior of the capsule.*! Nevertheless, capsules were able to maintain a 69 *
6% H,0, scavenging capacity after their sterilization with ethanol. At 1-108 capsules/mL,
no significant change (p<0.05) in the scavenging capacity was observed after the
sterilization process. Therefore, the stability of the capsules facing different processes is

significant and ensures the utility of these capsules in the disease treatment.

The leakage of MnO; nanoparticles was confirmed by incubating polymer capsules in
PBS and measuring the concentration of MnO; nanoparticles in the supernatant by
means of UV-VIS at different time points (i.e., day 1, 2 and 3). It was observed that
almost all the loaded MnO, (104.6 + 11.5 ug) was released after three days in PBS (Fig.
3.7), suggesting an increased permeability of the polymer shell that contributes to the

leakage of the embedded nanoparticles.

115



Chapter 3

a) -

S 1201 = 50 uM H,0,

c A =10 uM H,O.

S 100- e

'l‘-v' r

S 80

[ ]

8 60

g -

8 4o

L

O 20

N o

T
Q L L& A 2 Q L & A 2

S O O O S O O O
\,\ \,\ \,\ N\ \,\ \,'\ \,\ '\,\
Polymer capsules / mL

1401 % 50 uM H,0,
1201 %10 M H,0,

H,0, reduction capacity (%)

)
N ¢ N A W A N W
& & &N & & &K
C
) 120
i » not sterilized
100 = sterilized
80- T
60-

H,0, reduction capacity (%)

1107 1108
Polymer capsules / mL

Fig. 3.6. a) H.0; scavenging capacity of the polymer capsules at biologically relevant H,0,
concentrations (10 uM and 50 uM). b) H,O, scavenging capacity of the polymer capsules after
four H;0; (10 uM and 50 uM) cycles. Capsules were incubated at a concentration of 1-10%
capsules/mlL and it was considered 100% reduction capacity the reduction obtained in the first
cycle. c) H,0; scavenging capacity of the polymer capsules at 10 uM H-0; after the sterilization
process. Asterisks (*) indicate significant differences (p<0.05) with respect to each control (0

capsules/mlL in (a), cycle 1 in (b), non-sterilized capsules in (c)).
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Fig. 3.7. MnO; nanoparticle leakage in PBS.

3.3.4. Metabolic activity of Hela cells in the presence of capsules and capsule

internalization

To evaluate the in vitro cytocompatibility of the developed capsules, either positively
(i.e., PSS-PAH-PSS-PAH) or negatively charged (PSS-PAH-PSS-PAH-PSS) capsules were
incubated with Hela cells at different capsule per cell ratios (10, 100, 1000 capsules/cell)
and the metabolic activity of cells was measured after one and three days by means of
AlamarBlue® assay. In the case of positively charged capsules, a significant decrease
(p<0.05) in the metabolic activity of cells was observed after one day of incubation at all
the studied ratios (Fig. 3.8a). Note that the metabolic activity was below the threshold
value (i.e., 70%) in the cases of 100 and 1000 capsules/cell. In contrast, cells were able
to maintain higher metabolic activities in the presence of negatively charged capsules
and, in this case, the metabolic activity of the cells was above 79 + 7% in all the cases

(Fig. 3.8a).

At day three, no significant differences (p<0.05) were observed in the metabolic activity

of cells in the presence of 10 capsules/cell with respect to the control (i.e., in the absence
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of capsules). The metabolic activity of cells was below the threshold value (i.e., 70%) at
100 and 1000 capsules/cell in the case of positively charged capsules. In contrast, cells
were able to maintain a metabolic activity >81 + 5% at 100 capsules/cell in the case of
negatively charged capsules and only in the case of 1000 capsules/cell the metabolic
activity was below the threshold value (i.e., 70%). Taken together, the results indicate a
lower cytotoxicity of the negatively charged capsules with respect to the positively
charged ones. Regarding the Mn?* production after the reaction with H,0,, it has been
reported that an excessive and chronic exposure to high concentrations and the
accumulation of manganese can lead to neurotoxicity and irreversible brain disease.*%4*
44 Despite this controversial effects, other studies suggest that Mn?* ions can be
physically metabolized without a long retention in the body and any toxic effect.284546

Furthermore, as demonstrated by the cytotoxic evaluation, the amount of manganese

used in this work (5.2 pg/well) is not enough to induce any cytotoxic effect.

To determine the uptake and distribution of the capsules in the cellular
microenvironment, polymer capsules were observed under optical and fluorescence
microscope. As observed in Fig. 3.8b, negatively charged capsules were uniformly
distributed and few capsules were attached to the cells. In contrast, positively charged
capsules were accumulated generally around the cells (Fig. 3.8b, right). For the
fluorescence microscope analysis, capsules were fabricated using FITC-labelled PAH. Fig.
3.8c shows the internalization of the negatively and positively charged capsules,
respectively. In both cases, few capsules were localized in the cytoplasm and showed a
collapsed shape, whereas some other capsules were observed around the cell
membrane retaining their spherical shape. Based on the micrographs obtained with the
fluorescent microscope, the differences between positively and negatively charged
polymer capsules were not relevant. We believe that the polymer capsules developed
in this work primarily reduce the ROS from the extracellular microenvironment. The
uptake of the capsules for an efficient reduction of intracellular ROS could be promoted

by using either smaller capsules or surface functionalization strategies.*’*°

The obtained results in the metabolic activity analysis and the internalization and
distribution demonstrate that, as reported in bibliography, positively charged capsules

are preferably taken up or attached to the cells but they induce a higher cytotoxic
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response.”® The cytoplasmic membrane of cells is typically negatively charged.
Consequently, positively charged capsules display a higher cellular binding as it is
observed in the obtained results.”>2 As observed in the fluorescent micrographs, most
of the capsules were accumulated preferably around the cellular membrane and low

internalization was observed.
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Fig. 3.8. a) Metabolic activity of HelLa cells in the presence of polymer capsules. Asterisks (*)
indicate significant differences (p<0.05) with respect to the control (0 capsules/mL). b)
Distribution of negatively (left) and positively (right) charged polymer capsules in the cellular
microenvironment. c) Fluorescent micrographs of Hela cells in the presence of negatively (left)
and positively (right) charged polymer capsules (Nuclei-DAPI: Blue / Actin filaments-Rhodamine
Phalloidin: Red / Polymer capsules-FITC: Green). White arrows highlight the presence of FITC-

labelled polymer capsules.
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3.3.5. Therapeutic potential of the polymer capsules in a H,0;-induced

oxidative stress in vitro model

The therapeutic potential of the polymer capsules was evaluated in a H,02-induced in
vitro model with positively and negatively charged capsules. In this model, 100 uM H,0;
stimuli were added every 12 hours to the cells to induce oxidative stress. Metabolic
activity of the cells was measured by the AlamarBlue® assay at the selected time points
(8, 24 and 32 h after the first stimulus). The concentration of the H,O; stimuli (100 uM)
was chosen after an analysis of different H,O, concentrations to ensure an extreme
situation which can cause cell death and/or significant reduction in the observed
metabolic activity. As a negative control, Hela cells were cultured in the absence of
capsules and H>0; stimuli. As a positive control, Hela cells in the absence of capsules

but with 100 uM H,0; stimuli were used.

As expected from the previously performed in vitro cytocompatibility test (Fig. 3.8a), the
positively charged capsules had a detrimental effect on the metabolic activity of cells at
the higher ratios (i.e., 100 and 1000 capsules/cell), thus limiting their therapeutic
potential (Fig. 3.9). The metabolic activity of the cells at 8 h and 24 h in the presence of
capsules was not significantly different (p<0.05) with respect to the controls, with the
exception of the positively charged capsules at the concentrations of 100 and 1000
capsules/cell and negatively charged capsules at the concentration of 1000
capsules/cell. In these cases, a significant decrease (p<0.05) in the metabolic activity was

observed with respect to the negative control (Fig. 3.9).

At 24 h, a significant difference (p<0.05) was observed between the positive and
negative control, which became larger at 32 h due to the induced oxidative stress (Fig.
3.9). Interestingly, the addition of positively charged capsules at a concentration of 10
capsules/cell and negatively charged capsules at a concentration of 10 or 100
capsules/cell resulted in a significant increase (p<0.05) in the metabolic activity with
respect to the positive control, thus suggesting a protective effect towards oxidative
stress. In view of these results, to obtain an efficient therapeutic effect against the
overproduction of H.0,, both the concentration and surface charge of the capsules

should be carefully considered.
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Fig. 3.9. Metabolic activity of HelLa cells in the presence of H,0, stimuli (100 uM) and polymer
capsules. The “a” and “b” indicate significant differences (p<0.05) with respect to the negative
(cells in the absence of capsules and H:0) and the positive control (cells in the absence of

capsules but with the addition of H.0,), respectively (n=6).
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3.4. Conclusions

In the present chapter, we fabricated MnO;-loaded polymer capsules via the LbL
approach. The developed capsules acted as antioxidant microreactors and were able to
reduce H,O, from solution at biologically relevant concentrations. The capsules were
robust, as demonstrated by their capacity to scavenge H,0, from solution after several
cycles and after being sterilized with ethanol. The stability towards ethanol sterilization
is of particular interest for the potential use of these capsules in biomedical applications.
The cytocompatibility of the developed capsules was assessed in vitro, where significant
differences between the positively and negatively charged capsules were observed.
Positively charged capsules were accumulated around the cells and caused a
detrimental effect on their metabolic activity at the higher concentrations (100 and 1000
capsules/cell), thus limiting their therapeutic potential. In contrast, negatively charged
capsules were uniformly distributed in the cellular microenvironment and preserved the
metabolic activity of cells better. In the developed H,0,-induced oxidative stress model,
some beneficial response was observed for the concentration of 10 capsules/cell in
positively charged capsules and for 10 and 100 capsules/cell in negatively charged
capsules. This study represents a novel strategy for the fabrication of antioxidant
polymer microreactors, where the traditional encapsulation of antioxidant enzymes has
been replaced by manganese dioxide nanoparticles, thus providing a more robust and

stable inorganic alternative.
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triggered drug release and attenuation of cellular oxidative

stress as prospective combination therapy

Abstract

Polymer capsules fabricated via the layer-by-layer (LbL) approach have emerged as promising
biomedical systems for the release of a wide variety of therapeutic agents, owing to their
tunable and controllable structure and the possibility to include several functionalities in the
polymeric membrane during the fabrication process. However, the limitation of the capsules
with a single functionality to overcome the challenges involved in the treatment of complex
pathologies denotes the need to develop multifunctional capsules capable of targeting
several mediators and/or mechanisms. Oxidative stress is caused by the accumulation of
reactive oxygen species [e.g., hydrogen peroxide (H,0,), hydroxyl radicals (-OH), and
superoxide anion radicals -O27)] in the cellular microenvironment and is a key modulator in
the pathology of a broad range of inflammatory diseases. The disease microenvironment is
also characterized by the presence of proinflammatory cytokines, increased levels of matrix
metalloproteinases, and acidic pH, all of which could be exploited to trigger the release of
therapeutic agents. In the present chapter, multifunctional capsules were fabricated via the
LbL approach. Capsules were loaded with an antioxidant enzyme (catalase) and
functionalized with a model drug (doxorubicin), which was conjugated to an amine-
containing dendritic polyglycerol through a pH-responsive linker. These capsules efficiently
scavenge H,0, from solution, protecting cells from oxidative stress, and release the model

drug in acidic microenvironments.

4.1. Introduction

The Layer-by-Layer (LbL) technique is a simple and versatile method that allows the
modification of a wide variety of substrates (e.g., planar structures, fibers, colloidal
particles) through the alternate deposition of oppositely charged polyelectrolytes.}*
This technique has evolved from the application on planar substrates to colloidal micro-
and nanoparticles in the late 1990s thanks to the intensive investigations by Méhwald

and collaborators.>® In these pioneering studies, highly charged polyelectrolytes were
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deposited onto colloidal particles by taking advantage of their stability, selectivity and
permeability.”® The colloidal core was subsequently removed giving rise to hollow

polymer capsules.

Recent progresses in the field of bioscience and polymer synthesis allows the fabrication
of polymer capsules using alternative biodegradable synthetic and natural polymers,
proteins or inorganic nanoparticles, among others, being their properties tunable for
the specific biomedical requirements.>®19-12 Thus, taking advantage of this versatility
and capability to fabricate polymer capsules with tailor-made properties, capsules have
been fabricated for a wide variety of applications, including drug/protein/gene delivery
vehicles,31®  polymer capsules for imaging applications,’’*® or micro- and
nanoreactors.1>2022 The latest contain active entities in their core and allow the
diffusion of reagents and by-products through the polymer shell. The active compounds

[e.g., enzymes or nanozymes?® (i.e., synthetic nanomaterials with enzyme-like

characteristics)] are protected from the outer microenvironment and act in situ.>?°

However, in most of these applications, capsules are endowed with a single
functionality, which may limit their potential to overcome the challenges involved in the
treatment of complex pathologies, and to adapt to patient specific characteristics.?* This
denotes the need to develop multifunctional capsules, which respond to different
physiological stimuli and adjust to the individual particularities of the patient.11.2425
Excellent examples of such multifunctional capsules are theranostic micro- and
nanocapsules, which are capable of simultaneously diagnosing and treating the
damaged site, while acting also as imaging agents.?®3° To impart these advanced
functionalities, the polyelectrolytes employed for the fabrication of the polymeric
membrane can be modified incorporating several functionalities and (bio)molecules
(e.g., drugs, antibodies or proteins) which will respond to specific external or local

stimuli.?°

The deconstruction of the capsule is usually required for the efficient triggered delivery
of the encapsulated therapeutic agent. Either internal (i.e., local) or external stimuli can
facilitate the disruption of the capsule by different mechanisms. For example, a decrease
in the pH (e.g., mimicking endosomal pH conditions) cause charge repulsion between

the polyelectrolytes, leading to rapid release of the encapsulated cargo.3! Decorating
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the polymeric membrane with magnetic- (e.g., iron oxide nanoparticles3?), ultrasound-
(e.g., gold nanoparticles!*) and near-infrared-responsive (e.g., graphene oxide33)
nanoparticles allows the disassembly of the polymeric shell and subsequent release of
the encapsulated therapeutic. All these strategies are clearly inappropriate when
microcapsules are intended to be used as microreactors. Ideally for the application we
intend to pursue, the polymeric capsule should maintain its structural integrity when
the complementary drug is released to ensure the protection of the encapsulated

enzyme.

