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ABSTRACT

Lysosomal Storage Diseases (LSDs) are a group of inheritable genetic diseases caused by mutant
lysosomal enzymes, leading to the accumulation of undigested macromolecules in the lysosomes
and causing increases in lysosome size and number, cellular dysfunction, clinical abnormalities
and premature death. These LSDs can be treated with Enzyme Replacement Therapy (ERT)
through intravenous administration of a recombinant enzyme in replacement of the defective
enzyme. However, this is an expensive and inefficient method with adverse side effects
associated with the high enzyme amounts required for the treatment, the need of post-
translational modification of the enzyme and the host immune system response.

Nanoparticle drug delivery systems (DDSs) are a promising alternative to enclose the therapeutic
cargo, then overcoming the drawbacks associated with ERT. As building blocks of those DDSs,
biodegradable synthetic polymers are considered an attractive alternative for protein delivery
applications because they can be designed to obtain desirable properties like low immune
response, stimuli response, specific circulation time and affinity to certain drugs and

environments.

This research project aims to develop biodegradable and bioresponsive polymersomes,
composed of amphiphilic block copolymers of Polyethylene glycol and Polycaprolactone (PEG-
PCL), suitable for the encapsulation and delivery of protein therapeutics as proof of concept for
ERT applications. This goal was achieved through the synthesis and optimization of protein
loaded polymersomes using a Water in-Oil-in Water (WOW) double emulsion method, and the

addition of a protein corona composed of Fetal Bovine Serum (FBS) components.

First, a group of copolymers were synthesized by Ring Opening Polymerization, using either
Stannous Octoate (SO) or Hydrochloric Acid (HCI) as catalysts. Characterization was carried out
by Proton Nuclear Magnetic Resonance (1H-NMR) and Gel Permeation Chromatography
(GPC). Results demonstrated that SO was a better catalyst for achieving the synthesis of block
copolymers of the desired molecular weight. This catalyst was used to synthesize the copolymers
used in the formation of bioresponsive polymersomes.

The second part of the project was to prepare a series of Water-in-Oil in Water (WOW) emulsion
formulations by varying copolymer molecular weight, solvent evaporation pressure, copolymer:

stabilizer ratio, emulsification technique and protein concentration in the aqueous core. The in



vitro performance of the polymersomes was assessed in order to obtain ideal properties in terms
of behavior under biologically relevant buffers, size, encapsulation efficiency and protein release
profile. The optimal formulation consisted of using PEG—PCL with a molecular weight of the
polymeric chain of 2000g/mol and 5000g/mol, respectively (PEG2000-PCL5000); a ratio of 1:1
of PEG-PCL:PVA, and reduced pressure (generated by a vacuum pump) for solvent evaporation
to generate the desired polymersomes through the WOW emulsion method. In the aqueous core,
the addition of model protein with a concentration of 10mg/mL (compared to concentrations of
25 and 50 mg/mL) gave the best entrapment efficiency. These polymersomes were found to be
nontoxic at concentrations of up to 2mg/mL.

A protein corona was added to the polymersomes to further fine-tune the desired protein release
behavior. This led to the formulation of a system that completely suppresses protein release in
physiological conditions (Phosphate Buffer Saline Solution, PBS, pH 7.4) and shows sustained
release in acidic lysosomal environment (Artificial Lysosomal Fluid, ALF, pH 4.5). The size of
these particles was determined to be theoretically appropriate for cellular internalization through
measurement by Dynamic Light Scattering techniques (221 + 21 nm in PBS and 190 + 66 nm in
ALF).

We conclude that we have developed a system that warrants further investigation for the
development of polymeric nanocarriers that are suitable for the enhancement of Enzyme

Replacement Therapy for the treatment of Lysosomal Storage Diseases.



RESUMEN

Las Enfermedades del Almacenamiento en el Lisosoma (EAL) corresponden a un grupo de
enfermedades genéticas hereditarias causadas por enzimas mutantes en los lisosomas. Eso
provoca la acumulacion de macromoléculas sin degradar en los lisosomas, causando efectos
adversos en la célula como aumento en el tamafio y la cantidad de lisosomas, disfuncién celular,
anormalidades clinicas y muerte prematura. Estas EAL pueden tratarse con Terapia de
Reemplazo Enzimético (TRE), a través de infusiones intravenosas de una enzima recombinante,
la cual reemplaza la enzima defectiva en el paciente. Sin embargo, estos tratamientos son
ineficientes, costosos y acarrean una serie de efectos adversos relacionados a las altas dosis
requeridas para que sea efectivo, el hecho de que las enzimas recombinantes necesitan
modificaciones post-translacionales y la posibilidad de respuesta inmunoldgica adversa por parte
del paciente.

Sistemas de administracion de farmacos (SAFs) utilizando nanoparticulas son una alternativa
prometedora para encapsular agentes terapéuticos de EAL, superando asi las desventajas
asociadas a las TRE. Como materia prima para estos SAFs, los polimeros sintéticos
biocompatibles son considerados una alternativa atractiva para administracion de proteinas
terapéuticas porque estos pueden ser disefiados para obtener ciertas propiedades especificas
como baja respuesta inmunoldgica, respuesta a estimulos como temperatura o pH, tiempos de
circulacién especificos y afinidad a ciertas drogas o ambientes.

Este proyecto de investigacion busca desarrollar polimerisomas biodegradables y bioresponsivos,
compuestos de copolimeros anfifilicos de bloque de Poliglicol de etileno y Policaprolactona
(PGE-PCL), apropiados para la encapsulacion y administracion de proteinas terapéuticas como
prueba de concepto para aplicaciones en TREs. Esto se logré sintetizando y optimizando
polimerisomas cargados de proteina, preparados usando el método de dobles emulsiones con la
metodologica conocida como “Agua — en Aceite — en Agua” (AAA) y la adicion de una corona
de proteinas en la superficie de la nanoparticula, utilizando componentes del Suero Fetal Bovino
(SFB).

Primeramente, se sintetiz6 un grupo de copolimeros con la técnica de Polimerizaciéon de
Apertura de Anillo, utilizando Octoato de Estafio (OE) o Acido Hidroclorhidrico (AH) como

catalizadores. La caracterizacion de los copolimeros se llevo a cabo utilizando Resonancia



Magnética Nuclear (RMN) y Cromatografia de Permeacion de Gel (CPG). Los resultados
demostraron que OE era un mejor catalizador que AH porgue se obtuvieron copolimeros de
bloque del peso molecular deseados. Este catalizador fue utilizado para sintetizar los
copolimeros utilizados en la formacion de polimerisomas bioresponsivos.

En la segunda parte del proyecto se prepararon diferentes formulaciones de emulsiones AAA
variando el largo de las cadenas de los copolimeros, la presion del proceso de evaporacion de
solvente, la razon del copolimeros y su agente estabilizador, la técnica de emulsificacion y la
concentracion de proteina modelo en el centro acuoso de las nanoparticulas. El rendimiento in
vitro de los polimerisomas se evaludé para obtener propiedades ideales en términos de
comportamiento en amortiguadores bioldgicamente relevantes, tamafio hidrodinamico, eficiencia
de encapsulacion y perfil de liberacion de la proteina modelo. La formulacion 6ptima consistio
de un copolimero de PGE-PCL con peso molecular de cadena de 2000g/mol para PGE vy
5000g/mol para PCL (PGE2000-PCL5000); de una razén copolimero:estabilizador de 1:1 y de
evaporacion de solvente usando vacio. La concentracion de 10mg/mL de proteina modelo en el
centro acuoso de las nanoparticulas resultd ser la candidata con mayor eficiencia de
encapsulacién (comparado con concentraciones de 25 y 50mg/mL). Estos polimerisomas
resultaron no ser toxicos hasta concentraciones de 2mg/mL.

La corona de proteinas de suero fue afiadida con el propdsito de afinar el comportamiento en los
ensayos de liberacion de proteina en ambientes bioldgicamente relevantes. Esto causo la
generacion de un sistema que suprimié completamente la liberacion de proteina a condiciones
fisiolégicas (Amortiguador Salino de Fosfato, ASF, pH 7.4) y mostro liberacién sostenida en
ambiente lisosomal acido (Fluido Artificial de Lisosoma, FAL, pH 4.5). El tamafio de las
particulas fue determinado para que cumpliera con los requisitos tedricos para internalizacién de
nanoparticulas a nivel celular, usando la técnica de Dispersion Dinamica de Luz (DDL). Los
resultaros dieron que el tamafio hidrodinamico de los polimerisomas fue 221 + 21 en ASF (pH
7.4) y 190 + 66 en FAL (pH 4.5).

Con estos hallazgos concluimos que se ha logrado obtener un sistema que permite el adelanto de
investigaciones futuras para el desarrollo de nanovehiculos polimeéricos apropiados para el
mejoramiento de la Terapia de Reemplazo Enzimatico para el tratamiento de Enfermedades de

Almacenamiento en el Lisosoma.
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1. INTRODUCTION

1.1 Justification

Nanotechnology advances in drug delivery systems (DDSs), have been key to the development
and improvement of a wide range of therapeutic agents, such as small molecules and biological
structures. It opens the possibilities to therapies that otherwise couldn’t be used due their toxicity
or fragility, by isolating the cargo from the host and by targeting the therapy to specific sites in
the organism. In general, DDSs aims to improve the safety and efficacy of therapies by
increasing the specificity of the drugs and by lowering doses and side effects!. For example,
Abraxane ® is a commercially available drug, consisting of an Albumin-Paclitaxel conjugation
and is used as anticancer agent. The nanoparticle formulation help to avoid side effects like
neuropathy and allergic reactions associated with solubilizing compounds like Cremophor and

ethanol, founded in conventional formulations?.

Even when a broad spectrum of bioactive structures appear to be promising therapeutic
candidates, certain drawbacks like toxicity, short circulation half-life, poor stability and
propensity to enzymatic degradation have to be overcome in order to achieve
commercialization®. An extensive variety of nanocarriers have been currently established for
drug delivery applications, such as liposomes (lipid-based vesicles), polymeric micelles,
polymersomes (polymeric vesicles), polymer-drug conjugates, dendrimers, protein carriers and
protein-drug conjugates*®. Several examples can be found in literature were DDSs have been
used for a wide variety of bioactive structures like small interfering ribonucleic acid (SIRNA),
proteins and enzymes®.

e Synthetic sSiRNA can be designed to target specific genes responsible for diseases in
different types of cells. Extensive research has been done to use siRNA as a therapy to
overcome human genetic disorders by silencing target genes without disrupting the
endogenous micro-RNA (miRNA) pathway’. Nanocarriers made of Polylactide-co-
glycolide acid (PLGA) and Ciclodextrin-based polymers are some examples of what is
currently being used to optimize SiRNA therapy by increasing circulation time and
diminishing toxicity by insulating the cargo from the host, thus improving the safety and

efficacy of the therapy®®.



e Polyethylene glycol and Poly(2-methacryloyloxyethyl phosphorylcholine) have been
used to conjugate with the therapeutic proteins like Interferon-R2a (Roferon-A), in order
to increase stability, reduce aggregation, prolong circulation time and decrease
toxicity'®!!. Also, encapsulation of insulin in polymeric nanocarriers have been
achieved?; thus, demonstrating various approaches to improve protein therapies.

e Protein-enzyme nanoparticles have been made using enhanced Green Fluorescent Protein
(eGFP) to encapsulate B-Galactosidase, an enzyme necessary for the transformation of
lactose into monosaccharides'®!*. This enzyme therapy is an example of Enzyme
Replacement Therapy (ERT), a treatment used for a group of genetic diseases called

Lysosomal Storage Diseases (LDSs)*3.

Biodegradable synthetic polymers are considered an attractive alternative for drug delivery
applications because they can be designed to obtain desirable properties like low immune
response, stimuli response, specific circulation time and affinity to certain drugs and
environments®®. Polymersomes are polymeric vesicles that can be made of amphiphilic block
copolymer, which can encapsulate an extensive variety of cargo of both hydrophilic and
hydrophobic compounds. They have has special attention in research because of their tunable
properties like molecular weight, stability under different environments, biodegradability, blood
circulation time, permeability and responsiveness to stimuli‘®. Several studies have found that
different enzymes and metalloproteins in polymersomes remain functional after encapsulation,
making them a valuable option to enhance the effectiveness of therapeutic proteins and
enzymes®. The combination of Polyethylene glycol (PEG) and Polycaprolactone (PCL) to form
an amphiphilic block copolymer have grown attention because their physical and chemical
properties can be tuned for specific applications in DDSs. PEG is a non-toxic hydrophobic
polymer, while PCL is crystalline hydrophobic polymer, which is biodegradable at certain
physiological conditions. This combination has been extensively studied for controlled drug
delivery and has been shown to enhance the cargo performance compared to conventional
dosage forms in terms of therapeutic effect, biological activity and dosage frequency!’. These
findings make them a promising tool to enhance existing therapies like Enzyme Replacement
Therapy (ERT), the current inefficient and costly treatment for a group of rare diseases named
Lysosomal Storage Diseases (LSDs). ERT consists in administration of the defective enzyme,

usually as intravenous infusions. This treatment helps to increase the concentration of the

2



enzyme that is defective in the patient, improving then the digestion of the macromolecules that

are building up as consequence of the enzyme deficiency'®2°.