In this approach, the use of dendritic polyglycerols (dPG) is envisioned as an unexplored
strategy to impart additional functionalities to the capsules while preserving their
structural integrity. Dendritic polymers present a high solubility, biocompatibility and a
high functionality.3*3> Hence, a wide variety of active compounds, such as bioactive
molecules or targeting moieties can be conjugated to the dPG branches using cleavable
bonds which will respond to the stimuli and specific conditions of the damaged area

(e.g., acidic pH, overexpressed enzymes or reducing media).343’

When the native cellular regulation of reactive oxygen species (ROS) production (e.g.,
hydrogen peroxide (H20), hydroxyl radicals (-OH), superoxide anion radicals (-0;7)) is
overwhelmed, oxidative stress, which is implicated in numerous pathologies such as
neurodegeneration, cancer, osteoarthritis or cardiovascular diseases, occurs.3840
Furthermore, oxidative stress is usually accompanied by dysregulated inflammatory
responses and a reduction in the environmental pH.*°*? Thus, to overcome the

complexity of an oxidative stress microenvironment, multifunctional biomedical

systems mentioned above will be of great interest.

In this chapter, it was hypothesized that the LbL approach, in combination with dendritic
polyglycerol-drug conjugates, could be exploited to create multifunctional polymer
capsules capable of simultaneously reducing the levels of ROS while releasing a model
drug in response to a biologically relevant stimulus (i.e., pH). We fabricated
multifunctional polymer capsules by depositing alternate layers of poly(sodium 4-
styrenesulfonate) (PSS), poly(allylamine hydrochloride) (PAH) and an amine containing
dPG conjugated to doxorubicin (dPG-DOX), which was employed as a model drug to test

the potential of the system, on a CAT-loaded CaCOs sacrificial template. DOX was
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conjugated to dPG through a pH responsive linker. After the removal of the CaCOs
template, multifunctional capsules were obtained. The physicochemical, morphological,
and functional properties of the capsules were thoroughly determined. A preliminary in
vitro model of oxidative stress with Hela cells was used to assess the therapeutic

potential of the capsules.
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4.2. Materials and Methods

4.2.1. Materials

The following reagents were purchased from Thermo Fisher Scientific: Dulbecco’s
modified Eagle’s medium, fetal bovine serum, penicillin-streptomycin, AlamarBlue cell
viability reagent, 4',6-diamidino-2-phenylindole dihydrochloride (DAPI), and 16%
formaldehyde solution (w/v). Anhydrous dimethyl formamide (DMF) and anhydrous
tetrahydrofuran (THF) were obtained from Scharlab. dPG (Mw = 9 KDa, PDI = 1.6 and
approximately 121 -OH groups) was prepared according to the published procedure.*®
The hydrazone derivative of doxorubicin (DOX-EMCH, i.e., DOX bound to 3,3'-N-[e-
maleimidocaproic acid]) was prepared as described previously.** The other reagents
were purchased from Sigma-Aldrich and used as received. PAH and PSS had molecular

weights of Mw = 17,500 and 70,000 g/mol, respectively.

4.2.2. Synthesis of dPG-Amine

The synthesis of dPG-amine was carried out in the following steps.*

4.2.2.1. Mesylation of dPG

dPG mesylate was synthesized by reacting dendritic polyglycerol with mesyl chloride
(MsCl). To a solution of dPG in anhydrous dimethylformamide (DMF) MsCl was added
dropwise in ice bath over a period of 30 min under stirring. The resulting mixture was
stirred overnight at room temperature. DMF was removed after 12 h and the product
was dialyzed against methanol:acetone (70:30) solution for two days changing the
solvent twice. The final product, dPG mesylate (dPG-Ms) was obtained as a yellowish oil
after complete evaporation of the solvent with 18 mol% degree of functionalization of

mesyl groups.

'H NMR (300 MHz, D,0): 6 4.2-3.4 ppm (m, 5 H, dPG backbone), 6§ 3.2 (s, 1 H, CH3, OMs).
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4.2.2.2. Azidation of dPG

For the synthesis of dPG azide, dPG-Ms was dissolved in anhydrous DMF with addition
of 3 equiv of sodium azide per mesyl group. The mixture was then stirred at 60 °C for 72
h. The resultant solution was cooled down to room temperature and filtered using celite
to remove the unreacted sodium azide. Finally, the product was dialyzed against
methanol:chloroform (70:30) solution for 48 h changing the solvent twice. The final
product was obtained after evaporation of the solvent. The functionalization of the dPG
with azide groups was confirmed with the complete disappearance of the mesyl (CHs)

peaks at 3.2 ppm indicating 15 mol% azide functionalization.

'H NMR (300 MHz, D,0): § 4.2-3.5 ppm (m, 5 H, dPG backbone).

4.2.2.3. Amination of dPG

The amination of dPG was carried out by the reduction of azide moieties using triphenyl
phosphine (PPhs) as the reducing agent. The azide functionalized dPG was dissolved in
water and 4 equiv of PPhs (in THF) per azide group was added twice in a period of 24 h
and the reaction was carried out at 40 °C for 48 h. The resultant solution was filtered to
remove PPhs salt and dialyzed against methanol for 48 h changing the solvent twice. The

functionalization of dPG with 15 mol% amine groups was confirmed with NMR.

H NMR (300 MHz, D20): 6 4.2-3.2 ppm (m, 5 H, dPG backbone), § 2.8-3.2 ppm (m, 1 H,
-CH), 6 2.4-2.8 ppm (m, 2H, -CH>).

4.2.3. Synthesis of dPG-DOX conjugate

The conjugation of DOX and dPG-amine takes place in two steps in one-pot synthesis.
The first step comprises the thiolation of dPG-amine followed by the conjugation of
thiolated dPG with DOX-EMCH using hydrazone bond formation. For the thiolation step,
dPG-amine (10 mg/mL) was dissolved in 50 mM sodium phosphate (pH 7.0) containing
5 mM EDTA solution followed by the addition of a solution of 2-iminothiolane (1.5 eq
per dPG molecule). The mixture was stirred at room temperature for 20 min. After 20
min, a solution of DOX-EMCH (1.2 eq per dPG molecule) in 10 mM sodium phosphate

buffer (pH 5.8) was added to the reaction mixture and the solution was stirred at room
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temperature for 2 h. The resultant reaction mixture was concentrated using amicon
filter (molecular weight cut-off 3 kDa) followed by purification using Sephadex G-25
column chromatography using 10 mM sodium phosphate buffer (pH = 7). Conjugate
formation was confirmed by appearance of a faster band on the Sephadex G-25
superfine column. After purification, the conjugate was lyophilized to obtain the product

in dry state.

4.2.4. Physicochemical characterization of polymer-drug conjugates

Nuclear magnetic resonance spectroscopy (NMR) was carried out at a frequency of 300
MHz using deuterated water as solvent for all the samples. The {-potential
measurements and hydrodynamic sizes were performed on a Zetasizer Nano ZS analyzer
using Malvern Instrument. Fresh polymer solutions were prepared at 1 mg/mLin 10 mM
sodium phosphate buffer. All measurements were done at 25 °C and pH = 7.4 using a
standard rectangular quartz cuvette and for a minimum of 10 runs. Fourier-transform
infrared spectroscopy (FTIR) was performed using a Nicolet Avatar 370 operating in the
Attenuated Total Reflectance (ATR-FTIR). The spectra of the samples before and after
the amination of dPG were taken with a resolution of 2 cm™ and averaged over 64 scans.
The amount of conjugated DOX to the dPG backbone was determined by measuring the
conjugated drug release at pH = 4.0 using UV-Vis Spectroscopy. All samples were

prepared in water of Millipore quality (resistivity 18 MQ cm™, pH 5.6 £ 0.2).

4.2.5. Fabrication and characterization of polymer capsules

4.2.5.1. Fabrication of polymer capsules

Polymer capsules were fabricated via the LbL approach, as previously described.?®
Na,COs (1 M in distilled water) and catalase (2 mg/mLin Tris-HCI 0.05, pH = 7.0) solutions
were poured into CaCl, (1 M in distilled water) solution. After 30 s of stirring at 1100
rpm, the particles were allowed to settle down for 15 min. After this, the particles were
collected by centrifugation at 2000g and washed (x3) with a 0.005 M NaCl solution. As
the CaCOs-catalase microparticles have a negative surface charge, PAH [2 mg/mLin 0.5

M NaCl (pH = 6.5)] was used as the first polyelectrolyte. After an incubation time of 12
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min, the particles were collected by centrifugation and washed (x3) with 0.005 M NacCl
solution. Following the same procedure, the second layer (i.e., PSS) was deposited. After
the assembly of the first two polyelectrolyte layers, dPG-DOX conjugate or dPG-amine
was used as the positive layer in the following layer depositions, following the same
procedure. The particles were resuspended in 2 mg/mL dPG-DOX/dPG-amine solution
in 0.5 M NaCl and subsequently washed with 0.005 NacCl. Particles containing six layers
were fabricated with a final shell architecture of (PAH/PSS) (dPG-DOX/PSS), or (PAH/
PSS) (dPG-amine/PSS).. To remove the template, the particles were immersed in 0.1 M

EDTA solution (three times, 5 min for each incubation) (Fig. 4.1).

The successful encapsulation of the enzyme was assessed by using FITC-labelled CAT
(CAT-FITC) in the fabrication process. To do so, CAT and FITC at a ratio of 50-100 ug of

FITC per milligram of protein were mixed, as previously described.?°

CaCl, (0.2M) Na,CO, (0.2 M) PAH deposition PSS deposition

(CAT 4 — S.SOmg/ml’ : GO

CAT loaded CaCO,

microparticles Repeat
Washing P i
% process Washing
H,0+0,

~
EDTA st .
(0.1 M, pH = 6.5) e S
_7 ‘< ~~. _ dPG-DOX deposition

(2mg/ml, pH=6.5
CAT loaded microparticles g/mp )

1
CAT loaded polymer i -
coated with PAH, PSS and 1
1
1
1

capsules with DOX

functionalized dPG layers dPG-DOX

Fig. 4.1. Schematic representation of the fabrication of multifunctional polymer capsules.
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4.2.5.2. Physico-chemical and morphological characterization of

microcapsules

A scanning electron microscope (Hitachi S-4800) was used to analyse the morphological
aspects of the polymer capsules. The microscope was operated at a working voltage of

5 kV and a working current of 10 nA.

The C-potential was monitored after each polyelectrolyte deposition step by means of a

Malvern Instrument Zetasizer (ZEN 3690).

A laser scattering particle size distribution analyser (HORIBA LA-350) provided

information about the size distribution of the template.

The successful template removal was assessed via FTIR spectroscopy (Nicolet Avatar
370), operating in the attenuated total reflectance (ATR-FTIR), as previously

described.?3

To confirm the DOX adsorption, polymer capsules were observed in an inverted
fluorescence microscope (Nikon Eclipse Ts2). After the template removal, the capsules
were washed thrice with distilled water, and a drop of the solution was taken out and
observed under the fluorescence microscope. As a control, polymer capsules fabricated
with dPG without the model drug (dPG-amine) were used. The amount of adsorbed DOX
was determined by measuring the dPG-DOX concentration in the polyelectrolyte
solution before and after each layer deposition. 100 uL samples were taken out from
the initial polyelectrolyte solution and from the supernatant of the particle dispersion
after the layer incubation. The samples were diluted to 1:5, and the fluorescence
intensity (Aex = 480 Nnm/Aem = 595 Nm) was measured on a microplate reader (BioTek

Synergy H1M) to determine the dPG-DOX concentration.

The stability of the fabricated capsules was analysed by means of SEM. After the
template removal, capsules were incubated in PBS at 37 °C, and samples were taken out
at different time points (e.g., 4, 24, and 72 h). The images were acquired using SEM, with

the same instrument and conditions mentioned above.

The antioxidant capacity of polymer capsules was evaluated using a fluorimetric

hydrogen peroxide assay kit (Sigma-Aldrich), as described in the previous chapter.
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The H,02 scavenging capacity of the polymer capsules after ethanol sterilization was also
determined. Here, sterilized and non-sterilized polymer capsules at 1 - 10° or 1 - 10’
polymer capsules/mL were incubated in 10 and 50 uM H»0; solutions for 30 min. After
the subsequent centrifugation, the H>O, concentration in the supernatant was

determined, following the aforementioned procedure.

4.2.6. pH-dependent drug release

The release of DOX was performed in the presence of four different buffers. Phosphate
buffers (100 mM, pH 6.0 and 7.4) and sodium acetate buffers (100 mM, pH 4.0 and 5.0)
were used, and the release study was performed at 37 °C. After their fabrication, the
capsules were centrifuged and the supernatant was removed. Then, they were
resuspended in 0.5 mL of each buffer and placed in an orbital shaker at 37 °C. At specific
time points (30 min, 4 h, and 24 h), the capsule dispersion was centrifuged and the
supernatant was collected. After the supernatant removal, the same volume of fresh
buffer was added. The fluorescence intensity (Aex = 480 NM/Aem = 595 nm) of the
supernatant was measured on a microplate reader (BioTek Synergy H1M) to determine

the released DOX concentration.

DOX release was also assessed qualitatively by the analysis of the decrease of DOX
fluorescence intensity. To do so, polymer capsules were fabricated containing CAT-FITC,
following the procedure detailed above. The capsule dispersion was split and
centrifuged. After this, the two buffer solutions (pH = 5.0 and pH = 7.4) were added and
the polymer capsules were incubated at 37 °C. At specific time points (4 and 24 h), the
polymer capsules were collected and washed with distilled water to observe them under

an inverted fluorescence microscope (Nikon Eclipse Ts2).

4.2.7. In vitro studies

4.2.7.1. Hela cell seeding

Hela cells (ATCC) were seeded, following the same protocol described in the previous

chapter. A density of 5,000 cells/well on a 96-well plate was used for metabolic activity
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measurements. A density of 10,000 cells/well on a 24-well plate was used for

internalization studies.

4.2.7.2. Preliminary cytocompatibility test

The cytotoxicity of the capsules was evaluated as described in chapter 3. Three capsule-
to-cell ratios (10, 100, and 1000 polymer capsules/cell) and two time points (24 and 72
h) were analysed, and AlamarBlue was used to measure the metabolic activity of cells.

The uptake of the capsules by Hela cells was also analysed.

Polymer capsules at 10 capsules/cell were incubated with cells during 2, 4, and 24 h.
Afterward, the cells were fixed and stained, following the same procedure described
before.?? The cells were observed under an inverted fluorescence microscope (Nikon

Eclipse Ts2).