Advantages of the use of polymersomes for ERT are: (1) Enhanced internalization of
replacement enzyme per endocytic event, (2) Protection against host’s immune system and
proteases, (3) Elimination of the need of a Manosse-6-Phosphate tag, lowering the treatment cost
and (4) Lower dosage. The enhancement of therapeutic cargo into the lysosome by delivery
through polymersomes was assessed, thought the solvent evaporation technique of Water- in Oil-
in Water (WOW) double emulsion method. To our knowledge, the combination of
biodegradable nanocarriers and ERT using the WOW technique for the treatment of LSDs has

not been reported.

We hypothesize that model proteins can be loaded into vesicular nanocarriers composed of PEG-
PCL block copolymers, where this formulation will remain intact in biological conditions until
intracellular delivery into the lysosome, which contains an acidic environment. PEG properties
will help to protect the cargo until reaching the lysosome, where the low pH and high esterase
content of this organelle must be sufficient to degrade ester bonds in PCL and release therapeutic

cargo.



1.2 Objective

This research project aims to develop biodegradable and bioresponsive polymeric nanocarriers
(PNs), specifically polymersomes, composed of amphiphilic block copolymers of Polyethylene
glycol and Polycaprolactone (PEG-PCL), suitable for the encapsulation and delivery of protein
therapeutics. The research strategy is focused on the design, synthesis and evaluation of the in
vitro performance of the polymersomes, capable of encapsulating and delivering proteins into the
lysosome, in order to enhance intralysosomal protein uptake. The general idea is to protect the
therapeutic cargo until it reaches the lysosome and to control the release upon nanocarrier
exposure to lysosomal esterases. This work will serve as a proof of concept to deliver defective
enzymes in Lysosomal Storage Diseases (LSDs). These are group of around 50 genetic disorders
and are categorized as an “orphan diseases” by the National Institute of Health (NIH). This
project is part of an effort to enhance Enzyme Replacement Therapy (ERT), the only existing
treatment for these diseases, an inefficient and costly treatment. We intend for this work to serve

as platform for the potential advancement of the treatment of Lysosomal Storage Diseases.

In order to achieve this goal, the following tasks were performed:

e Synthesis and characterization of PEG-PCL amphiphilic block copolymers out of
Polyethylene glycol and epsilon-Caprolactone monomers.

e Preparation and characterization of aqueous cored PEG-PCL nanocarriers, using the
Water - in Oil — in Water double emulsion method, a type of solvent evaporation
technique.

e Addition of a model protein into the aqueous core of the polymersomes.

e Addition of a protein corona on the aqueous cored PEG-PCL nanocarriers composed of
fetal bovine serum components

e Study of nanoparticle behavior and release of model protein under biologically relevant
buffers.

e Study of nanoparticles in cultured cells to determine toxicity.



1.3 Background

1.3.1 Rare Diseases and Orphan Drugs

In United States, a disease is categorized as “rare” if the prevalence of less than 200,000
patients, approximately 65 patients per 100,000 individuals®}; while in Europe is defined by an
incidence of less than 50 patients per 100,000 inhabitants 22. Even when there are several
definitions of the term, depending on the country, mostly refers to diseases that affects a small
part of the population and are usually life-threatening®. There have been discovered around 7000
of rare diseases, which range from bacterial, fungal and viral infections to rare cancers and
metabolic disorders ?*. These diseases are considered as “orphans” since the pharmaceutical
industry doesn’t invest in their development because of the small population that requires these
drugs . For this reason, government intervention has been necessary to increase the available

treatments for those diseases.

Orphan Drug Act

In 1983, the United States Drug Act (ODA) law was implemented to provide incentives for the
development and commercialization of drugs to treat rare diseases, also termed as “orphan
drugs”. As an effort to lower the cost of drug development and extend the effective patent
protection to drugs used to treat rare diseases, the ODA provides 7 years of exclusive marketing
right on orphan drugs that manage to get approval before the competition. This means that, even
if the drug exists as an over the counter medicine, no other company can market the product as
treatment for that rare disease during this period of time. Additionally, this regulation provides a
50% tax credit from costs associated to research and development of the drug 2627, After this act,
other countries adopted similar policies, as the European Union (1995 and revised in 2000),
Singapore (1991), Japan (1960 and revised in 1993), Australia (1989 and revised in 1997) and
Taiwan (2000), which resulted on an enormous increase in the research on the field 23. Since
1983, the US Food and Drug Administration (FDA) have approved orphan drugs and biological
products for more than 400 uses or indications. Also, more than 45 drugs have been pass to
marketing approval through The Orphan Grants Program and more than 50 Humanitarian Device

Exemption approvals have been possible thanks to The Humanitarian Use Device Program?.



1.3.2 Lysosomes

Lysosomes are vesicular organelles with an acidic environment due to high proton concentration
(pH < 5) and more than 50 hydrolases such as proteases, glucosidases and lipases. The targeting
of those enzymes depends on the presence of mannose 6-phosphate (M6P) residues that are
recognized by specific receptors in the vesicle. Their main function consists in the degradation of
macromolecules contained in the cytoplasm (autophagy of old organelles) and materials taken up
via endocytosis (extracellular space), by fusing with the lysosomes to form a secondary
lysosome, also called endosome. They are also involved in membrane repair, pathogen defense,

antigen presentation and cell death and signaling. 2!

Four receptors are involved in the enzyme targeting of lysosomal protein: MPR300/CI-MPR,
MPR46/CD-MPR, LIMP-2 and Sortilin. The first two are mannose 6-phosphate (M6P) receptors
with a variable amount of binding sites and are involved in most of the transport of the enzymes
to the lysosome. The other two carry out trafficking of proteins in s M6P independent manner.32
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Precursors of the lysosomal enzymes are synthesized in the Endoplasmic Reticulum. In the Golgi
apparatus, theses precursors of lysosomal enzymes are posttranslational modified by the addition
of mannose 6-phophate groups (M6P). Then, they are segregated by clathrin-coated vesicles
present in the trans Golgi network, which concentrated M6P receptors and bind the modified
enzymes, which are transported as Endosomes that acidify and eventually transforms into
Lysosomes. At the low pH of the late endosome, the enzymes dissociate from the receptors.
These receptors are transported back to the Golgi apparatus to recycle and the phosphate group is
removed from the mannose in the enzymes the present in the late endosome, ensuring that these
do not come back to the Golgi apparatus. A representation of this mechanism is shown in Figure
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Lysosomal proteins tagged with M6P that escape the receptor recognition in the trans Golgi
apparatus are transported to the cell surface and excreted from the cell. These proteins re-enter
the cell by recognition and binding to the M6P receptor, thus reaching then the lysosome by
receptor-mediated endocytosis. The diagram in Figure 1.3 shows the internalization mechanism
and fusion with the lysosome of extracellular enzymes tagged with M6P. This phenomenon is
currently used as the general mechanism for the internalization of defective enzymes of the

lysosome (Enzyme Replacement Therapy for Lysosomal Storage Diseases)®

Receptor
binding

Vesicle
forming

~

Extracellular
fluid

-
L

Migration® ., Primary Vesicle taken
of proteins  ® Lysosome into the cell
s ® /

Golgi
Apparatus

9
(=3
)
<.
<%
Fusion of vesicle

with lysosome

%19
5\ %-
()
%
3 Cytoplasm

Figure 1.3: Receptor-dependent transport to the lysosome for extracellular materials. Enzymes
with the M6P tag are recognized by receptors in the cellular membrane and are internalized into
the cell.®®

Different from the transport controlled by receptors, in order to reach the lysosomes, other
materials do not necessarily need an M6P-tag in order to fuse with the lysosomes. Endocytosis is
a mechanism to internalize extracellular macromolecules from the cell surface into the cytosol by
endocytic vesicles. Macropinocytosis is a form of endocytosis for non-selective macromolecules
in which large endocytic vacuoles, also called macropinosomes, form in an actin-dependent
process. The primary lysosome fuses with a vesicle containing degradable material in order to
form a secondary lysosome, where digestion takes place by degradation of macromolecules

carried out by enzymes in the lysosomal sack.?®
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Figure 1.4: Non Receptor-dependent transport to the lysosome and metabolism for extracellular
materials. Degradation of materials internalized by macropinocytosis takes place by lysosomal
enzymes after the fusion of a clathrin-coated vesicle and a lysosome. 2934

1.3.3 Lysosomal Storage Diseases (LSDs)

Different cell types have different amount of lysosomes present in the cytosol, form 0.5% of
cytoplasmic volume in normal fibroblasts, to a considerable larger amount in the macrophages.
The size and frequency of the lysosomes can increase dramatically in any cell type when
lysosomes accumulate non degraded materials. These accumulations can be cause by
overloading of with non-physiological substrates (e.g., saccharose,), by application of enzyme
inhibitors (e.g., acarbose inhibiting a-glucosidases), by certain drugs (e.g., cationic amphiphilic
drugs) which interfere with the intralysosomal digestion of certain substrates and by problems in
the biosynthesis of the lysosomal enzymes. Defects associated any of the proteins contained in
the lysosomes cause a series of pathologies known as Lysosomal Storage Diseases (LSDs)?°30

The LSDs are a group of rare diseases, each characterized by the accumulation of specific
substrates in the lysosomes. These inherited genetic disorders caused the formation of mutant
lysosomal enzymes, which are misfiling or expressed on inappropriate levels, leading in a gross
accumulation of waste products, such as carbohydrates, proteins and lipids that naturally

accumulate in the lysosome. This will cause enlargement, collapsing and eventually leakage of
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the lysosomal content into the cytosols, which will eventually cause cell death 3%, Since the
discovery of Pompe’s disease in 1932 by the Dutch pathologist JC Pompe (more than 20 years
before the former discovery of lysosomes), around 50 different diseases have been
discovered?®3®. Figures 1.5 to 1.7 presents examples of accumulation of different substrates in
the lysosome. The classification of these diseases is based on the primary stored materials and
function of the defective protein. They are categorized into five groups: (1) Defects in glycan
degradation, (2) Defects in lipid degradation, (3) Defects in protein degradation, (4) Defects in
lysosomal transporters and (5) Defects in lysosomal trafficking?. Examples are provided in
Table 1.1. Appendix 1.1 provides details about the diseases, defective proteins and storage

materials for all known LSDs.
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Figure 1.5: Lysosomal glycogen storage in a patient with Pompe disease. Glycogen
agglomeration are present in cytoplasmic and membrane-limited storage organelles. Bars
represent 2um (a) and 0.5um for (0)%°.
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Figure 1.6. Animal model of alpha-mannosidose (mice). Accumulation of oligossacarides in
hepatocytes (a), osteocytes (b), and vestibular ganglion cells (c). The lysosomes appear as empty
vacuoles because the water-soluble storage material (mannose-containing oligosaccharides) are
lost during tissue processing. BC, bile canaliculus. N, nucleus. S, sinusoid. Bars represent 1 um
(a) and .5 pm(b, c).?°

A

Figure 1.7: Comparison between the lymphocytes of an alpha-mannosidosis patient (a) and a
normal control (b). In (a), an accumulation of oligosaccharides is presented in the form of
granules.®.
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Table 1.1: Examples of Lysosomal Storage Disorders: Disease, Defective Protein and Storage
Materials 2°3438-49

DEFECTS IN GLYCAN DEGRADATION

Defects in glycoprotein degradation

Sialidosis a-Sialidase Sialyloligosaccharides and sialylglycopeptides

(Mucolipidosis I)

Defects in glycolipid degradation

A. GM1 Ganglioside

GM1 gangliosidosis B-Galactosidase GM1, GAL, GM2, GM3, GD1A, lyso-GM1,
glucosylceramide, lactosylceramide,
oligosaccharides, keratan Sulphate

B. Defects in the degradation of sulfatide

Krabbe (Globoid cell [-Galactocerebrosidase Galactosylceramide, psychosine

leukodystrophy) lactosylceramide, globotriaosylceramide,
globotetraosylceramide,
fucosylneolactotetraosylceramide

C. Defects in degradation of globotriaosylceramide

Fabry a-Galactosidase A Globotriaosylceramide, galabiosylceramide,
globotriaosylsphingosine,
blood-group-B glycolipids

Defects in degradation of Glycosaminoglycan (Mucopolysaccharidosis — MPS)

A. Degradation of heparan Sulphate

Hunter (MPS 11) a-lduronate-2- sulfate sulfatase Dermatan sulphate and heparan sulphate,
GM2, GM3, SCMAS

B. Degradation of other mucopolysaccharides

Maroteaux Lamy (MPS  N-Acetylgalactosamine-4- Dermatan sulphate, GM2, GM3, unesterified
VI) sulfatase (arylsulphatase B) cholesterol

Defects in degradation of glycogen

Pompe a-Glucosidase Glycogen

DEFECTS IN LIPID DEGRADATION

Defects in degradation of sphingomyelin
Farber Acid ceramidase Ceramide
lipogranulomatosis
Defects in degradation of triglycerides and cholesteryls ester
Wolman and CESD Acid lipase cholesteryl esters and triacylglycerols
(Cholesteryl ester
storage disease)

DEFECTS IN PROTEIN DEGRADATION

Pycnodystostosis Cathepsin K
DEFECTS IN LYSOSOMAL TRANSPORTERS
Cystinosis Cystinosin (cystine transport)  Cystine
DEFECTS IN LYSOSOMAL TRAFFICKING PROTEINS
Danon Membrane protein 2 (LAMP-  Unprocessed autophagosomes
2)

Left column provides the name of the disease, middle column the deficient protein and the right column
the stored compounds. GM1, GAl, GM2, GM3, GD1A are abbreviations for the respective gangliosides.
SCMAS: subunit ¢ of mitochondrial ATP synthase.
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1.3.4 Enzyme Replacement Therapy (ERT)

The first treatment LSD was Cysteamine, used for the first time in 1976 to treat Cystinosis,
caused by the deficiency of a lysosomal cystine transporter (cystinosin), which transports cystine
that has been liberated in the process of lysosomal protein degradation back into the cytosol.
Cysteamine is a weak base that reacts with cystine in lysosome, forming a disulfide linked
cystine cysteamine compound, thus decreasing the cysteine concentration in the lysosome. This
compound can exit the lysosome via a transport system for cationic amino acids, preserving the
renal function, thus delaying its degenerative decay in patients 3. Since then, several
approaches have been investigated to treat LSD, such as stem cell therapy, allogeneic bone
marrow transplantation, enzyme replacement therapy and small molecules (for enzyme

stabilization or substrate reduction)®®.