4.2.7.3. Therapeutic potential of the multifunctional capsules in a H20,-

induced in vitro model

To assess the capacity of the fabricated capsules to protect cells from a H,0-induced
oxidative stress, we used our previously reported model (chapter 3). Three capsule-to-
cell ratios (10, 100, and 1000 polymer capsules/cell) were analysed. Two stimuli of 50
and 100 uM H,0, were added at different time points (0 and 24 h). AlamarBlue assay
was used to check the metabolic activity of the cells at the selected time points (8, 24,

32,and 48 h).

4.2.8. Statistical analysis

Data related to the fabrication and characterization of polymer capsules are presented
as mean * standard deviation (SD). In the in vitro studies, the results are presented as
mean = SD, with n = 4. One-way analysis of variance (ANOVA) was used to test the
statistical differences between groups, with the Bonferroni post-hoc test and a

confidence level of 95% (p < 0.05).
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4.3. Results and discussion

4.3.1. Synthesis of dPG-DOX conjugate

Polyglycerol amine (dPG-amine) was synthesized following a three-step protocol. The -
OH of dPG were first converted to mesyl (Ms) groups followed by the conversion of Ms
groups to azide functionalities. The azide groups were subsequently transformed into
amine groups using triphenylphosphine as the reducing agent. Fig. 4.2 shows the
schematics and the reaction conditions for the synthesis of dPG-amine from dPG as
starting material. All samples were well characterized using nuclear magnetic resonance
(NMR) spectroscopy (Fig. 4.3-4.5) and a total of 15 mol% amine grafting was obtained
(i.e., 18 NH; and 103 OH groups, in average). The conversion of azide groups to amine
moieties was further confirmed by the disappearance of the characteristic peak of azide
groups at 2100 cm* after reduction reaction (Fig. 4.6). The zeta potential of the dPG-
amine was 12 + 2 mV, confirming the presence of amine functionalities on dPG moieties.
The hydrodynamic sizes of dPG-amine were found to be around 20-25 nm with a high
polydispersity index (PDI = 0.7) owing to the aggregation of the particles in solution.

MsCl NaN3 pph3
dP! OH —— [ dPi OMs
OH Pyridine OH THF/water

rt., 18h ) 60 C 72h 40°C, 48h

rt., 20 min rt., 10 min

NHZC' Q ~{><|—‘ NH,* o
S
NJ\/\/
<
—> dﬁH \ié
OH PBS/EDTA pH=7 (dP PBS, pH=7 N N %

OH

&/\/\/\fo
\ o HN
o HOZ J\ PPN /k/«
“hol L/I \j P
| NM_. — o) o OH
o} LO
( ). DOX-EMCH dPG-amine

HoN S
OH

Fig 4.2. Reaction pathways for the synthesis of dPG-amine and dPG-DOX conjugate. The depicted

structure of dPG-amine represents only a fraction of the total polymer.

The conjugate of dPG-DOX was synthesized through a one-pot synthesis as stated in

earlier publications.3®4 A schematic representation of the conjugation reaction
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between DOX-EMCH (i.e., DOX bearing a pH-cleavable hydrazone bond, with a
maleimide group for conjugation) and dPG-amine containing 15 mol% amino groups is
shown in Fig. 4.2. First, dPG-amine was thiolated to yield, on average, one thiol per dPG
molecule. After thiolation, DOX-EMCH was added to the dPG-thiol solution to allow the
reaction between the thiols and the maleimide groups through a selective Michael-type
addition. After the reconstitution of the lyophilized samples in PBS buffer, the
concentration of DOX was determined photometrically using the molar absorption
coefficient of DOX at 495 nm. The first assessment of the pH-triggered cleavage and DOX
release was performed by dispersing the dPG-DOX conjugate in sodium acetate buffer
at pH 4.0 and applied on a G-25 Sephadex column. The amount of DOX conjugated to
the dPG backbone was calculated to be ~2 wt% or one DOX per three molecules of dPG
using UV/vis spectroscopy at 495 nm (g 495 = 10645 M™* cm™). It should be noted that
such rather low drug loading was aimed in order to enable the predominance of —NHs*
at the surface of the conjugates for their further incorporation into the microcapsules
during the LbL deposition process. The hydrodynamic sizes of the conjugates remained
in the same size range as dPG-amine. The zeta potential of the dPG-DOX was 9+ 0.5 mV,
confirming the presence of amine functionalities on dPG moieties incorporating an

overall positive charge on dPG even after DOX conjugation.

-—-J 5.00 0.53

5.2 5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8 2.6

Fig. 4.3. 'H NMR (300 MHz, D,0) spectra of dPG mesyl: 6 4.2-3.4 ppm (m, 5H, dPG backbone), &
3.2 (s, 1 H, CHs, OMs).
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Fig. 4.4. ’H NMR (300 MHz, D,0) spectra of dPG mesyl: 6 4.2-3.5 ppm (m, 5H, dPG backbone).

A

50 48 46 44 42 4.0 3.8 36 3.4 3.2 3.0 28 26 2.4 2.2

39.81 0.27 2.00

Fig. 4.5. 'H NMR (300 MHz, D,0) spectra of dPG-amine: 6 4.2-3.2 ppm (m, 5H, dPG backbone), &
2.8-3.2ppm (s, 1 H, -CH), 6 2.4-2.8 ppm (m, 2 H, -CH,).
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Fig. 4.6. FTIR spectra of dPG-azide (black) and dPG-amine (red). The disappearance of
the characteristic peak of azide at 2100 cm™ after reduction to amine is highlighted in

the figure.

4.3.2. Fabrication of polymer capsules via de LbL approach

For the fabrication of polymer capsules, CaCOs sacrificial template was first synthesized
through the co-precipitation of CAT, CaCl, and Na,COs (Fig. 4.1) because of the reported
higher encapsulation efficiency in comparison to alternative methods.*’*® The process
resulted in CAT loaded CaCOs spherical microparticles with a mean diameter of 3.9+ 1.6
um, which slightly differed from the CaCOs sacrificial template without the enzyme (3.1
+ 1.2 um) (Fig. 4.7). CaCO3 microparticles were selected as sacrificial template as they
are easily dissolved using a calcium chelating agent (i.e., ethylenediaminetetraacetic
acid disodium salt dehydrate (EDTA)) and enable to avoid harsh conditions (i.e., organic
solvents and/or extremely high/low pH) in the subsequent template removal step, thus
protecting the integrity of polyelectrolytes, the encapsulated enzyme, and the
chemically conjugated drug.*® Contrary to other templates such as polystyrene beads>°
and melamine formaldehyde cores,”® the protocol used herein allows the pre-
encapsulation of the enzyme. Post-encapsulation of (bio)macromolecules in templated
LbL capsules usually rely on an increased permeability of the polymeric membrane
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promoted by a change in solvent composition,®®> pH>® or temperature.’* These
conditions could have a detrimental effect on the conformational integrity of the

encapsulated enzyme, thus jeopardizing its catalytic activity.
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Fig. 4.7. Size distribution of CaCOs; microparticles without (left) and with (right) co-precipitated
CAT.

Capsules containing six layers were fabricated using PAH as the first positive layer and
dPG-DOX or dPG without the conjugated drug (dPG-amine) for the subsequent positive
layers (Fig. 4.1), resulting in (PAH/PSS)(dPG-DOX/PSS); and (PAH/PSS)(dPG-amine/PSS),
architectures, respectively. PAH and PSS polyelectrolytes were chosen due to their
extensive use as model polyelectrolytes in the fabrication of many therapeutic systems
and their robust structure enabling the transfer of substrates across the polymeric
membrane, while protecting the active compound from the external environment.*%:>>
>7 Although LbL capsules based on biodegradable polyelectrolytes are of high interest in
several biomedical applications (e.g., nanovehicles for the transfer of genetic material®®
or drugs®), biodegradability may be an undesirable property when capsules are
intended to be used as microreactors. If the degradation process is not carefully
controlled, the encapsulated enzyme would be exposed to the external physiological

conditions and suffer protease degradation and denaturation.

The sacrificial template was initially negatively charged (plcar = 5.4). Therefore, CAT
loaded CaCO3 microparticles were first incubated with PAH, resulting in a shift in their
surface charge from -9.4 + 0.6 mV to -5.0 £ 0.3 mV in the case of capsules fabricated

using dPG-DOX (Fig. 4.8a) and from -10.5 + 0.3 mV to -8.9 £ 1.2 mV in the case of
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capsules fabricated using dPG-amine (Fig. 4.8a). Afterwards, polyelectrolyte layers were
assembled alternately and a change in the {-potential value was observed after each

deposition step, confirming the successful layer assembly (Fig. 8a).

b) Before EDTA After EDTA
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dPG - DOX

dPG-amine
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dPG-DOX
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dPG-DOX

Fig. 4.8. a) Z-potential of (PAH/PSS)(dPG-DOX/PSS), and (PAH/PSS)(dPG-amine/PSS), polymer
capsules, b) Morphological characterization via SEM of polymer capsules, c) Polymer capsules
before (left) and after (right) incubation with dPG-DOX, d) Fluorescence micrographs of capsules

fabricated with dPG-amine or dPG-DOX.

After the LbL process, the microparticles were immersed in 0.1 M EDTA solution to allow
the removal of the CaCOs sacrificial template (Fig. 4.1). As observed in SEM micrographs,
the fabricated capsules before EDTA addition had a spherical shape with a mean
diameter size ~ 3-4 um (Fig. 4.8b). After EDTA incubation, capsules fabricated with dPG-
DOX and with dPG-amine were hollow, as suggested by their collapsed shape (Fig. 4.8b).

Fourier transform infrared spectra (FTIR) (Fig. 4.9), where the two main bands

149



Chapter 4

associated to CaCOs at 1384 cm™ and 870 cm™ disappeared after the incubation with

EDTA, confirmed the successful elimination of the sacrificial template.
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Fig 4.9. FTIR spectra of polymer capsules before (purple) and after (green) template removal.

To test their stability, microcapsules were immersed in PBS at 37 °C and micrographs
were acquired at different time points (4, 24 and 72 h). As observed in SEM, capsules
maintained their spherical and collapsed shape at the selected time points, confirming

their stability over time (Fig. 4.10).

t=4h

Fig. 4.10. Morphological characterization via SEM of the stability of the polymercapsules over

time.
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The successful adsorption of DOX was quantitatively and qualitatively assessed. After
the incubation of the capsules with the dPG-DOX, a change in the color of the
microcapsule pellet was observed (Fig. 4.8c). The successful incorporation of dPG-DOX
was quantitatively confirmed by measuring the concentration of dPG-DOX in the
supernatant before and after each layer deposition. The obtained results showed a
decrease in the dPG-DOX concentration in the solution after each incubation, confirming
the adsorption of the drug conjugate onto the capsules (Fig. 4.11). The adsorbed
quantity of DOX was 1.9 pg per 10 mg of CaCOs sacrificial template. Finally, the presence
of DOX was qualitatively confirmed by means of fluorescence microscopy after the
template removal. Red fluorescence was observed in the case of the capsules fabricated

with dPG-DOX, whereas capsules fabricated with dPG-amine were not visible (Fig. 4.8d).
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Fig. 4.11. a) Calibration curve of dPG-DOX dissolved in 0.5 M NaCl, b) Adsorbed dPG-DOX in

polymer capsules after de 3" and 5 layer incubation.
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4.3.3. Antioxidant capacity and pH-dependent drug release of the polymer

capsules

To assess the antioxidant capacity, two biologically relevant H,0, concentrations (10 uM
and 50 puM) were used. Capsules were incubated at a final polymer capsule
concentration of 1-10%, 1-10°, 1-10° and 1-107 polymer capsules/mL for 30 minutes. The
concentration of H,0; in the solution decreased in a polymer capsule concentration-
dependent manner (Fig. 4.12a). At the concentration of 10 uM H20,, a significant
decrease (p<0.05) in the H,0, concentration was observed at the polymer capsule
concentrations of 1-10°, 1-10° and 1-107 polymer capsules/mL, from the initial value of
100+2.3%t091.2 +3.2%, 53.8 £ 2.4% and 2 + 0.1%, respectively (Fig. 4.12a). In the case
of 50 uM, the concentration of H,0, decreased significantly (p<0.05) from an initial value
of 100 + 0.6% to 94.8 £+ 1.8%, 60.6 £ 2% and -12.4 £ 0.2% using the polymer capsule
concentrations of 1-10°, 1-10° and 1-107 polymer capsules/mL respectively (Fig. 4.12a).
Taken together, the obtained results confirmed the H.O; scavenging capacity of the
developed polymer capsules, indicating that the activity of the encapsulated enzyme is
preserved and the reagents are able to diffuse through the polymeric membrane. The
use of antioxidant enzymes is gaining increasing attention for biomedical applications
over alternative nonenzymatic antioxidants (e.g., vitamins, flavonoids) thanks to their
specificity and efficacy. Furthermore, contrarily to nonenzymatic antioxidants, they are
not consumed in reaction with ROS.6%%1 However, due to their susceptibility to undergo
protease degradation and denaturation, several encapsulation strategies (e.g.,
liposomes,®> polymersomes,®® poly(lactide-co-glycolide) particles®®) are being
considered. The LbL approach does not require complex chemistries, avoids the use of
organic/harmful solvents and conditions and important aspects of the resulting capsules
(e.g., size, shape, stiffness) can be easily controlled, thus representing a robust strategy

over other alternatives.
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Fig. 4.12. a) H.0, scavenging capacity of polymer capsules at biologically relevant H,O,
concentrations (10 uM and 50 uM). Asterisks (*) indicate significant differences (p < 0.05) with
respect to each control (0 capsules/mL in (a)), b) DOX release at different pH values, c)
Fluorescence micrographs of DOX release at different pH values (FITC-CAT: green/ DOX: red).
Scale bar: 50 um.

The scavenging capacity of the encapsulated enzyme after a sterilization process was
also evaluated. After submerging the capsules in ethanol (70%), they were incubated
with 10 pM and 50 pM H,0; at a final concentration of 1-10° and 1-10” polymer
capsules/mL. Regardless of the H,0, concentration, a significant decrease (p<0.05) in
the scavenging capacity of the capsules was observed due to the sterilization with
ethanol (Fig. 4.13). In the case of 10 uM H,0; concentration, polymer capsules reduced
94.1 + 0.6% and 37.9 £ 0.9% of the initial H,O, from the solution, using concentrations
of 1-107 and 1-10° polymer capsules/mL respectively, whereas the sterilized
counterparts reduced 47.9 + 2.1% and 0.7 * 1.2% of H,O, (Fig. 4.13). At the

concentration of 50 uM H20,, significant differences were also observed in both polymer
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capsule concentrations. Using 1-107 and 1-10° polymer capsules/mL, H>0; reduction
values were determined to be 97.3 + 2.8% and 35.2 £ 1.8% respectively, whereas in the
case of sterilized capsules the values were 40.2 + 4.1% and 18.4 + 2.4% (Fig. 4.13). The
encapsulation of enzymes into LbL capsules and alternative polymeric systems (e.g.,
single-enzyme nanogels,®>®® polymersomes,®’” and so on) commonly results in an
improved stability of the encapsulated enzyme towards proteolytic degradation, organic
solvents, changes in pH and temperature, and so forth.%8% However, in the particular
case of LbL capsules exposed to water/ethanol mixtures, an increased permeability has
been reported, which is associated to the rearrangement of the polyelectrolytes forming
the shell.”° This can have a deleterious effect on the catalytic activity of the enzyme and,
at the same time, result in its leakage from the polymeric capsule. Therefore,
sterilization with ethanol was not considered for the subsequent in vitro studies and

alternative approaches to prevent contamination where acquired.
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Fig. 4.13. Reduced H,0; by the polymer capsules at 10 uM and 50 uM H,O; after the
sterilization process. 100% reduction refers to the complete removal of H,O, from the
solution. Asterisks (*) indicate significant differences (p<0.05) with respect to the

control (non-sterilized capsules).
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To assess the capacity of the capsules to release a model drug in response to the
microenvironment pH, the fabricated polymer capsules were incubated in four different
pH buffers (pH = 4.0, 5.0, 6.0 and 7.4). We chose to work with DOX-EMCH as it is a well-
established prodrug currently in clinical trials that is stable at neutral pH but undergoes
hydrazone cleavage at pH values lower than 6 to release the antiproliferative drug
doxorubicin. Supernatants were collected after 30 min, 4 h and 24 h and their
fluorescence intensities were measured using a microplate reader. After 30 min, the
capsules showed an initial release of the model drug of 0.3, 1.2, 2.1, and 3.5 pyg at pH =
7.4, 6.0, 5.0, and 4.0, respectively (Fig. 4.12b). As expected, a higher initial release was
observed in the more acidic environment. After 24 h, polymer capsules released a total
DOX amount of 3.5, 5.0, 6.8, and 8.5 ug at pH = 7.4, 6.0, 5.0, and 4.0, respectively, thus
confirming the pH-dependent release of the fabricated polymer capsules (Fig. 4.12b). In
comparison to other LbL capsules that rely on a diffusion process to release the
encapsulated cargo, our approach allows the delivery of the model drug (i.e., DOX) only
in acidic conditions. This is of high relevance for the potential translation of this system
to biomedical applications, as the off-target effects of the administered drug would be
minimized. Diffusion mediated drug release, apart from being nonspecific to any
biologically relevant stimulus, is usually accompanied by an initial burst release. For
example, around 80% of the encapsulated DOX was released from capsules made out of
PAH/PSS multilayers in less than 300 minutes.”* In another example using PSS and
poly(amidoamine) dendrimer to fabricate hollow polymer capsules, capsule degradation
and/or high ionic strengths were needed to ensure the complete release of the

encapsulated DOX.”?

The pH dependent release of the fabricated polymer capsules was further confirmed by
means of fluorescence microscopy. For this purpose, CAT was stained with FITC (CAT-
FITC) prior to the co-precipitation process. After the LbL process and template removal,
the capsules were immersed in two of the buffers mentioned above (pH = 5.0 vs. pH =
7.4) and fluorescent micrographs were acquired after 4 and 24 h. Most of the polymer
capsules immersed in pH 7.4 buffer maintained their fluorescence intensity at the
assessed time points (4 and 24 h) in both channels (red and green), compared to the

capsules before their immersion (0 h) (Fig. 4.12c). In contrast, polymer capsules
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immersed in the acidic pH buffer were able to emit fluorescence signal only in the green
channel (CAT-FITC) but the fluorescence signal in the red channel (DOX) was not visible
after 24 h, suggesting a substantial release of the drug (Fig. 4.12c). Although the drug
seems to be completely released, the stability of the polymer capsules immersed in pH
= 5.0 buffer was preserved, keeping their spherical shape and integrity. Several studies
have employed LbL capsules as delivery vehicles for the release of DOX and other
therapeutic agents. Most of them rely on the Fickian diffusion release mechanism,
where the diffusion is governed by the concentration gradient between the two sides of
the polymeric shell, which acts as a barrier. Accordingly, tuning the thickness of the
polymeric shell (e.g., by changing the number of deposited layers’?) or its density (e.g.,
by promoting shrinkage of the capsules through a thermal treatment®® or crosslinking
reactions’3) have been reported as a valid strategy to control the release kinetics of the
encapsulated DOX. In this sense, the release of DOX from polymer capsules made out of
PAH and dendritic porphyrin was delayed when the polymer layers were crosslinked via
the carbodiimide chemistry.”® To achieve a more specific release at the site of interest,
biologically relevant stimuli have been employed as triggers for the disassembly of the
capsules and the subsequent delivery of the cargo. Yan et al.”* fabricated LbL polymer
capsules stabilized with disulfide bonds that underwent deconstruction during
intracellular trafficking due to the reducing environment, thereby leading to DOX
release. The acidic microenvironment has been similarly employed to promote the
disassembly of hydrazone-bonded polymer capsules, which resulted in a much faster
release of the entrapped DOX in comparison to the one observed at neutral pH.”®
Contrary to these two last examples, our approach allows the release of DOX in response
to a biologically relevant stimulus (i.e., acidic pH) while preventing the disassembly of
the capsule, which is a must to preserve the protection of catalase and act as a long

lasting microreactor.

Based on these results, we confirm the multifunctional identity of the fabricated
capsules, which are able to simultaneously scavenge H,0, from the microenvironment

in a dose-dependent manner and release DOX in acidic microenvironments.
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4.3.4. Metabolic activity of Hela cells in the presence of multifunctional

capsules and internalization

The in vitro cytocompatibility of polymer capsules (i.e., (PAH/PSS)(dPG-amine/PSS),)
was tested in Hela cells. The metabolic activity of cells in the presence of various capsule
per cell ratios (10, 100, 1000 capsules/cell) was measured after 24 and 72 h by means of
AlamarBlue® assay. Cells without capsules were used as a negative control. Cells were
able to maintain a normal metabolic activity above the threshold value (i.e., 70%) in the
presence of capsules. In fact, after 72 h, no decrease in their metabolic activity (p<0.05)
was observed with respect to the negative control (Fig. 4.14a). Although LbL capsules
composed of polyelectrolytes are believed to be nontoxic for cells, some studies have
reported detrimental effects on cell proliferation and viability at concentrations above
50 capsules per cell.”® Besides, the incorporation of inorganic nanoparticles (e.g.,

7 manganese dioxide nanoparticles?®) to provide advanced

magnetic nanoparticles,
functionalities also resulted in an increased cytotoxicity of the fabricated capsules in
comparison to the non-functionalized counterparts, thus reducing the threshold at
which these capsules can be employed in the subsequent biological studies. The LbL
approach is a highly versatile method that allows to easily tune the surface charge of the
resulting capsules. In principle, positively charged capsules improve cell uptake
(presumably because of the electrostatic interaction between the surface of the particle
and the cell membrane) and can be a valid strategy for some particular applications
where internalization is a must (e.g., gene therapy’8). At the same time, it is generally
accepted that positively charged micro- and nanocapsules induce a higher
cytotoxicicity.”® Based on this “rule of thumb” and on our previous experience,?® we
engineered the capsules to display an external negative charge. To further confirm the
effect of the polymer capsules, cells were observed under the optical microscope.
Compared to the negative control (i.e., cells in absence of polymer capsules), no changes
were observed in the morphology of the cells and cell density in the presence of polymer

capsules (Fig. 4.14b). Taken together, the results indicate no cytotoxic effect of the

fabricated capsules in any of the capsule to cell ratios.

The internalization of polymer capsules by both innate immune cells (e.g., macrophages,

monocytes, dendritic cells) and potential target cells must be carefully considered.
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Phagocytosis by immune cells may be desirable for specific applications, including
vaccine carriers. In many other cases (e.g., drug delivery), polymer capsules should
escape from the uptake by immune cells to reach the target cells. In any case, the LbL
approach offers huge versatility in controlling those key parameters that will determine
cell uptake, including size,®® shape,®82 surface charge,® stiffness® and surface
chemistry,>68>8 among others. There is a vast literature aimed at unravelling the
interplay between these parameters and various internalization mechanisms,
sometimes drawing contradictory conclusions. As reported by Novoselova et al.,?°
increasing the size of the LbL capsules from 500 nm to 2 um reduced the uptake by both
macrophages and lung cancer cells from 80% to 20% (approximate values), suggesting
that an increased size could be employed as a strategy to avoid macrophage
internalization. In another example,®? bowl-like microcapsules where preferentially
internalized by both smooth muscle cells and macrophages in comparison to spherical
counterparts, indicating that isotropic-shaped capsules (i.e., spheres) could be used over
anisotropic ones to evade macrophages. However, Shimoni et al8! reported that
capsules with high aspect ratios (i.e., rod-shaped capsules) were poorly internalized by
Hela cells in comparison to spherical ones. This highlights the complexity of
endocytosis/phagocytosis processes and their dependence on cell type. Stiffness of the
capsules, which can be modulated by the number of layers,® crosslinking reactions or
incorporation of nanoparticles®” also seems to determine the uptake efficiency, the
softer capsules with lower stiffness being preferentially internalized by cells with respect
to stiffer ones. Tuning the surface chemistry of the capsules can be used to either
facilitate or avoid cellular uptake. Engineering the surface of the capsules by attaching
bioactive molecules (e.g., peptides, antibodies, etc.) on the outermost layer allows the
recognition of receptors and target the intended cells via the antibody-antigen
interaction.®> Surface PEGylation and similar approaches, in contrast, evade immune

clearance and has also been applied to LbL capsules.®®

Performing a systematic study to analyse the internalization mechanisms of our capsules
is beyond the scope of this chapter. Polymer capsules are transported into cells by
endocytosis but, determining the exact mechanism (e.g., caveolae-mediated

endocytosis, clathrin-mediated endocytosis, etc.88) requires deeper analyses by
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blocking/inhibiting various cellular endocytic pathways.®? Herein, a preliminary study
was designed to assess the internalization of the capsules by Hela cells. Polymer
capsules (i.e., (PAH/PSS)(dPG-DOX/PSS);) were incubated at a concentration of 10
polymer capsules/cell and fixed at different time points (2, 4 and 24 h) prior to their
observation under the fluorescence microscope. As discussed above, at the selected
time points, negligible release of DOX from the capsules is expected. This was further
confirmed in the image merged with the brightfield, where DOX was clearly associated
to the round-shaped capsules (Fig. 4.14c, right). As observed in Fig. 4.14c, polymer
capsules showed a tendency to localize near the nucleus. A progressive accumulation of
polymer capsules within the cells was observed along incubation time and, as a result,
most of the capsules were accumulated around the perinuclear region at 24 h. A similar
tendency was also reported in bibliography, in which a perinuclear accumulation of

carriers was observed.3>3%
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—
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Fig. 4.14. a) Metabolic activity of HelLa cells in the presence of polymer capsules. Asterisks (*)
indicate significant differences (p<0.05) with respect to the control (cells in absence of capsules),
b) Cell in absence of polymer capsules (left) and in the presence of polymer capsules (1000
polymer capsules / cell) (right), c) Fluorescence micrographs of Hela cell in presence of polymer
capsules at different time points (Nuclei-DAPI: blue / Polymer capsules functionalized with DOX:

red). White arrows highlight the presence of DOX containing polymer capsules.

159



Chapter 4

4.3.5. Therapeutic potential of the polymer capsules in a H,02-induced

oxidative stress in vitro model

Oxidative stress leads to cellular apoptosis and senescence by damaging important cell
structures, thus aggravating numerous disease pathologies such as cancer,
neurodegeneration or osteoarthritis. Accordingly, a plethora of biomaterials to control
oxidative stress has been developed in the last years including, among others, natural
antioxidant-based micro- and nanoparticles (e.g., vitamin-E®° flavonoids,® etc.),
synthetic polymeric nanoparticles with intrinsic antioxidant capacity®® and nanozymes
based on cerium oxide,?® manganese dioxide®? or carbon derivatives.”* Although
nanozymes represent a promising inorganic alternative to natural enzymes, showing a
unique multienzyme mimetic activity, important challenges need to be addressed in
terms of long-term cytotoxicity, biodistribution, in vivo uptake, etc. prior to their
translation into biomedical applications.®® In our present approach, inspired by
compartmentalization strategies found at the cellular and subcellular levels, we
encapsulated an antioxidant enzyme (i.e., catalase) into synthetic polymer capsules,
resembling artificial organelles. This strategy provides increased robustness to the
system by protecting the fragile enzymes from environmental harsh conditions,
extending accordingly the storage time and its resistance to temperature, changes in
pH, and so forth®>, while maintaining its recycling stability (i.e., capacity to efficiently
perform successive batch reactions).®® All these benefits, together with their
cytocompatibility and the possibility to incorporate complementary entities as
described above, make LbL capsules an excellent therapeutic platform to protect cells

from oxidative stress.

An in vitro model with Hela cells was used to evaluate the therapeutic potential of the
fabricated polymer capsules. Cells were stimulated every 24 h with two biologically
relevant H,0, concentrations (i.e., 50 uM and 100 uM) to induce oxidative stress (Fig.
4.15a). This H;0, extracellular concentrations are assumed to induce deleterious
responses on cells, ultimately leading to oxidative distress.®® Metabolic activity of the
cells was assessed by the AlamarBlue® assay at different time points (8, 24, 32 and 48 h
after the initial stimulus) (Fig. 4.15a). The H.0; concentrations were chosen after a

preliminary analysis to evaluate the effect of different concentrations on metabolic
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activity. Hela cells cultured in the absence of polymer capsules and H,0; stimuli were
used as negative control. Cells in absence of capsules but with H,O, stimuli were
considered as positive control. The concentrations of polymer capsules employed were
10, 100 and 1000 polymer capsules/cell, and they were not sterilized due to the
aforementioned detrimental effect of the ethanol in the CAT scavenging capacity (Fig.
4.13). Alternatively, capsules were fabricated in clean conditions and all the employed
solutions were sterile-filtered. No bacterial or other type of contamination was observed
during the course of the experiment. In this particular experiment, capsules without DOX
(i.e., (PAH/PSS) (dPG-amine/PSS),) were employed to avoid any possible toxic effect that

could mask the protection of capsules against H,02-induced oxidative stress.