Among the possibilities to treat the LSDs, ERT is the most widely used therapy, which consists
of administering an enzyme intravenously to a patient whom this particular enzyme is deficient
or absent in the lysosome. The replacement enzyme is often referred to as a “recombinant”
enzyme and has an MG6P tag, which it requires in order to reach the lysosome. ERT takes
advantage of plasma MG6P receptors for the cellular uptake of enzyme into cells after exogenous
intravenous administration by internalizing via receptor-mediated endocytosis®®*t. The
production of lysosomal enzymes with the M6P tag is difficult since is it not possible to use
enzymes purified from tissue, since these are already dephosphorylated. The phosphate group is
required for targeting the enzyme to the lysosomes. Then, the enzyme is dephosphorylated by
acid phosphatase since the M6P tag is not required for the activity of the enzyme itself once it
reaches the lysosome. Chinese hamster ovary (CHO) cells, among other mammalian cells lines,
are used to produce the replacement enzyme since they can overexpress soluble recombinant
lysosomal enzymes with a highly phosphorylated form. Some examples of replacement enzymes

being currently produced are a-glucosidase, o-l-iduronidase and a-galactosidase, among others®*

56

ERT does not yet represent cure because it doesn’t affect the underlying genetic defect, but it
helps to increase the lysosomal concentration of the deficient enzyme. This therapy involves a
life-long treatment with regular and frequent infusions of the enzyme, normally once or twice a

month®’. The safety and effectiveness of ERT for LSDs has been demonstrated in several
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diseases, such as Gaucher disease type I, Fabry disease, Mucopolysaccharidosis (MPS) I, also
known as Hurler syndrome, MPS II, MPS VI and Pompe’s. Some of these drugs are currently
commercially available throughout the world®®. Unfortunately, this treatment has the following
drawbacks: (1) the average yearly cost of the drug for ERT is $200,000-$300,000 in the United
States, depending on the individual’s weight, prescribed dose, and the average price of the drug.
(2) it is time consuming, often requiring a day off of work or absence from school during every
infusion, and often requires patients to travel great distances for access to infusion centers to
receive the drug, (3) adverse infusion-related reactions ranges from mild reactions like itching
and redness at the injection site, edema, allergic-like symptoms, fatigue to more severe
consequences like chest tightness, respiratory failure and cardiac arrhythmia, which could lead to
anaphylactic shock®®"%°. As developing therapies for some of these rare diseases becomes more
financially feasible, we foresee that the work present in this research thesis could contribute to
such development of more conveniently selective, safe, and cost-beneficial therapies that could

help prevent the devastating complications of LSDs in patients.

1.3.5 Polymer-based nanocarriers as vehicles for drug delivery

Since the 1950s, numerous efforts have been made in order to develop nanocarriers for drug
delivery, with the purpose of overcoming the drawbacks associated with the administration of
“bare” drugs. The idea of combining therapeutic agents with polymers from both natural and
synthetic origin to enhance their beneficial properties has been in development for more than
sixty years, since Jatzkewitz used a dipeptide spacer to attach the drug mescaline to the polymer
polyvinyl pyrrolidone back in 1955. After that, an extensive amount of polymers and
formulations have been developed as carriers for therapeutic agents®®®2. Nanocarriers are
defined as colloidal particulate systems that range between 10 to 1000nm, which can be loaded
or conjugated with an vast variety of therapeutic agents, such as anticancer agents, hormone
proteins and enzymes®. Numerous polymer-based nanocarriers have been developed for
biomedical applications, which can be categorized into: liposomes, polymeric micelles,
polymersomes, polymer-drug conjugates, dendrimers and protein carriers, among others*®.

Figure 1.8 illustrates the formulation for these nanocarriers along with detailed information.
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Figure: 1.8 Formulation of Nanocarriers for Drug Delivery Applications

Liposomes

Liposomes were discovered in the 1960s by Bangham, where he described “multilamellar
smectic mesophases” or “banghasomes”, which consisted of a phospholipid bilayer composed of
lecithin and enclosed on a spherical shape®®. Three decades later, the first commercially available
formulation occurred with the approval of Doxil in 1995 for the treatment of various types of
cancer. Doxil is a combination of doxorubicin, an anthracycline antibiotic with anti-cancer
properties, enclosed in nanocarriers composed of hydrogenated soya phosphatidylcholine,
cholesterol and phosphatidylethanolamine polyethylene modified with glycol (PEG)®*®, In
general, liposomes are self-assembling colloidal structures composed of lipid bilayers with a

spherical shape and enclosing an inner aqueous compartment. These structures can be obtained
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in the microscale and nanoscale and have the ability to encapsulate both hydrophilic and
hydrophobic drugs due to its composition and aqueous center. After Doxil, several drugs have
been encapsulated in lipid—based systems such as Ambisome used to treat fungal infections,
DaunoXome for certain types of cancer, Epaxal for hepatitis A and Inflexal V for influenza®*®,
Even when liposomes have been widely used for several decades, pure lipid vesicles are
generally cleared from the bloodstream after only a few hours of circulation. Also, even with the
addition of PEG to modify the nanocarrier surface, liposomes generally lack mechanisms for
controlled release. Therefore, an alternative to overcome this limitation needs to be developed

for these lipid vesicles®”8,

Polymeric micelles

Polymeric micelles are spherical structures, formed through the self-assembly of amphiphilic
block copolymers in an aqueous environment, with a typical size of 5 to 150nm. Their structure
encloses the hydrophobic chains in the inside, while the surface is covered by the hydrophilic
chains of the copolymer. It is generally used to encapsulate drugs that are poorly soluble in
water, opening the possibilities for drugs that could not be used in the past, by enhancing their
aqueous solubility, in vivo stability, pharmacokinetics and biodistribution®®"%. Some anti-cancer
agents such as Ethaselen, Paclitaxel and Phorphyrin have improved their solubility and

therapeutic properties using this type of DDSs2.

Polymer-drug conjugates

The first DDS developed was composed by the conjugation of a drug and a polymer by
Jatzkewitz in the early 1950s%°. These polymer—drug conjugates, also called pro—drugs, are
delivery systems in which the therapeutic agent is covalently bound to a polymeric carrier, in
order to enhance properties like solubility, blood circulation time and release profile®2’%73,
Opaxio, a combination of Paclitaxel and polyglutamic acid, is a prodrug which is in current
clinical evaluation for the treatment of several cancers and expected to enter the market in the
near future. For this case, the main benefits when compared to the free drug are passive tumor
targeting due to enhanced permeability and retention (EPR) effect, a decrease in toxicity, an

increase in solubility, the ability to overpass some mechanisms of drug resistance and the

16



avoidance of immune response’. Many other hydrophilic polymers have been used to form
conjugates with drugs, such as polyvinyl alcohol, polyvinyl pyrrolidone, polyglutamic acid,
polymalic acid, N-2-hydroxypropyl methacrylamide (HPMA) and polyethylene glycol (PEG).
The last two have been widely investigated in the field”®. HPMA has been used because of its
degradability profile, crystalline nature and ability to be functionalized with a variety of ligands.
As carrier, HPMA has been used for delivery of anti—cancer agents, such as doxorubicin,
paclitaxel and platinates; and to treat musculoskeletal diseases such as prostaglandin E1, a bone
anabolic agent used for the treatment of osteoporosis®>’®. On the other hand, PEG-drug
conjugates, which is the main polymer of used for this purpose, has been employed in a variety
of molecules including insulin, daunorubicin, camptothecin and adenosine deaminase, among
others. The main advantages of PEG—drug conjugates are reduced protein immunogenicity,
increased residence time in the body and reduced enzymatic degradation. It is currently used in
several commercially available drugs for cancer, immune diseases and rare syndromes, among

others’374,

Protein carriers

A subgroup of the polymer—drug conjugates consists of proteins that serves as backbone for the
delivery of therapeutic agents. Proteins are natural polymeric macromolecular structures with
unique functionalities that can be advantageous in the biomedical field. Their amphiphilic nature
allows them to effectively interact with both the drug and biological environment during drug
delivery. Also, protein nanocarriers are biodegradable, biocompatible, and its surface can be
easily modified to attach drugs and targeting ligands due to their defined primary structure.
Moreover, they can be synthesized under mild conditions without the use of harmful chemicals,
like organic solvents. These nanocarriers have been successfully synthesized from various
proteins including water—soluble proteins like bovine and human serum albumin, and insoluble
proteins like zein and gliadin. Currently, a combination of paclitaxel and human albumin
(Abraxane) is commercially available for the treatment of breast and pancreatic cancer. On the
other hand, even when protein nanoparticles have successfully been used for cancer therapy,
research that compares its performance and therapeutic efficiency with other more widely used

drug delivery systems is still needed in order to expand its use on other type of drugs®">7®.
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Dendrimers

Polymeric structures with a hyper branched and well-defined spherical shape are known as
dendrimers. This unique structure maximizes the potential for biological interactions by allowing
the conjugation of drug, targeting ligands and imaging agents into the surface of nanocarriers.
Also, drugs can be encapsulated in the empty spaces between adjacent polymeric branches,
protecting the cargo when these biological interactions are not desired. Its major advantage over
a polymer—drug conjugate is its very low polydispersity index, making it a great candidate for
enhanced drug delivery. The application of these nanocarriers has been studied from small
molecules for cancer treatment to bioactive compounds for gene therapy”. Studies of
dendrimers as potential delivery agents have focused on their use for noncovalent encapsulation
of drug molecules, which is based on physical entrapment, hydrophobic interactions, and ionic
interactions. Nanocarriers composed of polyamidoamine (PAMAM) nanocarriers can selectively
target cancer cells and have been used deliver anti—cancer medications, such as cisplatin and
doxorubicin”. Positively charged dendrimers composed of chitosan and PAMAM, have been
investigated as gene carriers for their ability to form a complex with DNA, which is a negatively
charged macromolecule. Chitosan is an abundant natural polymer which is non-toxic,
biodegradable and easy to modify; while PAMAM is a polymer with simple synthesis for a
tunable structure and size, minimal cytotoxicity, biodegradability and high transfection
efficiencies’®. On the other hand, despite the advances in the development of dendrimers, these
nanocarriers have several challenges that affect its performance and that must be overcome in
order to achieve commercialization. Dendrimers have relatively small size, which are easily
excreted through the renal route. Also, multiple steps involved in the synthesis can affect the
homogeneity and integrity between nanoparticle batches. Finally, the conjugation with multiple
molecules can result on heterogeneous populations, which could lead to inconsistent and

sometimes biologically inactive batches of conjugates during large-scale manufacturing’.
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Polymersomes

Polymersomes are polymer—based vesicles, considered to be one of the most versatile and
interesting structure among self-assembled DDSs. They are composed of amphiphilic
copolymers and can carry therapeutic agents through the host circulatory system in both the core
of the nanoparticle and the polymeric matrix, making them suitable for both hydrophilic and
hydrophobic drugs®. Recently, Gastromark (ferumoxsil) was briefly marketed in the US and EU
(Lumirem). This DDS was composed of superparamagnetic iron oxide with a silicone coating
shell and was used as contrast imaging agents in the gastrointestinal track®®2. In general, the
vesicular structures have demonstrated to achieve high drug loading capacity, stability in
biologically relevant environments, prolonged circulation time in the bloodstream, controlled
drug release and selective accumulation at the site of action. They have been used for the
development for the encapsulation and controlled release of therapeutic agents ranging from
small molecules for cancer treatment to biologically relevant macromolecules like genetic
material and therapeutic proteins®. The efficient loading of significant quantities of doxorubicin
into the aqueous core and paclitaxel into the matrix of polymersomes composed with PEG and
polyester have made possible the use of a dual drug anti—cancer treatment in a single
nanocarrier®8, Concerning to gene therapy, short and long segments of DNA have been
encapsulated in polymersomes composed of the diblock copolymer polybutadiene-b-N-methyl-4-
vinyl pyridinium (PBD-P4VPQI). Assessment of these PBD-P4VPQI polymersomes
demonstrated to be effective for in vitro release and transfection on HeLa cells®>2. On the other
hand, protein drugs like cytochrome C have been successfully encapsulated in pH-responsive
polymersomes and showed to have antitumor response on an in vitro prostate cancer cells

model®’.