At a H,O, concentration of 50 puM, the metabolic activity of the cells decreased
significantly (p<0.05) over time at both the positive control and with 10 polymer
capsules/cell, with no significant differences between these two conditions (Fig. 4.15b).
This suggested no therapeutic effect of the capsules at this concentration. However,
with the addition of higher capsule-to-cell ratios (i.e., 100 and 1000 polymer
capsules/cell) a beneficial effect was observed specially with the concentration of 1000
polymer capsules/cell (Fig. 4.15b). At the concentration of 100 polymer capsules/cell,
the mean metabolic activity of the cells was always above the positive control, obtaining
a significant difference (p<0.05) at 32 h (Fig. 4.15b). At 1000 polymer capsules/cell,
significant differences (p<0.05) were observed at all the time-points with respect to the

positive control, with the exception of the first time point (i.e., 8 h).

Using 100 puM H,0; stimuli, a similar trend was observed. In the case of the positive
control and 10 polymer capsules/cell concentration, the metabolic activity values were
respectively 17.1 + 4.6% and 23.4 + 0.6% after 48 h. At 100 and 1000 polymer
capsules/cell, the therapeutic effect of the capsules was again validated. With both
polymer capsule-to-cell concentrations, the metabolic activity was significantly higher
(p<0.05) than in the positive control at all the studied time points. Furthermore, at 1000
polymer capsules/cell, no differences in the metabolic activity were observed in
comparison to the negative control (i.e., cells in absence of polymer capsules and H,0)
at the first two time points (i.e., 8 and 24 h), and the metabolic activity value was above

80%. These results suggest a therapeutic potential of these capsules to scavenge H,0,.
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Although Hela cells are not representative of any particular disease associated to
oxidative stress, their response to H,O; is similar to the one observed in other relevant
cells. To study the effect of oxidative stress in various diseases (e.g., myocardial
infarction, neurodegenerative processes, age-related macular degeneration, and so on),
a wide variety of cells (e.g., cardiomyocytes, astrocytes, neural stem cells, human retinal
pigment epithelial cells) have been exposed to H,0,.91% In the reported studies, a H,0:
concentration of 100 uM induced a significant decrease in cell viability. Thus, we believe
that the effect of the capsules observed herein with a well-established cell line could be

translated to other validated disease models.

To further confirm the obtained results with the AlamarBlue® assay, cells were observed
under the optical microscope. In the case of 50 uM of H,0,, some of the cells in the
positive control were dead, while in the presence of capsules at a concentration of 1000
polymer capsules/cell, cells were able to maintain their density with less cell death (Fig.
4.15c), confirming the results obtained with the AlamarBlue® assay. In the case of 100
UM of H,0,, a higher quantity of dead cells was appreciable in the positive control (Fig.
4.15c). Contrarily, cells incubated in the presence of 1000 polymer capsules/cell were

alive, and maintained their shape and density (Fig. 4.15c).

Taken together, these results confirm a therapeutic effect of the fabricated polymer
capsules at the higher capsule-to-cell ratios (i.e., 100 and 1000 polymer capsules/cell)
especially with 1000 polymer capsules/cell. At 10 polymer capsules/cell, no therapeutic
effect was appreciated, suggesting that the concentration was not enough to protect

cell from the H,0,-induced cell death.
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Fig. 4.15. a) Schematic temporal distribution of stimuli addition and metabolic activity
measurements, b) Metabolic activity of Hela cells in the presence of H,O; stimuli (50 uM and 100

Il 7”7

uM) and polymer capsules. The and “b” indicate significant differences with respect to the
negative control (cells in the absence of capsules and H,O;) and the positive control (cells in the
absence of capsules but with the addition of 50 uM or 100 uM of H,0;) respectively (n=4). 100%
of metabolic activity was ascribed to the negative control, c) Optical micrographs of cells in
absence of capsules and with the addition of H,O, stimuli (left column), and cells with 1000

polymer capsules/cell and H,O; stimuli (right column). Scale bar: 200 um.
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4.4. Conclusions

In this chapter, we fabricated polymeric capsules via the LbL approach and exploited the
versatility of this method to incorporate several functionalities into a single polymeric
microplatform. The fabricated polymer capsules acted as antioxidant microreactors
thanks to the encapsulation of catalase in their core and were able to release a model
drug (i.e., DOX) in response to a biologically relevant stimulus (i.e., acidic pH) due to the
incorporation of functionalized dPGs in their shell. Contrarily to previously reported
delivery systems, our capsules preserve their structural integrity after the drug release
process, thus avoiding the leakage of the encapsulated entity and functioning as robust
microreactors that perform therapeutic biocatalytic reactions. The cytocompatibility of
the developed capsules, which were internalized by cells and preferentially accumulated
in the perinuclear region, was confirmed in vitro. In our validated oxidative stress model,
the use of the higher polymer capsule concentrations resulted in a positive response,
showing significant differences in the metabolic activity of the cells in comparison to the
positive control (cell without capsules but stimulated with H,0;). Accordingly, the
strategy proposed herein could be used in the development of multifunctional
microreactors for the treatment of complex pathologies requiring complementary

therapies.
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CHAPTER 5. Layer-by-layer polymer capsules with antioxidant
outer inorganic and organic layer as microplatforms to perform

cascade reactions

Abstract

Enzymatic (bio)chemical cascade reactions play a pivotal role in the regular cell functioning.
The alteration of these cascades may have a detrimental effect on cell homeostasis, growth
and differentiation. Hence, the recovery of those aberrant cellular pathways becomes a
fundamental factor in the restoration of the (bio)chemical stability. Within this context, the
use of polymer capsules fabricated via the layer-by-layer (LbL) approach has emerged as a
promising tool. The tuneable architecture of these capsules may allow the positioning of
active entities on any of the constituent parts of the capsules by different functionalization
and encapsulation techniques. In the present chapter, the formation of an inorganic (i.e., in
situ formation of a MnO; layer) or organic (i.e., catalase loaded single enzyme nanogels
(SENs)) antioxidant outer layer has been exploited to perform cascade reactions. These
capsules efficiently scavenge H,0, from the solution in both of the analysed systems.
Furthermore, those capsules with an outer organic layer were capable of efficiently

performing cascade reactions.

5.1. Introduction

The alteration in the metabolism of an enzyme interferes on regular (bio)chemical
cascade reactions, these having drastic effects in homeostasis, growth and
differentiation of cells.! In those cases, the fine-tunning of these cascade reactions and
the whole replacement of the damaged cellular pathways, are fundamental to recover
the proper functioning of cell metabolism.! Thus, inspired by the compartmentalization
strategies found at the cellular and subcellular level, several replacing strategies based

on biomaterials, such as liposomes or polymersomes, have been proposed.!3

As an alternative to these methods, the use of polymer capsules fabricated via the layer-
by-layer (LbL) approach is considered within the framework of the present chapter. As

described along this PhD thesis, this technique allows the fabrication of micro- and
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nanocapsules with ad hoc physical, chemical, morphological and mechanical
properties.*> Taking advantage of this versatility, this approach has been extensively
used in the fabrication of drug/gene/protein delivery vehicles,®® capsules for imaging
applications'®13 and in the fabrication of micro- and nanoreactors.'*'’” The latest are
capable of encapsulating active entities like enzymes, and allow the continuous diffusion
of reagents and by-products through the polymeric membrane while protecting them
from proteases degradation and denaturation.!*!®1% Furthermore, this fabrication
technique enables the positioning of the active entities not only within the inner cavity
but also in the polymeric shell by a simple electrostatic adsorption or by using different

functionalization and encapsulation/entrapment techniques.?%2

In this chapter, we hypothesized that the LbL approach could be exploited to create
polymer capsules with an outer antioxidant organic or inorganic layer, capable of
performing cascade reactions. For the organic outer layer the single encapsulation of an
individual protein molecule, denoted as Single Enzyme Nanogels (SENs), is
considered.?*?> In this SENs, the enzyme is wrapped within a thin polymeric mantle,
increasing accordingly the stability of the active core under the physiological denaturing
and degrading environments.?#2> Thanks to the controlled thickness of the membrane,
the encapsulated active entity is capable of maintaining similar properties to the free
enzyme in terms of size?® and, more importantly, in terms of reactivity and catalysis,?*

making them prone to be used in a wide variety of applications.26-3°

However, despite the advances in the encapsulation and protection of the enzymes,
their fabrication still remains expensive and laborious.332 Within this context, inorganic
alternatives like nanozymes (e.g., Ce02'>1® or Mn0,333¢) have emerged as promising
tools to mimic the activity of organic enzymes while offering a higher robustness, ease
of fabrication and lower cost.3?3” Herein, MnO; particles are of particular interest in the
scavenging of reactive oxygen species (ROS), due to their multienzyme activity which
consist on mimicking the activity of superoxide dismutase (SOD) and catalase (CAT).3840
One promising way to incorporate this antioxidant scavenger into polymer nano- and
microcapsules is via a mineralization process, in which a MnO; layer is created in situ
through a simple reaction onto the polymer capsules or even onto individual living

cells.*0
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In this chapter, we fabricated polymer capsules by depositing alternately layers of
poly(sodium 4-styrenesulfonate) (PSS) and poly(allylamine hydrochloride) (PAH), on a
glucose oxidase (GOx)-loaded CaCOs sacrificial template. GOx was employed as a proof
of concept to test the capability of the proposed system to accomplish cascade
reactions. For the outer inorganic antioxidant layer, an in situ mineralization process
using KMnOs was followed, whereas the organic outer layer was obtained after the
incubation of the fabricated polymer particles with CAT-loaded SENs. The
physicochemical, morphological and functional properties of the capsules were
thoroughly determined. This last experimental chapter represents accordingly a
significant advance in the development of LbL polymer microreactors as platforms to

perform cascade reactions and thus replace in the future damaged cellular pathways.
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5.2. Materials and methods

5.2.1. Materials

Calcium chloride (CaCly), sodium carbonate (Na;COs), sodium chloride (NaCl), potassium
permanganate (KMnQa), hydrogen peroxide (H,02) (30% wt. in H20), poly (allylamine
hydrochloride) (PAH) (Mw ~ 17,500 g/mol), poly (sodium 4-styrenesulfonate) (PSS) (Mw
~70,000 g/mol), o-toluidine, glacial acetic acid, ethylenediaminetetraacetic acid
disodium salt dihydrate (EDTA), glucose oxidase (GOx) from Aspergillus niger, glucose,
tetramethylrhodamine isothiocyanate (TRITC), Phosphate Buffer Saline (PBS) and Hank’s
Balanced Salt Solution were purchased from Sigma Aldrich. Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin solution (P/S) and

AlamarBlue® cell viability reagents were purchased from Thermo Fisher Scientific.

5.2.2. Fabrication of single enzyme nanogels (SENs)

SENs were kindly provided by our collaborators and were synthesized following their
well-established protocols.?® Briefly, catalase (CAT) (8.9 g/L, 2 mL in sodium phosphate
50 mM buffer, pH 6.1) was deoxygenated by bubbling N2 for 45 min. After that, sucrose
(5%, w/v), together with acrylamide (AA) and bisacrylamide (BIS) in deoxygenated
sodium phosphate buffer (50 mM, pH = 6.1), and carboxyethyl acrylate (CEA) in
deoxygenated DMSO (10% v/v, 33 mM) were added to the enzyme solution. Monomer
ratios were kept constant (AA/protein 600:1 mol/mol; BIS/protein 600:1 mol/mol;
CEA/protein 1000:1 mol/mol). In continuous nitrogen bubbling, ammonium persulfate
(APS/protein 500:1 mol/mol) and tetramethylethylenediamine (TEMED/APS 2:1 w/w)
were added to the enzyme/AA/BIS/CEA mixture. The reaction was kept under N, and
shaken at room temperature for 2 h. The obtained SENs were dialyzed against PBS buffer
to remove low-molar mass reagents and passed through a Sephadex G-75 column to
remove non-encapsulated enzymes and protein-free polymer hydrogels. Negatively

charged SENs were obtained with a -potential value of -17.2 £ 2.2 mV.
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5.2.3. Fabrication and characterization of polymer capsules with an

antioxidant outer layer

5.2.3.1. Fabrication of polymer capsules

Polymer capsules were fabricated via the LbL approach using CaCOs microparticles as
sacrificial template and PSS and PAH as negative and positive polyelectrolytes
respectively. GOx loaded CaCOs templates were obtained by the co-precipitation of
CaCl, Na;COs and GOx, similar to previous reports.}* Separately prepared Na,CO3 1M
aqueous solution and 3 mg/mL GOx solution dissolved in Tris-HCI 0.05 M (pH = 7.0) were
poured into the CaCl, 1M aqueous solution and after 30 s of vigorous stirring (1100 rpm)
the solution was incubated for 15 min. The obtained dispersion was centrifuged at 2000
g (1 min) and the particles were washed thrice with a 0.005 M NaCl solution. As the GOx
containing CaCOs microparticles have a negative surface charge, the collected
microparticles were then resuspended in a 2 mg/mL PAH solution in 0.5 M NaCl (pH =
6.5). After 12 min of incubation, the dispersion was centrifuged and washed three times
with 0.005 M NaCl solution. Subsequently, the particles were resuspended in a 2 mg/mL
PSS solution in 0.5 M NaCl (pH = 6.5) and after 12 min of incubation the particles were
collected and washed thrice with 0.005 M NaCl solution. Particles containing five layers
were fabricated with a final PAH layer to allow the following mineralization process and
deposition of negatively charged SEN by electrostatic interactions. The mineralization
process was carried out following the direct redox reaction between PAH and KMnOQO4
reported in previous works.3®4! For this, after the deposition of the last PAH layer,
microparticles were incubated with an aqueous KMnOs solution at different
concentrations (i.e.., 2.5, 5, 10, 20, 50 and 100 mM) for 15 min. Thereafter, particles
were thoroughly washed thrice with a 0.005 M NaCl solution. In the case of SENs, 10
ug/mL and 25 pg/mL solutions in 0.5 M NaCl were incubated with the positively charged
microparticle suspension for 12 min and after that, the microparticles were washed
three times with 0.005 M NaCl solution. Finally, both systems were immersed in 0.1 M
EDTA solution to remove the template following the same protocol described in
previous chapters (Fig. 5.1). After that, the particles were washed several times with PBS

or distilled water for the following analysis.
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In a particular case, TRITC-labelled GOx (GOx-TRITC) was used for the fabrication of
capsules to check the successful encapsulation of the enzyme. For this a protocol
provided by Thermo Scientific was followed with slight modifications.*? Briefly, GOx was
dissolved in a 100 mM carbonate buffer (pH = 9.5) at a concentration of 6.5 mg/mL, and
35 uL of a TRITC solution (1 mg/mL in DMSO) were added dropwise. The mixture was
mixed thoroughly and incubated overnight at room temperature sheltered from light.
After that, the solution was filtered using a PD 10 desalting column to remove the excess
of TRITC using as filtering buffer Tris-HCI 0.05 M (pH = 7.0). The obtained solution was
stored at 4 °C until use.

Na,CO, (0.2 M)
CaCl, (0.2M)  GOx (3 mg/ml)

PAH deposition
o (2 mg/ml, pH =6.5)

\ A

GOx loaded CaCO,

micr icl
GOx.Ioaded polymer capsules KMnO, mineralization croparticles
with a MnO, outer layer H,0+0, (2.5,5,10,20, 50 and 100 mM) Repeat
Washing epea Washing
process
Glucose
EDTA
(0.1 M, pH = 6.5)
H,0+0, PSS deposition
(2 mg/ml, pH = 6.5)

“Q
o

GOx loaded microparticles

9 coated with PAH and PSS
“

“

* )

9
oW <9
GOx loaded polymer capsules SEN deposition
with a SEN outer layer (10 and 25 pg/mL)

Fig. 5.1. Schematic representation of the fabrication of antioxidant polymer capsules.

5.2.3.2. Physico-chemical and morphological characterization

The morphological analysis of the polymer capsules was carried out by means of
Scanning Electron Microscopy (SEM: HITACHI S-4800) at a working voltage and working

current of 5 kV and 10 nA respectively.

The -potential after each polyelectrolyte deposition was measured from a minimum of

ten runs using a Malvern Instrument Zetasizer (ZEN 3690).
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To confirm the presence of the MnO; in the outer layer capsules were analysed under
X-ray photoelectron spectroscopy (XPS: SPECS (Berlin, Germany)) equipped with
Phoibos 150 1D-DLD analyser and an Al Ka monochromatic radiation source (1486.7 eV).
An initial analysis was made to determine the main elements present (wide scan: step
energy 1 eV, dwell time 0.1 s, pass energy 80 eV) and after that a detailed analysis was
carried out to the detected main elements (detail scan: step energy 0.08 eV, dwell time
0.1 s, pass energy 30 eV) using an electron output angle of 90°. The spectrometer was

previously calibrated with Ag (Ag 3d5/2, 368.26 eV).

The presence of MnO; was further confirmed by UV-VIS (Perkin Elmer lambda 365)
measuring the wavelength spectra of KMnOs solution and capsules after KMnOa

incubation.

The encapsulation of GOx and the incorporation of SENs was confirmed by mean of
confocal laser scanning microscopy (CLSM). Images were captured using a Leica TCS SP

STED confocal microscope (Germany) equipped with a 63x oil immersion objective.

To further confirm the distribution of the fluorescently labelled GOx (GOx-TRITC) and
SENs (CAT-FITC), the fabricated polymer capsules were analysed by means of
Fluorescent Activated Cell Sorter (FACS: MoFlo Astrios EQs Sorter, Beckman Coulter, US).
For the analysis, 100,000 events were made per sample (Aex= 488 nm/Aem = 519-526 nm
for green fluorescence and Aex = 561 nm/Aem = 579-616 nm for red fluorescence). The

obtained results were analysed with the FlowJo software (Tree Star, Inc., USA).

5.2.4. Glucose reduction and antioxidant capacity of the capsules

The antioxidant capacity of the polymer capsules with the outer inorganic and organic
layer was measured using a Fluorimetric Hydrogen Peroxide Assay Kit (Sigma Aldrich).
To do so, capsules at a final concentration of 1-10” and 1-10% polymer capsules/mL were
incubated for 30 min in the presence of biologically relevant H,O, concentrations (i.e.,
10 uM and 50 uM). After that, the dispersion of capsules was centrifuged and 50 pL of
the supernatant were incubated in a 96-well plate with 50 pL of master mix containing
horseradish peroxidase and red peroxidase substrate. The mixture was incubated

protected from light for 20 min protected from light and after that, the fluorescence
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intensity was measured (Aex = 540 nm/Aem = 590 nm) on a microplate reader (BioTek

Synergy H1M) to determine the H,O; concentration.

Glucose reduction was measured using a o-toluidine and a glacial acetic acid incubation
solution similar to previous reports.** O-toluidine (6.0% v/v) was dissolved in glacial
acetic acid and the mixture was allowed to age for a week at room temperature
protected from light. Once the incubating solution was prepared, this was mixed with
the corresponding samples in a relation of 1 mL of sample per 3 mL of incubation
solution and the mixture was immersed in a 100 °C water bath for 8 min. After that, the
absorbance signal at 360 nm was measured using a microplate reader (BioTek Synergy

H1M) to determine the glucose concentration of the solution.

5.2.5. Glucose oxidase and SEN cascade reaction

The cascade reaction between the encapsulated GOx and the catalase from the SENs
was assessed using a Fluorimetric Hydrogen Peroxide Assay Kit (Sigma Aldrich). Briefly,
capsules with and without the external SEN layer and at a final concentration of 1-107
and 1-108 polymer capsules/mL were incubated with three glucose concentration (i.e.,
100 uM, 250 uM and 500 uM) for 30 min. After incubating for 20 min protected from
light, fluorescence intensity was measured (Aex= 540 nm/Aem = 590 nm) on a microplate

reader (BioTek Synergy H1M) to determine the H,0, concentration.

5.2.6. In vitro studies

5.2.6.1. MRC-5 cell seeding

MRC-5 fibroblast cells were seeded following the same protocol described in the
previous chapters for Hela cells. A density of 5,000 cells/well on a 96-well plate was

used for metabolic activity measurements.

5.2.6.2. Preliminary cytocompatibility test

The cytotoxicity of the capsules was evaluated as described in Chapters 3 and 4. Three

capsule concentrations (1-10%, 1-107 and 1-10® polymer capsules/mL) and two time
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points (24 and 72 h) were analysed, and AlamarBlue was used to measure the metabolic

activity of cells.

5.2.7. Statistical analysis

All quantitative data related to the fabrication and characterization of polymer capsules
are presented as the mean * standard deviation (SD). In the in vitro studies the results
are presented as mean + SD, with n = 4. The statistical difference between groups was
tested by one-way analysis of variance (ANOVA), using the Bonferroni post-hoc test and

a confidence level of 95% (p<0.05).
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5.3. Results and discussion

5.3.1. Fabrication of polymer capsules via the layer-by-layer approach and

formation of the antioxidant layer

For the fabrication of polymer capsules, CaCOs template was first synthesized through
the co-precipitation of GOx together with CaCl, and Na,COs salts (Fig. 5.1), due to the
reported high encapsulation efficiency of this method comparing to other
alternatives.***> As observed in SEM images, the obtained microparticles presented a
porous spherical shape with a mean diameter size of ~3-4 um (Fig. 5.2c). CaCOs3 was
selected as the sacrificial template not only for its capability to efficiently encapsulate
large molecules but also due to its ease of preparation and subsequent dissolution using
calcium chelating agents (i. e., ethylenediaminetetraacetic acid disodium salt dehydrate
(EDTA)) thus avoiding the use of harsh conditions (i.e., organic solvents and/or
extremely high/low pH) in template removal.* The protocol used for the encapsulation
of GOx allows the pre-encapsulation of the enzyme avoiding this way post-encapsulation
methods used in other type of templates, which usually rely on the change in the
permeability of the polymeric membrane.*®4’ For this, changes in solvent composition,*®
pH* or temperature® are employed leading usually to a loss in the integrity and

catalytic activity of the enzyme.

Once the sacrificial template was obtained, positively charged PAH and negatively
charged PSS were deposited alternately onto GOx loaded CaCOs (CaCOs-GOx) cores.
These polyelectrolytes were chosen due to their extensive use as model polyelectrolytes
in the fabrication of LbL capsules for different therapeutic systems and because of their
robustness.>* Thanks to this, capsules are capable of enabling the transfer of reagents
and by-products across the polymeric membrane while protecting the encapsulated
entity from external microenvironment. This attribute is a key factor in the fabrication
of LbL nano- and microreactors since the uncontrolled degradation of the polymeric
membrane could have a detrimental effect in the encapsulated enzyme, exposing it to
external physiological conditions which can lead to protease degradation and

denaturation.
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As the initial surface charge of the sacrificial template was negative (plsox = 4.2), CaCOs-
GOx microparticles were first incubated with PAH. In the case of capsules mineralized in
situ to create the antioxidant MnO; layer this resulted in a surface charge shift from -
13.0+0.5mVto-2.4 + 0.4 mV for KMnOQOg4 values of 2.5 mM, 5 mM and 10 mM and from
-13.2 £ 0.4 mV to 0.2 £ 0.1 mV for KMnOjs values of 20 mM, 50 mM and 100 mM (Fig.
5.2b). After that, polyelectrolyte layers were assembled alternately and a reversal -
potential value change was observed after each deposition step, confirming the
successful layer assembly (Fig. 5.2b). Capsules with 5 layers were fabricated with a final

PAH layer, which will allow the subsequent mineralization process.

In nature, the creation of mineral shells can play a pivotal role in the protection of
different organism acting as a shield for hostile stressors and external environments.*%>>
Mimicking this biomineralization process, different works proposed this method for the
protection of bacteria and cells.*>>> In our work, a simple mineralization process was
proposed for the in situ fabrication of an antioxidant outer layer capable of reducing ROS
present in the microenvironment. Taking advantage of the affinity of amine groups from
PAH to metal ions, a direct redox reaction between the last PAH layer and KMnO4 at
different concentrations was carried out (Fig. 5.2a). After the incubation, the colour of
the particle pellet changed from white to dark brown, as reported in other works,>®
suggesting the formation of the MnO; layer onto the capsules (Fig. 5.3a). After this
process, the sacrificial template was removed by immersing in a 0.1 M EDTA solution
(Fig. 5.1). As observed in SEM micrographs after the EDTA incubation, polymer capsules
presented a collapsed shape suggesting the complete removal of the sacrificial core (Fig.

5.2d)
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Fig. 5.2. a) Schematic representation of the mineralization process of the fabricated polymer
capsules. b) (-potential of CaCO3-GOx microparticles after each layer deposition using for the
fabrication of the final antioxidant layer different KMnO, concentrations (e. g., 2.5, 5, 10, 20, 50
and 100 mM). c) Morphological characterization via SEM of CaCOs-GOx templates. d)
Morphological characterization of KMnO, mineralized polymer capsules before (left) and after

(right) 0.1 M EDTA incubation.

The successful fabrication of MnO;, layer onto the fabricated capsules was firstly
assessed by means of UV-vis. After the incubation of the particles with KMnOs and the
subsequent template removal, the UV-vis spectra of them was measured and compared
with the raw KMnO. solution spectra. The obtained results showed that the
characteristic peaks of KMnQOs (i.e., 315, 525 and 545 nm) disappeared after its
incubation with polymer particles bearing an external PAH layer (Fig. 5.3b). The particles
showed one single wide band around 300 nm regardless the KMnOa4 concentration used,

suggesting the formation of MnO; onto the polymer particles (Fig. 5.3b). This tendency
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was observed in other works, in which the presence of this peak around 300 nm was

attributed to the plasmon band of colloidal manganese dioxide.3°

To further confirm the presence of MnO; in the capsules, they were analysed by means
of XPS using capsules without the last mineralization step as a control. In the obtained
results it was observed that the binding energy related to the Mn 2p 3/2 peak was 642.1

eV which corresponds to the binding energy of MnO; as reported in XPS handbook (Fig.

5.3c).”’
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Fig. 5.3. a) Polymer capsules before (left) and after (right) the in situ mineralization. b) UV-vis
spectra of KMnO, in solution and polymer particles incubated with different KMnQO,
concentrations (e.g., 2.5, 20, 50 and 100 mM). c) XPS spectra of non-mineralized (upper row) and

mineralized (lower row) polymer capsules (KMnQO4 concentration: 50 mM).
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In the case of the polymer capsules fabricated with the organic antioxidant outer layer
of SENs, as the initial charge of the sacrificial template was negative too, these
microparticles were also first incubated with PAH resulting in a surface charge shift from
-13.8 £+ 0.3 mV to 3.6 + 0.7 mV (Fig. 5.4a). Thereafter, polyelectrolytes were assembled
alternately obtaining a C-potential charge reversal after each deposition step which
confirms the successful assembly of the deposited layers (Fig. 5.4a). After the addition
of the SENs the change in the -potential value was slightly appreciable. This could be

due to the low SEN quantity and their non-uniform distribution around the outer layer.

To confirm the successful encapsulation of GOx and the adhesion of SENs onto the
capsules, fluorescently labelled GOx (GOx-TRITC) and SEN encapsulating fluorescent CAT
(CAT-FITC) at a concentration of 10 pg/mL were fabricated and analysed by means of
confocal microscope. In this particular case, to obtain a uniform red signal in the core,
provided by GOx-TRITC, an excess of non-fluorescently labelled GOx was added in the
co-precipitation process of the sacrificial template together with GOx-TRITC. Since the
enzyme is negatively charged and have a tendency to electrostatically interact with the
positively charged inner membrane (i.e., the first PAH layer), the specific accumulation
of the enzyme near the membrane was avoided by adding an excess of enzyme. In the
obtained micrographs, a uniformly distributed red signal corresponding to the GOx and
green fluorescence signals corresponding to the SENs were observed, accordingly
confirming the successful incorporation of both enzymes in the fabricated polymer
capsules (Fig. 5.4b). To further analyse the distribution of SENs transversal cuts of this
capsules were taken with the confocal microscope and it was observed that the SENs
were preferentially deposited on the outer layer of the capsule with an irregular

distribution (Fig. 5.4c).
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Fig. 5.4. a) {-potential of CaCOs-GOx microparticles after each layer deposition using for the
fabrication of the final antioxidant layer two different SEN concentrations (10 and 25 ug/mL). b)
Confocal micrographs of capsules fabricated with fluorescently labelled GOx and CAT
encapsulating SENs (GOx-TRITC: Red /CAT-FITC: Green). c) Confocal microscope transversal
section micrographs of capsules fabricated with fluorescently labelled GOx and CAT

encapsulating SENs (GOx-TRITC: Red /CAT-FITC: Green).
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To further evaluate quantitatively the distribution of the stained microcapsules we
analysed them using FACS. For this, we used three sample configurations: capsules only
with GOx-TRITC inside, capsules only with FITC-stained SENs outside and capsules with
the both stained enzymes. As control we used capsules without any of the stained
enzymes in their architecture. To set the background values of fluorescence, raw
capsules were first measured to obtain their size distribution and fluorescence
background signal. In the obtained results, two main size groups were observed in which
group A was the one with the larger capsules and a higher capsule quantity (i.e., 81. 2%
of the total sample) (Fig. 5.5a.1). The fluorescence background signal of this group was
clearly detectable while the smaller ones emitted a negligible signal, suggesting that
they could be broken parts of microparticles as they are undetectable (Fig. 5.5a.2,

5.5a.3).