The popularity of using polymersomes over liposomes for biomedical applications is growing
because of its tunable properties, which can be controlled by the design of amphiphilic polymers,
opening the possibilities to adapt to a wide range of therapeutic purposes. Their demonstrated
biocompatibility, biodegradability, stability and easy functionalization, among many other
advantageous properties, would allow obtaining nanocarriers with high loading capacity,
controlled release, higher uptake in the site of action and extended shelf and circulating

tim86’80'88
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1.3.6 Background on polymers being used - PEG and PCL

Opsonization is the process in which a foreign organism or particle becomes covered with
opsonin proteins, thereby making it more visible to phagocytic cells. This increases the efficacy
of the phagocytic process, which consists in the engulfing and eventual destruction or removal of
foreign materials located in the bloodstream. Together, these two processes form the main
clearance mechanism for the removal of undesirable bloodstream components larger than 8nm,
the renal threshold limit from the blood®%. In the case of polymeric nanoparticles, which cannot
normally be destroyed by the phagocytes, sequestration in the mononuclear phagocytic system
(MPS) organs typically occurs®* -3, Since the initial opsonization of particles is so critical to the
process of phagocytic recognition and clearance from the bloodstream, most research in the area
of stealth drug delivery has focused on trying to stop or block this stage of the process. There are
no absolute rules or methods available to completely and effectively block the opsonization of
nanoparticles, but the research carried out over the last 3 decades has found some trends and
methods that can be effective at slowing down the process, thus increasing the blood circulation
half-life and effectiveness of stealth devices® . A correlation between surface charge and
opsonization has also been demonstrated in vitro, with research showing that neutrally charged
particles have a much lower opsonization rate than charged particles®. Therefore, one widely
used method to slow opsonization is the use of surface adsorbed or grafted shielding groups,
which can block the electrostatic and hydrophobic interactions that help opsonins bind to particle
surfaces. Some examples of polymer systems that have been reported in the literature as
shielding groups include polysaccharides, polyacrylamide, polyvinyl alcohol, poly-Nvinyl-2-
pyrrolidone, polyethylene glycol (PEG), and PEG-containing copolymers. PEG chains are
always available even after the degradation of surface layers. The purpose of these PEG chains is
to create a barrier layer to block the adhesion of opsonins present in the blood serum, so that

nanoparticles remain invisible to the phagocytic cells®.

Polyethylene Glycol

Polyethylene Glycol (PEG) is a synthetic hydrophilic polymer composed of repeating ethylene
glycol units (—[CH2—CH>—0]n—), where the integer n is the degree of polymerization (number of
times that the unit is repeated in the polymeric chain)®. Of all the polymers tested to date, the

most effective and widely used is PEG and the PEG-containing copolymers, which are typically
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very flexible, highly hydrophilic and can help to protect even hydrophobic or charged particles
from bloodstream proteins. Also, they are also commonly charge neutral, which lessens the
effect of electrostatic interactions® Moreover, PEG have several ideal properties like very low
toxicity, excellent solubility in aqueous solutions and extremely low immunogenicity and
antigenicity. Even though it is known to be non-biodegradable, PEG is readily excretable after
administration into living organisms and its presence in aqueous solutions doesn’t showed
deleterious effect on protein conformation or the activity of enzymes. PEG also exhibits
excellent pharmacokinetic and biodistribution behavior. It shows high persistence in blood
compartment and low accumulation in reticuloendothelial system (RES) organs, liver and spleen
on experiments made on animals. It is commonly used to form bioconjugates because PEG has
the propensity to exclude macromolecules, like proteins and particles, from its surroundings.
These advantageous properties have been explained by the high mobility of its polymeric chains
associated with their ability to bind with water and its conformational flexibility’**°. Also, the
modification of nanocarriers by conjugating PEG on the surface reduces many undesirable side
effects triggered by biological recognition mechanisms. For instance, they cause prolonged
systemic circulation, which results in passive targeting of DDSs even in the areas with a
compromised vasculature such as infarcts and tumors by the enhanced permeability and retention
(EPR) effect’#1%, Most of the DDSs with polymer-based stealth properties that have reached the
market contains PEG (PEGylated products)™.

Polycaprolactone

Polycaprolactone (PCL) is a synthetic hydrophobic polymer composed of repeating units of
[-(CO—(CHz2)2—CH2—(CH2)2—O)m—], where the integer m is the degree of polymerization
(number of times that the unit is repeated in the polymeric chain)!’. It was one of the earliest
polymers synthesized in the early 1930s and is has the ability to be degraded by microorganisms,
which is the main reason that it became commercially available in the first place'?. PCL has
superior rheological and viscoelastic properties over many of its counterparts, which renders it
easy to manufacture and manipulate into a large range of scaffolds!®®*-1%, PCL can be used in a
wide range of scaffold fabrication technologies and it is relatively inexpensive compared with
other aliphatic polyesters, being then, tremendously advantageous over its counterparts. Since,
PCL can be degraded by lipases and esterases, it is ideal to use when the target is the lysosome,
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which contains a high concentration of these hydrolytic enzymes. Even when this polymer is
more susceptible to degradation by outdoor living organisms compared to animals, like bacteria
and fungi, it is also bioresorbable, a process that process takes much longer than
biodegradability, mainly degrading via hydrolytic degradation, making it a good candidate for
long-term drug release319-112 A long-term study of the in vivo excretion PCL discovered that
an implant made out of this polymer gradually lost strength and broke into pieces. Then, low
molecular weight PCL pieces were metabolized and ultimately excreted from the body through

urine and feces, eliminating the possibility of accumulation in any body organ®Z°.

Moreover, PCL is also suitable for controlled drug delivery due to a high permeability to many
drugs, excellent biocompatibility and its ability to be fully excreted from the body once it is
bioresorbed. Since, biodegradation of PCL is slow in comparison to other polymers, it is most
suitable for long-term delivery extending over a period of more than 1 year. PCL also has the
ability to form compatible blends with other polymers, which can affect the degradation Kkinetics,
facilitating tailoring to fulfill desired release profile. It is currently used in a wide variety of
applications like sutures to wound dressings, artificial blood vessels, nerve regeneration, drug-

delivery devices and bone engineering applications!*3114,

PEG-PCL copolymers

Synthetic amphiphilic block copolymers from PEG (hydrophilic block) and PCL (hydrophobic
block) have been extensively studied because they allow the modification of physical and
chemical properties, leading to countless applications in the biomedical field. PCL-PEG takes
advantage of the properties of both polymers in order to improve biodegradability and enhance
the performance of the copolymer, compared with any of the homopolymers alone. This
copolymer also showed higher hydrophilicity and better performance in the cell culture studies
than the PCL homopolymers, being a better option for a wide variety of applications, like

development of bioresponsive nanoparticles and thermosensitive hydrogels, among others**®.
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PEG-PCL biocompatibility

In order to design new polymeric DDSs, is fundamental to understand the biocompatibility of the
materials intended to be used in close contact to biological systems, especially at a cellular and
tissue levels. The influence of PEG segments on the biocompatibility of PCL-PEG copolymer
has showed improvement in the hydrophilicity and inhibition of bacterial adhesion on its surface.
With an increase in PEG/PCL ratio, PCL-PEG had better cellular response as well as lower
degree of platelet and monocyte activation''®!’, It has been suggested that protein absorption
(opsonin) could be prevented by the flexible and hydrophilic chains of PEG by forming dense
conformational clouds in the surface of nanoparticles, thus avoiding capture by the mononuclear
phagocyte system (MPS)!8. The combination of PEG and PCL polymers have shown low
toxicity on several cellular lines such as liver hepatocellular (HepG2) cells, human breast
adenocarcinoma (MCF-7) cells and normal human fibroblast cells, to mention a few. These
characteristics make them promising candidates for a wide variety of applications and has been
tested as biofunctionalized nanofibers, semi-interpenetrated hydrogels and gene carriers with

alpha-cyclodextrin molecules, to mention a few examples'?®.

PEG-PCL degradation

Usually, studies on degradation of PEG-PCL copolymers are focused on the degradation of PCL
and metabolism, since PEG in non-degradable?®'?!, There are two mechanisms that polymers
can undergo in order to break down into monomers. The process is called passive occur by
hydrolysis and active when enzymes are responsible to cleave the polymeric bonds!??. Both
mechanisms play a role in the degradation of PEG-PCL copolymer, but it depends on the type of
bond within the polymer backbone is what determines the type and rate of polymer erosion. In
vitro experiments have showed that hydrolysis causes degradation of PCL in both the
copolymers and the homopolymers, which is slow, as we have mentioned before!?. On the other
hand, in vivo studies have shown a more rapid degradation when compared with in vitro due to
the presence of enzymes that can cleave the ester bonds in PCL!!. Additional to enzymes, other
factors like mechanical stress, temperature, pH can also affect the rate of degradation!?. There
have been found that the degradation of PCL at low molecular weight lead to a second stage of
degradation mainly involving intracellular phagocytosis?*. The final stage of degradation of

PCL led to water (H.0), carbon dioxide (CO2) and 5-hexenoic acids as products®. The
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combination of both PEG and PCL characteristic, biocompatibility and degradation profile

makes them an excellent alternative for drug delivery applications.

1.3.7 Polymersomes as candidates to entrap and deliver protein therapeutics

Therapeutic proteins have emerged as an alternative to small molecules for their high potency,
selectivity and low toxicity. These drugs are currently covering around 10% of the
pharmaceutical market, with more than a 100 approved treatments and a fast growing when
compared to small molecules*?®!?’. Since protein drugs can be designed to target a wide range of
molecules, they are suitable to use for diagnosis, as vaccines and to bind with a specific target in
order to interfere, regulate or improve a specific biological activity, which includes the case of
replacing absent or defective enzymes for LSDs*?®. These peptide and protein therapeutics have
some disadvantages. They may have poor membrane permeability due to low lipophilicity and
charged functional groups within the molecule. Also, they are highly susceptible to pH, proteases
and opsonization, which cause rapid metabolism and loss of biological activity due to
conformational changes, dissociation of subunits within the protein, complexation with blood

products and destruction of functional groups*?’:1%°,

A promising option to enhance the efficacy of ERT and other therapeutic proteins is the use of
nanocarriers for drug encapsulation and delivery. The first strategy to solve setbacks associated
with protein drugs was their conjugation with polymers in order to enhance its therapeutic
properties. Protein drugs have been conjugated with PEG in order to achieve stability, increase
blood circulation time and decrease immune response’*30131 On the other hand, a major
drawback associated with PEGylation is the covalent attachment of the PEG molecule to the
protein, which is nonspecific and can lead to changes in the protein conformation and structure,
thus limiting its therapeutic activity!32. Encapsulation in liposomes has been also used as a route
to carry and protect protein therapeutics and, even when they have demonstrated to prolong
circulation time, this method also has disadvantages. Unfortunately, these DDSs have shown to
be unstable, leaky, non—suitable for controlled release and can be metabolized quickly by the
body, even if polymers were used to modify the surface of the nanocarrier®:68133.134

Contrary to these methods, encapsulation of proteins in polymersomes has been successfully

carried out without losing their functional conformation. Combining this with other proven
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advantages, such as controlled release and tunable properties (molecular weight, stability under
different environments, biodegradability, blood circulation time, permeability and
responsiveness to stimuli, among others), protein therapeutics can be tremendously
improved®1%8, For example, in one study, polymersomes encapsulated model proteins using
diblock copolymers without the need of further surface modification. Opposing to liposomes,
they showed resistance to high temperatures, some of them even surviving autoclaving. Also,
they were stable in blood plasma. Furthermore, phagocytosis was not stimulated and cultured
cells were unaffected in the presence of the nanoparticles™®. On another study, a fluorescent
protein was used to demonstrated that proteins were indeed encapsulated in the aqueous core of
the polymersomes®®. Furthermore, polymersomes loaded with different enzymes and proteins
like hemoglobin, myoglobin, glucose oxidase and f-lactamase have proven to remain functional
after encapsulation®®"-14°, Polymersomes prepared using PEG-PCL block copolymers and loaded
with hemoglobin demonstrated to have similar oxygen affinities to human red blood cells, thus
proving its functionality after encapsulation!*!. In another study, polymersomes functionalized
by outer membrane proteins (OmpF), have proven to serve as nanoreactors by the hydrolysis of
ampicillin into ampicillinoic acid throughout B-lactamase. In this case, the encapsulated enzyme
reacts with the substrate, which enters into the polymersomes through the channels formed by

OmpF on the polymeric matrix*4°.