Once the setting values were obtained the rest of the samples were analysed under the
same conditions. In the case of capsules with GOx-TRITC inside their cavity a significant
decrease was observed in the amount of the group A capsules from 81.2% to 31.3% thus
obtaining a larger amount of the smaller capsule parts (Fig. 5.5b.1). Group A capsules
presented a significant shift in the red fluorescence signal confirming the presence of
the stained enzyme in this group while the green fluorescence signal was similar to the
background value (Fig. 5.5b.2, 5.5b.3). Analysing the particles only with the stained
SENs, it was observed that the group A of the bigger particles here was larger (i.e., 70.2%
of the total amount) (Fig. 5.5c.1). The change in the green signal was slightly detectable
and as expected no changes were observed in the red fluorescence signal (Fig. 5.5c.2,
5.5c.3). The reason of this low green signal change could be the small size of the SENs
and their irregular distribution around the capsules observed in the confocal microscope
(Fig. 5.4b, 5.4c) which may limit their detectability by FACS. The last analysed capsules
were the ones with the both stained enzymes. Here, the useful capsule quantity (i.e.,
group A) was again small, suggesting a loss of a high quantity of robust particles during
the fabrication process and after the template removal consequence of the extra steps
made for their obtention (Fig. 5.5d.1). However, despite this small quantity, the

fluorescence signal change was clearly detectable in the red channel (Fig. 5.5d.2). In the
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case of SENs, the green fluorescence signal change was slightly detectable due to their

non-uniform distribution along the outer layer and their small size (Fig. 5.5d.3).

In view of these results, it could be concluded that the fabricated capsules were properly
stained. The smaller signal change in the case of the green channel may be ascribed to
the small size of the SENs and their irregular distribution in the polymeric shell. However,
it should be taken into account the increasing population of small particles and artefacts
(group B) consequence of the increasing number of steps in the procedure or the
addition of several therapeutic agents, and a thorough optimization should be done to

improve the obtained number of robust capsules for their following use.

5.3.2. Antioxidant capacity of polymer capsules with an outer antioxidant

organic and inorganic layer

To assess the antioxidant capacity of the inorganic antioxidant system (i.e., polymer
capsules with an outer MnO: layer), two biologically relevant H,0, concentrations (10
and 50 uM) were used. Capsules at a final concentration of 1-10” and 1-108 polymer
capsules/mL were incubated with H20; for 30 min. It was observed that, comparing to
the control (i.e., 0 polymer capsules/mL), the fabricated capsules were capable of
significantly (p<0.05) reducing the H,0, from the solution (Fig. 5.6a). At the
concentration of 10 uM H,0; and 1-107 polymer capsules/mL, this reduction was
significant for the concentrations of 20, 50 and 100 mM KMnOQa, where reduction values
around 50% of the initial H,O, concentration were observed. Although statistically
significant, this reduction for the incubation concentrations of 2.5, 5 and 10 mM KMnOa
was not so notorious and H;0; reduction values below 20% were monitored. By
increasing the polymer capsule concentration to 1:10% polymer capsules/mL, the
reduction of H,02 from the solution significantly increased and we obtained reduction

values above 70% for all the studied concentrations.
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Fig. 5.5. Sideward Scattering (SSC) and Forward Scattering (FSC) size distribution of the samples:

control (a.1), capsules with GOx-TRITC inside (b.1), capsules with CAT-FITC outside (c.1) and

capsules with both stained enzymes (d.1). Red fluorescence intensity of control (a.2), capsules

with GOx-TRITC inside (b.2), capsules with CAT-FITC outside (c.2) and capsules with both stained

enzymes (d.2). Green fluorescence intensity of control (a.3), capsules with GOx-TRITC inside (b.3),

capsules with CAT-FITC outside (c.3) and capsules with both stained enzymes (d.3).
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In the case of 50 uM H,0; the differences between the higher KMnOas concentrations
(i.e., 20, 50, 100 mM) and the lower ones (i.e., 2.5, 5, 10 mM) were more evident (Fig
5.6a). Using the polymer capsule concentration of 1-10” polymer capsules/mL the H,03
reduction capacity of all the systems was below 15%, suggesting that this capsule
concentration is not enough for pathologies in which the H,0, concentration exceeds
the value of 50 uM. In this case, the group of capsules incubated with 20, 50 and 100
mM KMnO;, for the production of the MnO; layer was capable of reducing 8.8 + 1.4%,
13.3 £ 1.1% and 14.0 + 1.0% of H,0> respectively. However, as we reduced the KMnQO4
concentration in the incubation, the resulting capsules had no capacity to scavenge H,0;
from solution. However, by increasing the concentration of capsules to 1-10% polymer
capsules/mL, H,0, was almost completely reduced for 20, 50 and 100 mM KMnOQa. This
reduction capacity significantly decreased when lower KMnQOs concentrations were
used, reducing in half the H,0; scavenging capacity of the capsules fabricated with 5 and

10 mM and to values below 20% with 2.5 mM.

The obtained results demonstrate the capability of the fabricated capsules to efficiently
scavenge H>0; from solution specially using the capsules fabricated with the higher
KMnQs concentrations (i.e., 20, 50 and 100 mM). In all the studied systems, a clear trend
was observed: above 20 mM KMnOQys, the obtained H,0; reduction values were almost
similar regardless the KMnQO4 concentration, suggesting a saturation of the MnO; layer
formation near this concentration. In view of these results, capsules fabricated with 50

mM KMnOs were chosen for the following experiments.

Regarding the organic antioxidant system (i.e., polymer capsules fabricated with an
outer layer of catalase-loaded SENs), capsules were incubated only with 50 uM H,0: as
it is reported that this concentration is the minimum to induce deleterious responses on
cells, eventually leading to oxidative stress.>® Capsules with a SEN outer layer at a final
concentration of 1-107 and 1-10% polymer capsules/mL were incubated for 30 min with
H20.. Using both SEN concentrations (i.e., 10 and 25 pg/mL), a complete reduction of
the H,0; of the solution was observed (Fig. 5.6b). This demonstrates that after the
encapsulation of CAT in SENs and their assembly on the multilayer capsules, the
antioxidant enzyme is capable of maintaining the specificity and reactivity towards H,0,.

Consequently, the use of SENs as a part of the LbL polymeric membrane is envisioned as
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a promising tool in the fabrication of antioxidant systems. Considering these results, for

the following experiments, the concentration of 10 pug/mL of SENs was chosen to

fabricate the outer antioxidant organic layer.
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Fig. 5.6. a) H,O, scavenging capacity of polymer capsules at biologically relevant H,0,

concentrations (10 and 50 uM) using different KMnO, concentrations (2.5, 5, 10, 20, 50 and 100

mM) for the mineralization process. b) H,O, scavenging capacity of polymer capsules with SENs

at 50 uM H,0; concentration. c) Glucose reduction capacity of the polymer capsules with an

outer MnO; layer. d) Glucose reduction capacity of polymer capsules with an outer SEN layer.

Asterisks (*) indicate significant differences (p < 0.05) with respect to each control (0 capsules/mL

in (a) and (b), 15 mM glucose in (c) and (d)).
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5.3.3. Glucose reduction by polymer capsules with outer inorganic and

organic antioxidant layer

To assess the capacity of the capsules to reduce glucose from the microenvironment,
capsules at a final concentration of 1-10” and 1-108 polymer capsules/mL were incubated
for 30 min and 24 h in a hyperglycaemic glucose solution (i.e., 15 mM).2 For the cascade
system analysed in this work, GOx was chosen as a model enzyme since it catalyses the
reaction of the environmental glucose to yield gluconic acid and H;0.. Based on this
reaction, a plethora of biomedical systems has been developed including insulin delivery
capsules,>® glucose sensors,® cancer cell targeting capsules®! or antimicrobial capsules.?
The last two applications exploit the enzymatic production of the cytotoxic H.0; to
combat cancerous cells and bacteria.>®! However, in other scenarios, the accumulation
of ROS could have detrimental effects in surrounding cells and tissues, as well as in the
catalytic activity of the enzyme. For this reason, scavenging the overproduced H0; will
be of great interest.>>%° Thus, to prove the capability of our LbL capsules to carry out
cascade reactions, GOx was chosen to produce H>0O,; that will be later scavenged by the

outer antioxidant organic or inorganic layer.

In the particular case of MnO. containing capsules, four different systems were
analysed: GOx + Mn02-1-107 polymer capsules/mL and -1-108 polymer capsules/mL, GOx
+ wW.0. Mn0-1-107 polymer capsules/mL and -1-108 polymer capsules/mL, w.o. GOx +
Mn0O;-1-107 polymer capsules/mL and -1-108 polymer capsules/mL and w.o. GOx + w.o.
Mn0O;-1-107 polymer capsules/mL and -1-108 polymer capsules/mL. As controls, glucose
at 15 mM and free equivalent GOx (i.e., GOx1 equivalent to the quantity of the
encapsulated GOx in 1:10” polymer capsules/mL and GOx2 equivalent to the
encapsulated GOx in 1-108 polymer capsules/mL) solutions were used. As expected,
those capsules without the enzyme did not reduce the glucose from the solution (Fig.
5.6¢). In contrast, those capsules bearing GOx in their core and without external MnO;
layer significantly reduced glucose from the microenvironment after 24 h from 14.6
0.1 mM to 8.6 £ 0.04 mM with 1-107 polymer capsules/mL and to 1.3 = 0.2 mM with
1-108 polymer capsules/mL (Fig. 5.6c). However, the capsules containing GOx and the

outer MnO; layer were not capable of reducing glucose at any time point (Fig. 5.6c). This
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suggested that the MnO: layer formation affected the activity of the enzyme, hindering

the capacity to reduce glucose from the microenvironment.

To gather more information about this behaviour, we acquired confocal images before
and after KMnOa incubation from capsules fabricated using TRITC-GOx. As observed in
the confocal images, the polymer capsules emitted signal in the red channel before
permanganate incubation. Contrarily, this red fluorescent signal disappeared after
permanganate incubation (Fig. 5.7). To explain this phenomenon two different
hypothesis could be suggested: i) the enzyme may have escaped from the inner cavity
during the incubation period and ii) the enzyme may have reacted with the
permanganate, having a detrimental effect on its activity and fluorescent signal.
Permanganate is a strong oxidant capable of degrading many compounds. As concluded
from the incubation of free enzyme with permanganate (data not shown), the formation
of precipitates was observed, that avoid the measurement of enzyme activity. We
therefore suggest that the reason of the loss of the enzyme activity could be caused by

the reaction between GOx and KMnOs during the formation of the MnO; external layer.

Brightfield GOx

Before incubation

After incubation

Fig. 5.7. Confocal images of capsules before and after KMnQO, incubation. Scalebar: 20 um.
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Analysing the organic antioxidant system, four different polymer capsule configurations
were similarly used: GOx + SENs-1-107 polymer capsules/mL and -1-10%8 polymer
capsules/mL, GOx + w.o. SENs-1-10" polymer capsules/mL and -1-10® polymer
capsules/mL, w.o. GOx + SENs-1-10" polymer capsules/mL and -1-10® polymer
capsules/mL and w.o. GOx + w.o. SENs-1-107 polymer capsules/mL and -1-10% polymer
capsules/mL. In the case of the capsules without GOx, the tendency was the same to the
one observed for MnO; containing polymer capsules, and no reduction of the glucose
was observed (Fig 5.6d). Capsules containing only GOx, presented a significant reduction
of the glucose from the solution specifically at 24 h. Finally, those capsules with GOx and
SENs showed a high capacity to reduce the glucose from the solution. After 30 min, the
concentration was reduced from 14.4 + 0.1 mM to 12.6 + 0.04 mM in the case of 1-10’
polymer capsule/mL and to 9.7 + 0.1 mM using 1-108 polymer capsules/mL. After 24 h,
this reduction was much higher obtaining almost a 50% percent reduction in the case of
1-107 polymer capsules/ mL and a complete reduction in the case 1-108 polymer

capsules/ mL.

Based on these results, we can conclude that the in situ mineralization of MnO; needs
further optimization to work with sensitive entities like enzymes. Due to its high
oxidation capacity, KMnOs has a detrimental effect on the activity of the enzyme at the
studied concentrations. However, on the other side, the organic system showed a high
effectivity in reducing glucose from the solution being a promising candidate to carry
out cascade reactions in LbL polymer capsules. Therefore, the organic alternative was
only considered for further experiments trying to elucidate the capacity of the proposed

system to perform cascade reactions.

5.3.4. Performing enzymatic cascade reactions within polymer capsules

bearing and organic antioxidant outer layer.

To assess the capacity of the fabricated polymeric capsule to perform a cascade reaction
consisting on the reduction of glucose and the subsequent scavenging of the produced
H,0,, the fabricated capsules were incubated with three different glucose
concentrations (i.e., 100, 250 and 500 uM). Higher glucose concentrations

(hyperglycaemic values) were avoided for this experiment as glucose hindered the
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effectivity of the Hydrogen Peroxide Fluorimetric Assay kit (data not shown). Capsules
at a concentration of 1-10” and 1-10% polymer capsules/mL were incubated for 30 min
with glucose solutions and after that the produced H,0, was subsequently measured as
a proof of the correct functioning of the cascade reaction. As control, capsules without

SENs were used.

It was observed that capsules with the outer SEN layer produced significantly (p<0.05)
lower H,0; concentrations comparing to the control (Fig. 5.8). In the case of the capsules
incubated with 500 uM glucose, at a concentration of capsules of 1-108 the production
of H,0> of the capsules without SENs exceeded the capacity of the kit to measure the
concentration. However, those capsules with an outer SEN layer were capable of
reducing efficiently the produced H.,0; to a concentration of 37 £ 0.2 uM. This difference
was more evident using 1-107 capsules/mL. In those capsules without SENs, the
production of H,0; was 28.4 £ 0.4 uM, while it was reduced to 9.0 + 0.1 uM with the
incorporation of the antioxidant entities. Using the other two glucose concentrations, it
was observed that the higher capsule concentrations (i.e., 1-10% polymer capsules/mL)
were capable of significantly reducing the enzymatically produced H;0, from values
around 40 pM H;0; to values near 10 uM H;0,. However, contrarily to 500 uM glucose,

this difference was not so significant in the case of 1-107 capsules/mL.

Taken together, these results confirm the capability of the LbL polymer capsules
decorated with antioxidant SENs to perform cascade reactions reducing both the
glucose from the solution and the enzymatically produced H,O,, especially with a

concentration of 1-10% capsules/mL.

5.3.5. Metabolic activity of MRC-5 cells in the presence of polymer capsules

The in vitro cytocompatibility of polymer capsules was tested with MRC-5 cells in the
presence of various capsule concentrations (1-10°, 1-10” and 1-10® polymer
capsules/mL) and the metabolic activity was measured after 24 and 72 h by means of
AlamarBlue® assay. To do so, capsules without GOx in their inner cavity and with an
outer in situ fabricated MnO: layer or SENs were used. In the particular case of SENs, an
additional PSS negative layer was added after the SENs deposition to impart to the
capsules a strong negative charge since it was demonstrated in Chapter 3 that external
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positive charge causes a cytotoxic effect on cells. For the sterilization of the capsules
with SENs, capsules were sterilized with ethanol before the SENs deposition and after
this step the following procedures were performed under sterile conditions with the aim
of preserving the integrity of the encapsulated enzyme (i.e., CAT). Cells in the absence
of capsules were used as negative control, whereas capsules without an antioxidant

outer layer at a concentration of 1-10 polymer capsules/mL were also considered.
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Fig. 5.8. H,O, production of the polymer capsules after their incubation with different glucose
concentrations (e.g., 100, 250 and 500 uM). Asterisks (*) indicate significant differences (p<0.05)

with respect to the control (capsules without SENs).

In the case of capsules with MnQ,, cells were capable of maintaining a normal metabolic
activity above the threshold value (i.e., 70%) after 72 h at the capsule concentrations of

1-10° and 1-107 polymer capsules/mL. In the case of 1-108 polymer capsules/mL, this
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metabolic activity decreased significantly (p<0.05) probably due to the high capsule

concentration (Fig. 5.9).

In the case of capsules containing SENs, after 24 h, cells were capable of maintaining
metabolic activity values near or above the threshold value for all the studied
concentrations (Fig. 5.9). After 72 h, cells in the presence of capsule concentrations of
1-10° polymer capsules/mL were capable of maintaining their metabolic activity near
the control values (i.e., cells in absence of polymer capsules). In the case of 1-10” and
1-108 polymer capsules/mL, despite the metabolic activity was below the threshold

value, cells were able to obtain metabolic activity values near 60%.

Altogether, the obtained cytotoxicity results suggest that the fabricated capsules were
not cytotoxic specially using the capsule concentrations of 1-10° and 1-107 polymer

capsules/mL.
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Fig. 5.9. Metabolic activity of MRC-5 cells in the presence of polymer capsules. Asterisks (*)

indicate significant differences (p < 0.05) with respect to the control (cells in absence of polymer

capsules).
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5.4. Conclusions

In this chapter, we fabricated polymer capsules via the LbL approach and exploited the
versatility of this method to create microreactors to perform cascade reactions. Polymer
capsules encapsulating GOx within their core and with an outer antioxidant organic (i.e.,
SENs) and inorganic layer (i.e., MnQO;) were successfully fabricated and they showed
promising results in terms of H,0; scavenging. The glucose reduction of the fabricated
capsules was measured after their incubation with a glucose solution at a
hyperglycaemic concentration and the obtained results showed a significant reduction
of the environmental glucose with those capsules bearing the external organic
antioxidant layer. However, capsules with the outer inorganic antioxidant layer were not
capable of reducing the glucose from the solution. The loss of fluorescence of the
enzyme observed in the confocal images taken before and after the incubation of the
capsules with KMnOs, suggested that the enzyme reacts with permanganate and loses
its activity. The capacity of capsules with the outer SENs layer and with GOx in their
cavity to perform enzymatic cascade reaction was validated at different glucose
concentrations. Accordingly, the combinatorial approach presented herein (i.e.,
positioning one enzyme in the inner cavity and another enzyme in the outer layer as
SENs) could be considered in the future for the treatment and replacement of damaged

cellular pathways.
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CHAPTER 6. General conclusions and future perspectives

6.1. General conclusions
CHAPTER 3. Encapsulation of manganese dioxide nanoparticles into layer-by-
layer polymer capsules for the fabrication of antioxidant microreactors.

1. Encapsulation of MnO. within the cavity of LbL capsules is a valid strategy to
create antioxidant polymer capsules based on nanozymes. At 50 uM H;0;
concentration, a scavenging effect (from 100 £ 6% to 45 + 3%) was only observed
at a concentration of 1-10% polymer capsules/mL. However, at 10 uM H,0,
concentration, polymer capsules were able to efficiently scavenge H.0; from
solution at all the studied concentrations (i.e., 1-10°, 1-107, 1-10® polymer
capsules/mL).

2. Polymer capsules bearing MnO; in their cavity are robust. After continuous
H.0; scavenging cycles, polymer capsules lost part of their scavenging capacity
but maintained their activity above 30%. After sterilization with ethanol,
capsules were capable of maintaining their H,02 scavenging capacity above 69 +
6% for all the capsule concentrations.

3. The surface charge of the polymer capsules determines their cytocompatibility.
Metabolic activity of the cells after 72 h of incubation with positively charged
capsules decreased significantly (below the threshold value of 70%) at capsule to
cell ratios of 100 and 1000 polymer capsules/cell. Metabolic activity of the cells
after 72 h of incubation with negatively charged capsules was above 80% in all
the ratios with the exception of 1000 polymer capsules/cell.

4. The surface charge of the polymer capsules also plays an important role in the
interaction with cells. Negatively charged capsules were distributed uniformly
in the cellular microenvironment, while positively charged capsules were
accumulated around the cells.

5. The developed polymer capsules protect cells from oxidative stress. After 32 h
of incubation, a beneficial response of the capsules was observed against 100
UM H,0 stimuli for capsule concentrations of 10 polymer capsules/cell in
positively charged capsules and concentrations of 10 and 100 polymer capsules/

cell in the negatively charged counterparts.

219



Chapter 6

CHAPTER 4. Smart layer-by-layer polymeric microreactors: pH-triggered drug

release and attenuation of cellular oxidative stress as prospective combination

therapy

1.

4,

The LbL approach can be successfully used for the incorporation of several
active entities. DOX was successfully incorporated on the multilayer membrane
of the polymer capsules (1.9 ug per 10 mg of sacrificial template). Catalase was
encapsulated in the cavity of the capsules and scavenged H,0; from the solution.
Accordingly, H.O; decreased in a capsule concentration manner obtaining its
complete scavenging with the capsule concentration of 1-107 polymer
capsules/mL.

The robustness of the capsules is compromised by the sterilization process.
After incubating the capsules with ethanol, the activity of the encapsulated
enzyme decreased significantly. The reduced H;0; at 50 uM drop from 97.3 +
2.8% to 40.2 + 4.1% using 1-107 polymer capsules/mL. An alternative fabrication
process was considered for the following experiments.

The developed capsules release the cargo in response to biologically relevant
stimuli. A pH-dependent release was obtained thanks to the incorporated pH-
cleavable linker. The higher amount of DOX was released at lower pH (pH= 4.0)
(8.5 pg) while the lower was release at the neutral pH (3.5 ug).

The fabricated capsules are cytocompatible and protect cells from oxidative
stress. Cells maintained their metabolic activity after 72 h above the threshold
value (i.e., 70%) for all the studied concentrations (10 polymer capsules/cell: 96.0
+ 8.1%, 100 polymer capsules/cell: 91.0 £ 9.1% and 1000 polymer capsules/cell:
94.9 £+ 3.1%). Those capsules fabricated with dPG-DOX had a tendency to localize
in the perinuclear region. At 100 and 1000 polymer capsule to cell ratios

protected cells from continuous H,0; stimuli after 48 h.
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CHAPTER 5. Layer-by-layer polymer capsules with antioxidant outer inorganic

and organic layer as microplatforms to perform cascade reactions.

1.

An antioxidant inorganic or organic layer can be incorporated on the surface of
LbL polymer capsules. MnO; antioxidant layer was successfully fabricated in situ
onto the polymer capsules. As confirmed by confocal microscopy, SENs were
efficiently attached to the polymer capsules. In spite of being distributed through
all the membrane, they showed a preferential accumulation in the outer layer.
Capsules with inorganic and organic antioxidant layer are capable of reducing
H.0; from the solution at biologically relevant concentrations (10 and 50 uM).
The fabricated polymer capsules bearing GOx in their cavity reduce glucose.
Glucose was reduced efficiently from the solution using capsules with SENs
obtaining a complete reduction of the glucose after 24 h using a capsule
concentration of 1-10% polymer capsules/mL. However, capsules with an outer
MnO; layer were not capable of reducing glucose from the solution.

Incubation of polymer capsules with permanganate has a detrimental effect on
the activity of the encapsulated enzyme (GOx). After KMnOa incubation, GOx
lost the fluorescence intensity, suggesting a reaction between the permanganate
and the enzyme, thus compromising its enzymatic activity.

Polymer capsules fabricated via the LbL approach serve as potential
microplatforms to perform enzymatic cascade reactions. Capsules with an
outer SEN layer and GOx within their cavity were capable of performing cascade
reactions, efficiently reducing the enzymatically produced H,O, after glucose
reduction. The produced H>0; at a concentration of 500 uM glucose using 1-107
polymer capsules/mL was 28.4 + 0.4 uM for the capsules without SENs while for

the capsules with SENs was 9.0 £ 0.1 puM.
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6.2. Future perspectives

In the present thesis project, we explored the versatility of the layer-by-layer method,
through the functionalization of different constituents of polymer capsules fabricated
to work as microreactors. Accordingly, we developed three model systems
functionalizing first the core in the Chapter 3 with MnO2 nanoparticles to obtain capsules
capable of reducing the H,0, from the cellular microenvironment. In the following
chapter (Chapter 4), we incorporated an extra functionality to the capsules to translate
them from single functional microreactors to multifunctional. This was achieved by
incorporating catalase within their core and a dendritic polyglycerol conjugated to a
model drug (doxorubicin) with a pH-cleavable linker as part of the multilayer membrane.
These capsules were capable of releasing the drug under acidic microenvironments
while protecting cells form H;O, insults. In Chapter 5, we explored also the
functionalization of the outer layer fabricating an antioxidant organic (i.e., CAT
containing SENs) or inorganic (i.e., in situ fabricated MnO; layer) layer together with the
encapsulation of glucose oxidase. Thus, we were capable of fabricating polymer capsules

to perform cascade reactions.

The results obtained in this thesis presented three different promising microplatforms
for the treatment of several pathologies in which an overproduction of H;O; is
encountered. Furthermore, our results showed the versatility and the ease of
functionalization provided by this fabrication method, thereby opening different ways
to the fabrication of advanced systems to overcome the challenges present in complex
pathologies. However, despite the versatility and the promising potential of this
technology, this approach presents some limitations which are hindering the rapid

translation of these systems to their clinical use.

As observed during this project, the production of these capsules remains at an artisanal
level. In fact, the most commonly used fabrication protocols rely on the sequential
immersion of a sacrificial template in different polyelectrolyte solutions, followed by
repetitive washing steps. We observed that this protocol apart from being time-
consuming, implies the continuous manual intervention leading to a lack of

homogeneity in the capsule size distribution and reproducibility, together with low
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efficiency of the process associated with the loss of a great amount of capsule during
the washing steps. Thus, making a robust and reproducible production still represents a
challenging objective. Within this context, many efforts have been made to enable the
automatization and up-scaling of this method, suggesting methods based on
microfluidics, tangential flow filtration or continuous flow reactors, which despite
presenting some limitations can be promising strategies to achieve the above-

mentioned translation.

Another issue observed related to this fabrication method is the long-term storage of
the fabricated capsules, which is also a key factor to guarantee the safe translation of
them to their clinical use. As in real clinical scenarios the fabrication of fresh polymer
capsules is utopic, adequate storage conditions (e.g., temperature, pH) and states (e.g.,
in solution, dried, lyophilized) need to be further explored with the aim of preserving
the integrity of the systems until their use. This analysis is beyond the scope of our
research work and, despite several works have analysed the long-term storage of
polymer capsule subjecting them to different conditions with promising results, all this
works are only individual examples. Hence, a general evaluation specifying the proper
storage conditions for each polyelectrolyte type and each encapsulated or

functionalised entity should be done.

Furthermore, another key factor that should be thoroughly considered to enable the
translation of these polymer capsules to the clinical use and that has received little
attention in bibliography, is the sterilization. In the manufacturing of biomedical devices,
the preservation of physical, chemical, mechanical and biocompatibility properties of
the fabricated system should be guaranteed. The most commonly used methods include
autoclaving, dry heating, chemical treatments (e.g., ethylene oxide and hydrogen
peroxide), UV irradiation or ionizing radiations (e.g., gamma and beta radiation).
However, it should be taken into account that some of these methods could irreversibly
alter the original properties of the polymer used and also have a detrimental effect on
the encapsulated active entity. For example, as observed in our particular case, as we
use active entities like enzymes, we avoided the sterilization of our polymer capsules
with ethanol due to the loss of activity of the enzyme. As a consequence, we worked in

clean conditions and the employed solutions were sterile-filtered, limiting thus the
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scalability and reliability of the fabricated system. Other systems, fabricated with
thermal- or hydrolytic -sensitive biomaterials should avoid the use of autoclaving. For
this reason, proper optimization and study should be done in the case of multilayer
capsules and encapsulated therapeutic agents in order to ensure the preservation of the

properties when translating to bigger production scales.

However, despite all these challenges, with this work we prove that polymer capsules
fabricated via the layer-by-layer approach represent promising systems for accurate and
personalized treatment. With a thorough optimization of the above mentioned up-
scaling issues and with the help of emerging technologies the future use of polymer

capsules in clinical applications may be much closer.
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