Numerous polymersomes have been designed to respond to external stimuli, such as pH, oxido-
reductive conditions, temperature and enzyme degradation. This response is controlled by both
the chemical structure of the individual polymer chains and their self-assembling process'#2. For
example, oxidation-responsive polymersomes have been demonstrated by nanocarriers
composed of PEG and polypropylene sulfide (PPS), in which the glucose oxidase was entrapped
and served as oxidizing agent when exposed to glucose in order to form hydrogen peroxide. This
oxidation product then helped to break down the polymeric matrix of the polymersome!3’:143,
Also, polymersomes containing an ionizable membrane were prepared with PEG and
polytrimethylene carbonate, demonstrated to respond to pH by significantly increasing release of

the encapsulated protein in lysosomal pH compared to physiological pH#4.

For purpose of this research project, polymersomes were chosen since they are the best available

option to encapsulate proteins on PEG-PCL block copolymers as proof of concept to
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demonstrate that ERT can be enhanced. The general idea is to increase ERT efficiency and
delivery into the lysosome, then reducing the required dosage, the costs and side effects
associated with the treatment. Since they can enclose the hydrophilic therapeutic cargo into the
nanoparticles inner core, there’s no need to covalently bound the cargo, which will avoid
conformational and structural changes that would negatively affect proteins functionality’%-32135-
141" The entrapment in polymersomes composed of PEG-PCL will also allow enhanced
protection from both host immune system and degradation while traveling throughout the
circulatory system?456.1680.89.127.129.145 * pEG_PCL is an ideal copolymer for intralysosomal
delivery because PEG can protect the cargo until reaching the lysosome, while PCL
susceptibility to lysosomal environment and esterases, which will allow the release of the
therapeutic protein in this action site31:749%104106.108 ' These nanocarriers will be able to enhance
the internalization of non—modified proteins, thus eliminating the current need of M6P tag in

enzymes used for ERT, the diminishing cost and increasing the efficacy of the treatment®25353-
57,59
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2. OPTIMIZATION OF PEG-PCL BLOCK COPOLYMERS SYNTHESIS

Amphiphilic PEG-PCL block copolymers were synthesized using two different catalysts, in
order to determine best option for further use in the formation of polymersomes for protein

encapsulation and delivery.
2.1 Materials

Unless otherwise noted, all materials were used as received. In order to remove water from the
reagents, monomethyl polyethylene glycol (mPEG, Sigma-Aldrich, molecular weight = 5000
g/mol and 2000 g/mol) was dried by azeotropic distillation in the presence of toluene (Fisher);
epsilon-caprolactone (e-CL, Acros) and dichloromethane (DCM, Acros) were dried by
distillation in the presence of calcium hydride (CaH2, Alta Aesar). Stannous octoate (SO, MP
Biomedicals) and hydrochloric acid (HCI, Acros) were used as catalysts for the polymerization
reaction. Other solvents used were tetrahydrofuran (THF), hexane (Fisher-Scientific), diethyl
ether (Acros) and deuterated chloroform (Sigma-Aldrich).

2.2 Synthesis of PEG-PCL block copolymers by Ring Opening Polymerization

Polyethylene glycol — polycaprolactone (PEG-PCL) block copolymers were synthesized, based
on the techniques employed by Olayo et. al.*®, Azzam et. al.}*’, Liu et. al.1*8, Oh et. al.*° and
Hyun et. al.**°., by the ring-opening polymerization (ROP) of epsilon-caprolactone (-CL), using
polyethylene glycol methyl ether (MPEG) as the initiator (either 5000 g/mol or 2000 g/mol).
Either stannous octoate (SO) or hydrochloric acid (HCI) were used as the monomer activator

(catalyst) and dichloromethane (DCM) as solvent.

a 0
/0 \E/\Dﬂ/\/OH + 0 /Og/\o}l\/ﬂ B(\/\/\D}JJ\/\/\/OH
m n m 0 n
eCL

mPEG

PEG-PCL

Figure 2.1: Chemical reaction for the synthesis of PEG-PCL block copolymers
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2.2.1 Reagents distillation

Since the polymerization needed to be carried out on an environment free of oxygen and water,
reagents were previously purified to be water-free and were stored on an inert environment
(glovebox on N2 gas) for further use. Oven dried water-free flasks were used as mixers and
reagent collectors. To ensure proper material transfer from the mixing flask to the collector flask,
insulating materials were used throughout the pipelines of the system, an oil bath was used for
heating and an ice bath was used under the collector flask, as presented in Figure 2.2

Insulating material

Nitrogen
flow

Reagents

mixture
Collector

S~ 5 flask
Oil bath

Hot plate with Ice bath
magnetic stirrer

Figure 2.2: Distillation system to purify reagents for polymerization of PEG-PCL copolymer

Polyethylene glycol

Since water and toluene forms an azeotrope, an azeotropic distillation there was carried out to
eliminate water absorbed on the PEG. Approximately 10g of PEG and 100 mL of toluene were
mixed under magnetic stirring for 24 hours. Then, the mixture was heated to 130°C under a
nitrogen atmosphere until all the water-toluene mixture was evaporated from the PEG
(approximately 8 hours).
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Dichloromethane

Dichloromethane (DCM) was distilled in presence of CaH» to eliminate its water traces.
Approximately 200 mL of DCM were mixed with a tablespoon of CaH> under magnetic stirrer
for 24 hours. Then, the mixture was heated at 90°C under a nitrogen environment for
approximately one hour, until all the DCM was evaporated and collected on another water-free
flask.

Epsilon-Caprolactone

Liquid e-CL we also distilled in presence of CaH.. Approximately 200mL of &-CL were mixed
with a tablespoon of CaH> under magnetic stirrer for 24 hours. Then, the mixture was heated to
110°C under reduced pressure (generated by a vacuum pump) until all the e-CL was transferred

to a water-free flask (approximately one hour).
2.2.2 Polymerization of PEG-PCL by ROP

All reagents were added in a glovebox under N. atmosphere in order to avoid contamination with

water and oxygen.

Polymerization by SO

To prepare copolymers using SO as catalyst, an hermetic glass bottle was needed to serve as the
reactor. For example, to prepare PEG2000-PCL5000 (Mw,PEG=2000 g/mol; Mw,PCL= 5000
g/mol), a mixture of 1.000 g of mPEG (0.500 mmol), 2.427 mL of &-CL (21.9 mmol), and 5 pL
of SO was added to the reactor, sealed and taken out of the glovebox to polymerize at 110-130°C
for 20 hours using a bath oil. The product was dissolved in approximately 15mL of DCM and
added to approximately 60mL of a mixture of 50/50 hexane/ether at 4°C (4x the volume of
DCM) in order to precipitate the formed copolymer and was stored on the fridge. After 24 hours,
the copolymer was isolated by centrifugation at a speed of 7000rpm for 15 minutes. Samples
were then dried in a vacuum oven at 60°C in order to eliminate remaining solvents for a

minimum of 24 hours.
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Polymerization by HCI

For the polymerization using HCI as catalyst, addition of DCM to the polymerization mixture
was required. For example, to prepare PEG5000-PCL5000 (Mw,PEG=5000 g/mol; Mw,PCL=
5000 g/mol) using HCI, with a conversion of 80%, a mixture of 1.000g of mPEG (0.200 mmol),
1.124 mL of e-CL (11.0 mmol), 0.600mL of HCI (.6mmol) and 12.5mL of DCM was added to a
glass vessel. The mixture was taken out of the glovebox and stirred at room temperature for 8

hours. The procedure for polymer isolation and drying was the same as the previous case.

2.3 Characterization of PEG-PCL copolymers

PEG-PCL copolymers were synthesized by ROP of ¢-CL, using mPEG as initiator. They were
characterized by gel permeation chromatography (GPC, Figures 2.2 to 2.3) and proton nuclear
magnetic resonance (1H-NMR, Figure 2.4). Copolymer properties are shown in Table 2.1.

2.3.1 Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance (NMR) is a spectroscopic technique based on the interaction of
magnetic moments of nuclei of certain atoms with magnetic fields in order to determine chemical
and physical properties of the studied material. Proton nuclear magnetic resonance spectroscopy
(1H-NMR) study specifically the hydrogen atoms in the molecules 152 1H-NMR was
performed in a Bruker Avance 500 MHz 29 spectrometer, using tetramethylsilane (TMS) as
internal reference standard. This technique was employed to determine the molecular weight of
both polymeric chains in the copolymer. PEG-PCL samples were prepared by the dissolution of
10mg in 1mL of deuterated chloroform. The software used to analyze the samples was XWIN-
NMR version 3.5 on BHI11604.

2.3.2 Gel Permeation Chromatography

Gel permeation chromatography (GPC), also called size-exclusion chromatography (SEC), is a
technique used to separate and characterize molecules based on their molecular weight. This
chromatographic technique consists in a stationary phase composed of polymer beads with pores

of different sizes, which separate the sample by size, by retarding the exit of smaller molecules
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that have to go through the pores in the beads, while larger molecules will continue to move
forward. Then, molecules of the same size will elute together, larger molecules elute first and

smaller molecules will elute later 123,

GPC was performed on a Waters GPC system equipped with a BI-DNDC differential
refractometer (Brookhaven Instruments) and a mixed pore size column (PLgel 5 um MIXED C,
Agilent Technologies). The GPC calibration curve was prepared with polystyrene standards and
the mobile phase flow was set to 0.5 mL/min. THF was used as mobile phase and approximately
10mg of PEG-PCL sample was dissolved in order to have a polymer concentration of 5 to
10mg/mL. Each sample took around 20 minutes to completely elute and three washes of the
injection syringe with fresh THF were made before each sample injection. Covalent attachment
of &-CL to PEG and the Polydispersity index of the copolymer were determined by this
technique.

2.4 Results and Discussion

2.4.1 Nuclear Magnetic Resonance

Proton Nuclear Magnetic Resonance (1H-NMR) was used to determine the molecular weight of
the two chains of the PEG-PCL block copolymer in order to determine whether SO or HCI are
better catalysts for the polymerization process. Four copolymers were initially synthesized, two
with SO and two with HCI as catalyst, by using PEG5000 and two different of theoretical
molecular weight for PCL (2000 and 5000 g/moL). This apparatus used the hydrogen atoms of
the molecules to determine the identity of the monomer units and the amount of repetitions of
these monomers. The spectrum presented in Figures 2.2 shows the peaks corresponding to PEG
and PCL monomers and the area under the curve of each peak is representative of the amount of
times that the monomer is repeated in the chain. In this case, PCL peak shows at 4.1 ppm and
PEG shows at 3.6 ppm approximately. Although PCL can be found in other parts of the spectra,
this specific peak was selected to eliminate any water interference in the measurements.
Molecular weight results are presented in Table 2.1. Calculations for the determination of the
molecular weight are presented in Appendix 2.2 and all data to generate Figures 2.2 to 2.4 is
presented in Appendix 2.3.
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Figure 2.3: Nuclear Magnetic Resonance (H-NMR) Spectrum of PEG-PCL Block Copolymer —

Initial approach to determine the optimal catalyst for the polymerization process
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Specific peaks of PEG and PCL studied

Sample 1 Sample 2 Sample 3 Sample 4
PEG5000-PCL2000 PEG5000-PCL5000 PEG5000-PCL2000 PEG5000-PCL5000
(HCI) (HCI) (SO) (SO)

Jv Ju JU

3.6 3.7 3.6 3.7 3.6 3.7 3.6 3.7
d (ppm) 6 (ppm) & (ppm) & (ppm)

Figure 2.4: 1H-NMR Spectrum for PEG Peak in all Copolymer Samples

Sample 1 Sample 2 Sample 3 Sample 4
PEG5000-PCL2000 PEG5000-PCL5000 PEG5000-PCL2000 PEG5000-PCL2000
(HCI) (HCI) (SO) (S0O)
4 4.1
4 4.1 4 4.1 4 4.1 5 (opm)
0 (ppm) 0 (ppm) 5 (ppm)

Figure 2.5: 1H-NMR Spectrum for studied PCL Peak in all Copolymer Samples
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Table 2.1: Theoretical and experimental PEG-PCL copolymers molecular weight using HCI or
SO as catalyst determined by Nuclear Magnetic Resonance

Polymer ID (Sample #) 1 2 3 4
PEG MW theoretical
(g/moL) 5000 | 5000 | 5000 | 5000
PCL MW theoretical
(g/moL) 2000 | 5000 | 2000 | 5000
Catalyst HCI HCI SO SO
PEG MW experimental
(g/moL) 5420.8 | 5374.6 | 4407.7 | 4147
PCL MW experimental
(g/moL) 1624.5 | 655.5 | 1596 | 6509.4

Table 2.1 shows that the molecular weight of the PEG5000-PCL5000 was much lower than
expected. Overall, the molecular weights of PEG:PCL in the case of SO were much closer to the
expected values, than those prepared with SO. This led us to the determination that HCI is not as
reliable a catalyst for the polymerization of our copolymer of interest. The decision was made

that all future copolymers must be synthesized with SO.
2.4.1 Gel Permeation Chromatography

PEG-PCL block copolymers were synthesized by ROP of ¢-CL, using mPEG as initiator. Four
different versions of PEG-PCL copolymers using SO as catalyst were prepared and characterized
by GPC in order to confirm PCL had been covalently attached to PEG. (Figures 2.6 and 2.7).
The polydispersity of the copolymers and the initiator monomer are shown in Table 2.2.

Gel permeation chromatography is a technique used to separate molecules by their molecular
weight. The stationary phase of the equipment is made of polymer beads with different pore
sizes. The smaller molecules will enter the pores, while the larger molecules will continue to

move forward. Thus, larger molecules will elute before the smaller ones.
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Figure 2.6: Gel Permeation Chromatography of mPEG2000 and PEG-PCL Copolymers
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Figure 2.7: Gel Permeation Chromatography of mPEG2000 and PEG-PCL Copolymers
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Table 2.2: Elution Volume, Relative Molecular Weight and Polydispersity Results from Gel
Permeation Chromatography

Range of Elution MW MW
n w i 1
Sample Identification Volug\e {fr the Number-average Weight-average Polydllsjpersny
€a molecular-weight molecular-weight (D)
(mL)
PEG2000 7.34-8.22 2197 2394 1.09
PEG2000-PCL2000 6.50-8.90 1704 4114 241
PEG2000-PCL5000 5.77-7.27 7336 13550 1.85
PEG5000 6.84-7.99 5380 5973 1.11
PEGS5000-PCL2000 6.71-8.82 1147 3688 3.22
PEG5000-PCL5000 6.51-8.86 1987 7126 3.59

The polydispersity parameter is obtained from a comparison of the two types of molecular
weight calculated by the apparatus and based on the polystyrene standards used for calibration:
MWn (Number-average molecular-weight) and MWw (Weight-average molecular-weight). This
parameter indicates the heterogeneity of size of the block copolymer chains (size distribution of

the copolymers).

In Table 2.2, there can be observed an increase in polydispersity was observed in PEG-PCL
compared to mPEG. The polydispersity in the PEG-initiator was approximately 1.1 for both
PEGs molecular weights, corresponding to a narrow distribution. For the case of the copolymers,
the values of D were in the range of 1.4 to 3.6, corresponding from a medium to a wide
distribution. This increase in polydispersity makes sense because we are attaching Caprolactone

monomers to PEG, which will cause an increase in the heterogeneity of the sample.

In this table, we can observe that the initial elution volumes in all copolymers started before their
respective PEG comparisons, indicating that they are larger than the initial PEG polymer. Also,
there is observed that, the bigger the theoretical molecular weight, the earlier the material started
to elute, then assuring that bigger polymers were obtained after the polymerization. This
confirms that covalent attachment of e-CL monomers to PEG took place during the synthesis.
This behavior is also observed in Figures 2.3 and 2.4, in which we can observe a displacement

towards the right for the curves corresponding to the copolymer when compared with PEG alone.
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3. OPTIMIZATION OF EXPERIMENTAL CONDITIONS TO OBTAIN
POLYMERSOMES WITH DESIRED BEHAVIOR

PEG-PCL polymersomes were prepared varying several experimental conditions in order to
characterize and study their behavior under biologically relevant buffers. Our purpose was to
achieve the creation of polymersomes that remain stable until they reach the acidic environment
of the lysosomal cellular compartment. Based on literature, the expected behavior was that
polymersomes prepared with PEG-PCL copolymer were more stable in physiological conditions
than in lysosomal conditions. Two parameters were studied to determine if the nanoparticles
were having the expected behavior: size over time and protein release in biologically relevant

buffers.

3.1 Materials

For polymersomes syntheses, previously synthesized PEG-PCL block copolymers were used as
described in Chapter 2. Reagents were used as received unless otherwise indicated. Sodium
chloride (NaCl, Fisher), Polyvinyl Alcohol (PVA, Sigma-Aldrich), Sorbitan monooleate (Span
80, Fluka) and PEG-20 Sorbitan monolaureate (Tween, Sigma-Aldrich) were used as received
and served as stabilizers for the emulsions. Deionized water was filtered with a .2um filter, while
Dichloromethane (DCM, Acros) was filtered with a .1um filter. For loaded polymersomes, two
versions of Albumin were used as a model protein: Bovine Serum Albumin (BSA, Sigma-
Aldrich), and Fluorescein isothiocyanate labelled BSA (FTIC-BSA, Sigma-Aldrich)). Fetal
bovine serum (FBS, Life Technologies) was used to form a protein corona for polymersomes and
as a cell culture component. Protein loading and release profile were studied by

spectrofluorometry using FITC-BSA.

Several buffers were prepared and filtered with a .2um filter. Sodium Hydroxide (NaOH, Fisher)
and Hydrochloric acid (HCI 37%, Sigma-Aldrich) were used to prepare buffers and to regulate
the pH of solutions. Phosphate Buffered Saline pH 7.4 (PBS, Sigma-Aldrich) with Sodium
Chloride (NaCl), Potassium Chloride (KCI), Disodium Phosphate (Na2HPO4) and Dipotassium
Phosphate (K2HPO4) was commercially obtained and mixed with 1L of deionized water.
Acetate buffer with pH 4.6 was prepared by mixing 0.1N solutions of Acetic acid and Sodium
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acetate in proportions of 102:98. Artificial Lysosomal Fluid with pH 4.5 was prepared by mixing
the following reagents in 1L of deionized water: 0.50g of Magnesium Chloride (Sigma-Aldrich),
3.21g of Sodium Chloride, 0.071g of Disodium Phosphate (Fisher), 0.039g of Sodium Sulphate
(Fisher), 0.128g of Calcium Chloride Dihydrated (Sigma-Aldrich), 0.077g of Sodium Citrate
(Sigma-Aldrich), 6.00g of Sodium Hydroxide, 20.8g of Sodium Citrate (Sigma-Aldrich), 0.059g
of Glycine (Sigma-Aldrich), 0.090g of Sodium Tartrate (Sigma-Aldrich), 0.085g of Sodium
Lactate (Sigma-Aldrich) and 0.086g of Sodium Pyruvate. These buffers were used to study the
polymersome behavior under biologically relevant conditions and to explore model protein

release profile.

Culture media was composed of Minimum Essential Medium (MEM, Gibco), Sodium
Bicarbonate (Sigma-Aldrich), Ethylenediaminetetraacetic acid 0.02% Solution (EDTA, Sigma-
Aldrich), Trypsin (Sigma-Aldrich), and 10% Fetal Bovine Serum (FBS, Life Technologies).
Cytotoxicity was measured using the Cell Titer Blue® assay (Resazurin, Promega) diluted in
Hank’s Balanced Salt Solution (HBSS, Sigma-Aldrich). Cell Titer Blue® was used to measure
the metabolic activity of the cultured cells and HBSS was used as a substitute of culture media to
maintain pH, osmotic balance and to provide cultured cells with water and essential inorganic

ions.

3.2 Preparation of WOW Emulsions with PEG-PCL Copolymers

Empty polymersomes were created to determine the optimal copolymer molecular weight to
obtain polymersomes of adequate size, which would remain stable in PBS and show decreased
stability in an acetate buffer with a pH 4.6. Afterwards, a model protein was added to continue
the optimization process, in order to obtain polymersomes with the desired protein release
properties. Finally, we added a protein corona to our polymeric nanocarriers to test the effects it
would have on protein release behavior. Figure 3.1 presents a general schematic of the formation
of polymersomes and Figure 3.2 offer details of the different variations of the process,

respectively.

38



solvent

4 ] ~\
Primary = .
Emulsion evaporation

\_ ® y WOW

A nanoparticles
Emulsion isolation

Supernatant

Secondary
Emulsion

Polymersomes
(Precipitate)

Figure 3.1: Diagram of the Synthesis of Polymersomes by Water-in Oil-in Water (WOW) Double
Emulsion Technique
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Figure 3.2: Variations of Syntheses of Polymersomes
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3.2.1 Preparation and characterization of aqueous cored PEG-PCL nanocarriers, using the
Water - in Oil — in Water (WOW) double emulsion method

Aqueous-cored vesicular nanocarriers were prepared by WOW double emulsion method, a type
of solvent evaporation method. PEG-PCL polymeric nanocarriers (polymersomes) were prepared
by a water/oil/water (WOW) double emulsion method, using an adaptation of the protocols

15 and Rastogi et, al 2. As an initial approach for the optimization of

established by Kim et. al.
the process, a PEG-PCL/PVA ratio of 1:2 was selected and non-loaded nanoparticles were made
using various copolymer molecular weights. In the aqueous core (W1), ImL of water was used.
The polymeric outer layer was made by dissolving PEG-PCL into DCM and Span (O1). These
two solutions were mixed by sonication (Branson Ultasonic Corporation Model 450) for one
minute at a 50% amp to form the primary emulsion (W1/01). The secondary emulsion (W2) was
made by dissolving PVA into a saline solution containing 0.5% w/v of NaCl and 0.1% v/v of
Tween by sonication for 5 minutes. Both emulsions were mixed by sonication for 1 minute at
30%Amp to form the WOW emulsion. The final product was mixed for 24 hours at atmospheric
pressure to let the solvent evaporate. The emulsion was dialyzed and freeze dried, in order to
obtain water-free polymersomes for further studies. Samples were frozen at -80°C, freeze-dried
at -49°C and a pressure less than 0.800mBar for 48 hours. Finally, they were stored at 4°C, in

vacuum bags containing drierite to avoid moisture.

The variations in molecular weight were as follows: PEG2000-PCL2000, PEG2000-PCL5000,
PEG5000-PCL2000 and PEG5000-PCL5000. Size, behavior under biologically relevant buffers
and literature were used to determine the optimal chain length in order to obtain a model

polymersome to carry out protein loading and release experiments.

3.2.2 Addition of model protein into the aqueous core of the polymersomes

After determining the appropriate PEG-PCL copolymer chain size, the model protein BSA and
other variables were incorporated into the emulsion process. Most of the procedure remained the
same, with a few changes. Throughout the syntheses, an ice bath was used to avoid protein
denaturation during the mixing and sonication processes. In the aqueous core, water was
replaced for PBS in order to avoid agglomeration and misfolding of the model protein. 50mg of
BSA was dissolved into 1mL of PBS in order to form W1. To form O1, 1mL of Span was
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dissolved into 10mL of DCM and a variable amount of PEG-PCL. As in the previous case, O1
and W1 were mixed by sonication for 1 min at 50%amp. For W2, fixed values were used: 500mg
of PVA, 50uL of Tween and 50mL of a saline solution with Img/mL of NaCl. The dissolution of
W2 was replaced to mixing and heating at 70°C in a water bath for 1 hour in order to completely
dissolve the PVA. Before further processing, W2 was allowed to cool down. Then, W1/O1 was
added to W2 and mixed by sonication at 50%amp. Solvent was left to evaporate for 4 hours
under either reduced pressured (generated by a vacuum pump) or atmospheric pressure. Samples
were centrifuged at 14, 000 rpms for 1 hour at 4°C. Both precipitate (polymersomes) and
supernatant were conserved. A procedure known as film rehydration technique was also tested to
incorporate model protein into the aqueous core of the polymersome, and will be discussed

below.

Experimental variations

e 3.2.2.1. PEG-PCL/PVA ratio: According to the suggested composition for preparation of
nanocapsules by the double emulsification method founded by Mora-Huertas et. al.1*®, the
polymer in the organic phase must be between 5 to 10 percent of the organic phase solvent.
PEG-PCL/PVA proportions of 1:2, 1:1 and 2:1 were used. This was achieved but keeping
the amount of PVA constant and varying the amounts of the PEG-PCL copolymers.
Amounts of 250mg, 500mg and 1000mg of PEG-PCL were used.

e 3.2.2.2. Solvent evaporation pressure: In order to make a transition between the parameters
used for empty and loaded polymersomes, pressures of latm and Oatm (vacuum) were used
for the solvent evaporation process.

e 3.3.3.3. Incorporation of Film Rehydration Technique: An alternative procedure of
polymersome synthesis was carried out. This is an adaptation from the technique proposed
by Martin et al. 1*°. This technique is a hybrid of film rehydration technique 8¢ and the
Water-in Oil-in Water double emulsion method!’. A polymeric layer was made by mixing
reagents from O1 (500mg PEG-PCL, 10mL of DCM and 1mL of Span) and transferring then
to a 600mL glass beaker. The solvent was left to evaporate at room temperature in the fume
hood extractor for 24 hours, after which a thin film of polymer was formed. When O1 was
completely dry, the inner aqueous phase (W1), consisting of ImL of PBS and 50mg of BSA,

was added to the surface of the polymeric film and was left to dry for another 24 hours at
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room temperature. The polymeric film was then suspended in 10mL of DCM and transferred
to a centrifuge tube for full dissolution. This constitutes the equivalent of the Primary
Emulsion (W1/01).

An outer aqueous phase (W2) was prepared as usual. 500mg of Polyvinyl Alcohol (PVA),
50mL of a Img/mL saline solution, and 50uL of Tween were mixed by magnetic stirring at
70°C, in a water bath for one hour. This step is necessary in order to completely dissolve the
PVA in the mixture. When the W2 was cool, the Primary Emulsion was added to W2 and
sonicated for 1 minute at 30% amp. The organic solvent was evaporated by magnetic stirring,
under vacuum and an ice bath for 4 hours. Then, the polymersomes were centrifuged and
freeze dried as usual.

A variant of the incorporation of film rehydration technique was made by eliminating Span
from O1. This sub-part of the experimental variables ere added because, during the initial
process of forming the thin film of polymer, the addition of the surfactant Span caused
agglomeration of the Ol and the thin film didn’t form adequately. Then, the vessel used to
form the thin film was replaced by another option, causing that the polymeric film could be
done in both presence and absence of Span, then making possible a comparison of both

scenarios.

3.2.3 Addition of a Protein Corona to the polymeric nanocarriers

After the optimization of the protocol to obtain our protein-loaded polymersomes, Fetal Bovine

Serum (FBS), a protein-rich serum, was incorporated into the nanoparticles formulation by two

different methods.

3.3.3.1. Addition of 10% v/v of FBS to the components of W2 during the dissolution process
that forms the secondary emulsion. In this case, 5mL of the 50mL of water used to form the
secondary emulsion were substituted with 5mL of FBS. The rest of the components (PVA,
Tween and NaCl) remained the same. In this case, the emulsion had contact with the
components of protein corona during the 4 hours established for the solvent evaporation.
After that, unbound protein was removed by centrifugation.

3.3.3.2 Addition of 10% of the corresponding volume of an aliquot of WOW emulsion
subjected to centrifugation. In this case, the WOW emulsion was prepared a usual. After

centrifugation, a volume corresponding to 10% of the original volume of the emulsion was
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added and the sample was mixed in the vortex to allow the polymeric nanocarriers to be
covered with serum proteins. In this case, centrifuged samples were placed in contact with

the protein corona for 24 hours prior to being transfer to the freezer for further use.

3.3 Characterization Techniques and Behavior Assays

Polymersomes composed of PEG-PCL were synthesized by different versions of the solvent
evaporation technique. Characterization of the nanoparticles was carried out by Dynamic light
scattering (DLS, hydrodynamic size), Zeta-potential (surface charge) and Spectrofluorometry
(protein encapsulation and cytotoxicity). Behavior under biologically relevant buffers over time
was carried out by DLS (changes in hydrodynamic size) and Spectrofluorometry (protein

release).

3.3.1 Polymersome size and behavior in biologically relevant buffers over time by
Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS), is a non-invasive and non-destructive technique commonly used
to measure hydrodynamic size, polydispersity and aggregation effects of nanoparticles in liquid
dispersions. This technique monitors fluctuations in the intensity of light scattered by the
Brownian motion of nanoparticles over short periods of time and correlates the data using the
Stokes-Einstein equation to calculate the nanoparticle hydrodynamic diameter. During size
analysis, four kinds of distribution index can be obtained from the apparatus: Number
distribution, Surface Area distribution, Volume distribution and Intensity distribution, although
some apparatuses don’t calculate Surface Area distribution. These distributions depend on
different n-power relationships, ranging from n=0 for Number distribution to n=6 for Intensity

distribution®7-160,

DLS was carried out in a Brookhaven Instruments BI-90Plus Particle Size Analyzer at a
scattering angle of 90°C and was used to determine the hydrodynamic size of nanoparticles at
different conditions. Using DLS, hydrodynamic size of the polymersomes was measured at
different times in order to observe behavior of the nanoparticles and determine their stability in
acidic and neutral environments. Stability of empty polymersomes over time was tested in
Acetate Buffer (AcB), pH 4.6 and PBS, pH 7.4.
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Once empty polymersomes were evaluated for the desired characteristics, protein-loaded
polymersomes were also tested for their behavior over time in biologically relevant buffers.
Loaded polymersome behavior was examined (i) when resuspended in PBS (pH 7.4) in order to
simulate the conditions the polymeric nanoparticle would find itself in before reaching the
lysosome, and (ii) when resuspended in Artificial Lysosomal Fluid (ALF), in order to closely

resemble the environment that the loaded polymersome would encounter inside the lysosome.

Samples were prepared by adding a drop of suspended polymersome solution to 3mL of buffer
into a disposable cuvette. Contents were mixed before reading the hydrodynamic diameter in the
various conditions tested. Samples were run for 5 minutes, with a measurement taken by the
apparatus each minute. The equipment software, then combined these 5 measurements and
generated a set of data from the average results of the entire run. The data sets were processed

and analyzed using Igor® software.

3.3.2 Surface charge measurement

The Zeta-potential describes the nature of the electrostatic potential near the surface of a particle.
It is determined by measuring the velocity of the particles in a direct current electric field*6?.
Zeta-potential was carried out in a Brookhaven Instruments BI-90Plus Particle Size Analyzer at a
scattering angle of 90°C and was used to determine the surface charge of the nanoparticles and
the model protein under PBS and ALF. Samples were prepared by adding a drop of suspended
polymersomes or bare model protein in solution into 3mL of the buffer of interest into a
disposable cuvette. Contents were mixed before reading the zeta-potential in the conditions
tested. Samples were measured for 5 minutes, with a measurement taken by the apparatus each

minute.
3.3.3 Cytotoxicity assay for PEG-PCL polymersomes in model cells

The cytotoxicity of the polymersomes was determined by measuring the metabolic activity of
human epithelial colorectal adenocarcinoma (CaCo2) cells after being exposed to various
polymersome concentrations. For potential drug and drug delivery candidates, CaCo2 cells have
been extensively used as in vitro model to study several aspects, such as cellular permeability,
pathways of drug transport, toxicity, metabolism, physicochemical characteristics for passive
diffusion and to improve drug formulations®®?. Since CaCo2 and blood vessels belongs to the
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same type of the four basic types of animal cells (CaCo2 cells are epithelial cells while blood
vessels are endothelial cells, a subtype of epithelial cells) and our formulation is intended for
parenteral administration, this is the best available option to simulate polymersomes behavior in
the circulatory system?63,

Preparation of Cell Culture Media

Approximately 95mL of deionized water was added to a graduated cylinder. Powdered MEM
was slowly added and mixed by magnetic stirring at room temperature. Then 2.2g of sodium
bicarbonate and antibiotics were added. The pH was adjusted to have a final value between 7.0
and 7.4, using either 1 N NaOH or 1N HCI. The water level in the cylinder was filled to 1000
mL and the media was filtered by membrane filtration with a 0.22-um filter using a positive-

pressure system and stored in sterile containers.

Cytotoxicity Studies

Sample Preparation

A stock solution of previously synthesized PEG-PCL freeze-dried polymersomes was prepared
and used to prepare several dilutions in order to study different polymersomes concentrations
ranging from 0.01 to 5Smg/mL.

Cell Culture and Cytotoxicity Assay

Approximately 10,000 CaCo2 cells were seeded into a 96-well plate and incubated for 48 hours
at 37°C with 5% of CO2. After allowing the cells to grow, culture media was removed and
replaced by 200uL of the corresponding polymersomes suspension concentration. Two controls
were also prepared: A positive control containing culture media without polymersomes, while
the negative control was deprived of culture media. Cells were exposed to polymersomes for 48
hours. Solution was removed and cells were washed twice with Hank's Balanced Salt Solution
(HBSS), used to maintain pH, osmotic balance and to provide cultured cells with water and
essential inorganic ions. A solution of Cell Titer Blue® (Resazurin) diluted in HBSS in
proportions 1:5 was prepared and 120uL of the solution were added to each well. The essential
function of HBSS is to maintain pH and osmotic balance as well as provide cultured cells with
water and essential inorganic ions. Cells were incubated for 2 hours 37°C with 5% of CO?2.
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Immediately after the incubation period, emission was measured by spectrofluorometry (ex
560/em 590).

Reaction

Na+ -O (@] O Na+ 'O O (@]
\@Nﬁ Viable Cell \@Nﬁ
é Emits Fluorescence at 590nm

Figure 3.3: Chemical Reaction for Cell Titer Blue®

3.3.4 Determination of Protein Loading, Nanoparticle Yield and Release Profile into

Polymersomes

Fluorescence assay of FITC-BSA polymersomes

Protein encapsulation was determined for polymersomes loaded with fluorescent BSA, aliquots
used were from the supernatant obtained from the centrifugation of the sample after the solvent
evaporation of the WOW emulsion. Aliquots of 200 uL of the supernatant of the samples were
transferred to a 96-well plate and fluorescence was measured at 495 nm excitation and 515nm
emission wavelengths on a Gemini EM ROM v3.0.22 spectrofluorometer. A calibration curve
was made and an equation was obtained using a quadratic curve fitting in order to determine the

concentration of protein in the supernatant of the samples.

Entrapment Efficiency (EE) and Nanoparticle Yield (NPY)

Entrapment efficiency (EE) or protein loading was determined by determining the amount of
protein present in the samples of polymersomes by the supernatant collected after centrifugation,
using a spectrofluorometric technique. Nanoparticle yield was determined by comparing the
Polymersomes weight after freeze drying with the maximum possible weight of the solid
components of the WOW emulsion. Calculations are presented in Appendix 3.4 and 3.6,

respectively.
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EE (%) Weight of Encapulated Protein 100
= X
° Total Weight of Protein

Weight of Polymersomes N
Total Weight of Solids in the WOW Emulsion

NPY (%) = 100

Release profile of selected polymersomes under biologically relevant buffers

This process was an adaptation of several publications concerning drug release (Du et.!% al.,
Sood et. al.’®, Sanson et. al.'®® and Liu et. al'®”). Freeze-dried FITC-BSA loaded polymersomes
were dispersed in either PBS or ALF buffer in order to obtain a nanoparticle concentration of
15mg/mL. Then, aliquots of 1mL were added to Float-A-Lyzer (R) dialysis tubes (see Figure
3.5) and 5mL of their respective buffer was added as an outer layer for the release. Samples were
incubated at 37°C and 100rpm. After pre-determined periods of time (0.5, 1, 2, 6, 24, 48 and 168
hours), the outer buffer volume was collected and replaced with fresh media. Time points were
chosen taking into account literature short-term and long-term release and cumulative release
was determined for each variable, referring to the total amount of protein released up to a
specific period of time. In other words, is the sum of all the protein mass accumulated from the
first sample collection to a certain time point within the graph. Fluorescence of collected samples
was analyzed by Gemini EM ROM v3.0.22 spectrofluorometer and the cumulative release of the
model protein was calculated. Detection limit of the detector could be stated to be the lowest
concentration used on the calibration curve for ALF (0.1pg/mL), since at this concentration,

result of fluorescence of the sample didn’t overlap the fluorescence obtained at 0 concentration.

+~ Molecular Weight
Color Coded Caps

Floating Ring

X

Dialysis Membrane

. Phosphate buffered saline Artificial lysosomal fluid
./Welghfed End (PBS, pH 7.4) (ALF, pH 4.5)

100rpm, 37°C 100rpm, 37°C

Figure 3.4: Float-a-Lyzer ® Structure and Setup for the Release Experiments
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3.4 Results and discussion

3.4.1 Empty Polymersomes

Size and behavior under biologically relevant buffers by Dynamic Light Scattering (DLS)

As a first approach to determine the optimal PEG-PCL polymersomes for our desired
application, nanoparticles were synthesized with four different copolymer chain lengths.
Hydrodynamic size and behavior over time in biologically relevant buffers was analyzed in order
to determine if the desired behavior took place. A critical feature necessary for our system was to
obtain nanoparticles that can travel through the circulatory system (neutral pH) and remain stable
until reaching the acidic lysosome, where the particle would destabilize and release therapeutic

cargo.

The hydrodynamic diameter size of the polymersomes was determined using a Brookhaven
Instruments BI-90 Plus Particle Size Analyzer. Data was interpreted using intensity, volume,
surface area and number distribution functions of the apparatus, which provides a histogram of
particle size and their corresponding relative intensity at every point. Results were summarized
in lognormal distribution graphs generated by Igor Software®, using a special template (Macros)
added to the Igor® software, which is provided in Appendix 3.1. The key parameter to determine
size and mainly study behavior was based on the number distribution function. Since this
parameter accounts for the majority of the nanoparticles, size results from number distribution
allows to have information of the smaller nanoparticles that can be overlapped by a very small
amount of large particles or by agglomerations that can be present in the nanoparticle dispersion.
Figure 3.5 presents changes in size over time for the two buffers studied, using the number

distribution, while more details are available in Appendix 3.2

Note from Figure 3.5: Samples 1 and 2 were carried out in a different experimental set than

Sample 3 and 4. In Samples 1 and 2 only one replicate was made, while in Samples 3 and 4,
three replicates where made. Even when 5 runs were made for each replicate, separate data
cannot be currently obtained from the apparatus. From the apparatus, only a mean value of
particle size can be obtained with a standard deviation. Then, a statistical analysis cannot be
made in order to determine the relevance of the results. Even so, literature was used to determine

the best option of polymeric chain for further experiments.

48



(a) Sample 1 (PEG2000-PCL2000) - N =1 (c) Sample 3 (PEG5000-PCL2000) — N =3

500 500
450 450

= 400 2 400

£ 350 £ 350

o [3)

E N

» 300 & 300

(&) &)

£ 250 £ 250

g S

§ 200 2200

£ 150 £ 150

> >

T 100 L 100

S
[
[
I
[
|
I
I
|
I
|
)
3

o
o

0 10 20 30 40 0 10 a0 w40
Time (hr) Time (hr)
- —-1AcB-pH4.6 ——1PBS-pH 7.4 ~ - —3AcB-pH46 ——3PBS-pH 7.4

(b) Sample 2 (PEG2000-PCL5000) N =1  (d) Sample 4 (PEG5000-PCL5000) — N = 3

500 500

450 450

3 400 2 400

£ 350 £ 350
[«6] (6]
N N

» 300 & 300
g (&)

g 250 ‘E 250
g ©

S, 200 S, 200
'8 ©

£ 150 £ 150
> >

T 100 T 100 l_;f- - -
M L =
5 T m==——==--- 50
0 0
0 10 20 30 40 0 10 20 30 40
Time (hr) Time (hr)
- —-2AcBpH4.6 ——2PBS-pH7.4 — — =4 AcB-pH 4.6 4PBS-pH 7.4

Figure 3.5: Behavior over time of empty polymersomes in physiological environment (PBS, pH
7.4) vs acidic environment (AcB, pH 4.6)

49



Table 3.1: Size and behavior under physiological relevant buffers of Empty Polymersomes —
Summary of Results

PEG-PCL | Polymersomes
Sample MW Size Behavior under biologically relevant buffers
Acetate Buffer Phosphate Buffered Saline
ID (g/mol) (nm) (pH 4.6) (pH 7.4)
1 2000-2000 37 Stable — Slight change on | Unstable - Size increase
size over time, about 8nm | over time (33 to 76nm)
N=1 (39 to 47nm)
2 2000-5000 84 Slightly stable - Size Slightly Stable - Size
decrease and the increase | change a little bit over
N=1 with a variation of 24nm time, ranging from 53 to
(43 to 67nm) 78nm with a variation of
25nm
3 5000-2000 122 Unstable - Size drastically | Unstable - Size drastically
increase and the decrease | increase and the decrease
N=1 to almost the same initial | to almost the same initial
value (82 to 346 size value (89 to 241 size
range) range)
4 5000-5000 113 Slightly Stable — Slight Slightly Stable - Slight
Changes in size over time. | increase in size and then
N=1 Size variation was around | remain stable. Size
15nm (96 to 81nm) variation of 21nm (60 to
81nm)

In the four variations of PEG-PCL chains, we could observe polymersomes with particle sizes
between 37 and 122nm. Considering that these nanoparticles must have an aqueous core, we
consider the nanoparticles made with PEG2000-PCL2000 (Sample 1) be too small for the
application, so this variation was eliminated for consideration as an optimal option. Concerning
behavior under the biologically relevant buffers for our desired application, polymersomes
synthesized with PEG2000-PCL2000 (Sample 1) and PEG5000-PCL2000 (Sample 3) were
unstable at physiological pH, demonstrating these formulations as unsuitable for our desired
application. PEG5000-PCL2000 nanoparticles weren’t stable at any pH and PEG2000-PCL2000
nanoparticles had the contrary effect of what we were looking for. With these behaviors we
cannot expect efficient intravenous circulation and cellular internalization, which make them
unsuitable for our application.

These findings leave us with polymeric chains with PCL molecular weight of 5000 (PEG2000-
PCL5000 and PEG5000-PCL5000). Even when, both copolymers show roughly the same
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stability in Figure 3.5, since literature establish that vesicle formation is ensured when the
copolymer contain a hydrophobic chain larger than the hydrophilic one’®, Sample 2 was selected

as the best option for further experimentation.

Cytotoxicity of unloaded polymersomes synthesized with the selected block copolymer:
PEG2000-PCL5000

The toxicity of unloaded polymersomes was evaluated in Human colorectal adenocarcinoma
(CaCo2) cells, using Cell Titer Blue ® as viability reagent to measure metabolic activity after
exposure to the nanoparticles for a period of 48 hours.

Viability of CaCo2 cells exposed to polymersomes of interest was assessed using several
nanoparticle concentrations, ranging from 0.1 to 5mg/mL. A positive control consisting of cell
culture without polymersomes was used to compare viability. Figure 3.7 presents viability results
of the cells exposed to the polymersomes. The data obtained shows that the polymersomes were

nontoxic up to 5mg/mL.
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Figure 3.6: Toxicity Profile of Empty Polymersomes made with PEG2000-PCL5000
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3.4.2 Protein Loaded Polymersomes

Size and behavior over time (DLS)

Optimization of the process to obtain loaded PEG2000-PCL5000 polymersomes was carried
using BSA as cargo for encapsulation. From this point forward, Artificial Lysosomal Fluid
(ALF, pH 4.5) was used to mimic chemical composition of the lysosomal sack, which is the final
destination of our nanoparticles for our desired application. Phosphate Buffered Saline (PBS, pH
7.4) remained as the buffer to be used for physiological environment. Tables 3.2 and 3.4 present
the variables tested on this part and the results of size and behavior under biologically relevant
buffers. A vacuum pump was used to evaporate the solvent of the emulsion under a reduced

pressure environment, generated by a vacuum pump.

Table 3.2 Experimental variables tested on protein loaded polymersomes

PEG-PCL:PVA | Pressure of solvent Emulsification Span
Sample ; . . .
Ratio evaporation Technique Concentration
ID
(%v/v)
5 1:2 Reduced pressure WOW 1.6
6 1:1 Reduced pressure WOW 1.6
7 2:1 Reduced pressure WOW 1.6
8 1:1 latm wOow 1.6
9 1:1 Reduced pressure Film rehydration 1.6
10 1:1 Reduced pressure Film rehydration 0
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Table 3.3 Behavior of protein loaded polymersomes under biologically relevant buffers

ID Size Behavior on ALF Behavior on PBS
(nm) (pH 4.5) (pH 7.4)

5 78 Slightly more unstable: Slightly more stable:
Increase in a small range (40- Erratic Change in size in a small
90nm) range (60 to 80nm)

6 105 Unstable: Stable:
Increase over time (150 to 300nm) | Not change in size over time

7 55 Same Stability: Same Stability:
Erratic Change in size in a small Erratic Change in size in a small
range (50 to 70nm) range (50 to 70nm)

8 614 No further experiments were made | No further experiments were made
with this formulation with this formulation

9 74 Same Stability: Same Stability:
Erratic Change in size in a small Erratic Change in size in a small
range (50 to 100nm) range (50 to 100nm)

10 37 Same stability: Same Stability:
Erratic Change in size in a small Steady at around 30nm
range (30 to 40nm)

Tables 3.2 and 3.3 summarizes the experimental variables and the effects these variables have on

size and behavior in ALF and PBS. In Sample 8 we observed that the size was more than 6 times

the size of the other nanoparticles due to the lack of vacuum to accelerate the solvent evaporation

process. This sample was discarded and behavior studies weren’t carried out. From the film

rehydration technique (Samples 9 and 10), the obtained nanoparticles didn’t present a

distinguishable difference in stability over time in the two buffers, demonstrating that, at these

conditions, this technique is not superior to form nanoparticles for the desired application. From

the three remaining Samples (5, 6 and 7), Sample 6 presented the more dramatic change in size

over time, demonstrating that this is the best option for our application. Figure 3.8 shows the

behavior of the polymersomes in PBS and ALF buffers over time.
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Cytotoxicity of BSA-loaded Polymersomes

As in the case of empty polymersomes, the toxicity of loaded polymersomes was evaluated in
Human colorectal adenocarcinoma (CaCo2) cells, using Cell Titer Blue ® as viability reagent to

measure metabolic activity after exposure to the polymeric nanocarriers.

Viability of CaCo2 cells was assessed using several nanoparticle concentrations. A positive
control consisting of cell culture without polymersomes was used to compare viability. The
negative control consisted of cells that had not been fed. Figure 3.8 presents viability results of
cells exposed to the loaded polymersomes. These results demonstrate that the polymersomes are

nontoxic at concentrations of up to 2mg/mL.
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Figure 3.8: Toxicity Profile of Protein Loaded Polymersomes

3.4.3 Protein release in biologically relevant conditions

Even when the small amount of replicates cannot allow us to carry out a statistical analysis of the
results, behavior have been observed in order to give suggestions of what could have happen
with the system under the studied conditions. With these results of the protein release profiles,
there was sustained protein release in both PBS and ALF buffers. However, the result obtained
were not expected. Data suggests that there could have been higher rate of release in PBS than
in ALF buffers (See Figure 3.9). From the nanoparticle hydrodynamic size stability over time
assays we had previously performed, we had observed that the polymersomes were unstable at
acidic conditions and stable in PBS buffer (Figure 3.7). This led us to predict that there would be

more protein release in ALF than in PBS buffer, and this was not the case.

Table 3.4: Cumulative release of protein loaded polymersomes under PBS and ALF

Time(hours) 0.5 1 2 6 24 168
Loaded Polymersomes in PBS | 0.000 | 0.000 0.000 0.147 | 0.921 | 1.289
Loaded Polymersomes in ALF | 0.044 | 0.044 | 0.044 | 0.044 | 0.119 | 0.580
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3.4.4 Addition of a protein corona for tuning of protein release

There is an increasing amount of literature that suggests that a protein corona has effects on
biocompatibility, cell/nanoparticle interactions, and payload release profile, among others. 16817
We were particularly interested in the modulation of the payload release profile. The Vroman
Effect postulates that when a nanoparticle comes into contact with a mixture of proteins, the
most abundant proteins will first bind to the nanoparticle surface. However, as time passes, the
nanoparticle will bind to the proteins that have the highest affinity’’?. This effect has been

experimentally shown to occur in a matter of minutes up a few hours 1173174 (See Figure 3.11).

We devised a formulation where our polymersome would be incubated with Fetal Bovine Serum
proteins several hours. This incubation took place in a neutral pH, so the proteins with the
highest affinity to the polymersome would be in an environment similar to that of PBS. The
incubation step took place for several hours (24 hours for Formulation B and 4 hours for
formulation C), to ensure that there was enough time for the Vroman Effect to take place. We
hypothesized that while in PBS, the protein corona would add stability to the protein loaded
polymersome, and suppress protein release, and that when in contact with ALF,
protein/nanoparticle interactions would change and the protein corona could lose its effect (See
Figure 3.12). Fetal Bovine Serum (FBS), was incorporated either in the secondary emulsion
(W2) or at the end of the emulsification process (See section 3.3.3.). Appendix 3.5 provides the
components of FBS.

Initially: Long term:
Most abundant proteins  Proteins with higher affinity

Figure 3.11: Vroman Effect for Protein Attachment to Nanoparticles at Different Times
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Figure 3.12: Expected Behavior of Protein Corona on Nanoparticles based on the Vroman Effect

From this point forward we will refer to the three different polymersomes created as

“Formulation A”, “Formulation B and “Formulation C”.

hydrodynamic diameter or zeta potential of Formulation C.

We were not able to measure the

Table 3.5: Characteristics of Polymersomes Formulations in Terms of Protein Loading,
Entrapment Efficiency and Nanoparticle Yield

Table 3.6:

Protein Entrapment Nanoparticle
Formulation loading Efficiency Yield
(Hg/mL) (%) (%)
A 146.6 £1.2 76.3£0.6 24.1+14.7
B 1466 +1.2 76.3+0.6 478 +£10.2
C 1286+1.2 66.9 £ 0.6 434 +6.1

Characteristics of Polymersomes Formulations in Terms of Hydrodynamic Diameter
and Zeta Potential under PBS and ALF
Size (nm) Zeta-Potential (mV)
Formulation PBS ALF ALF
A (bare) 170+ 84 | 145+ 36 -2+3 0+1
B (protein corona added) | 221 + 21 | 190 * 66 -6+ .4 -1+1
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We can see that in both ALF and PBS, there was a slight increase in hydrodynamic size in
Formulation B compared to Formulation A, suggesting that there is an additional component

attached to the polymersome surface that can be attributed to the presence of a protein corona.

In Figures 3.13 and 3.14 we can observe how in Particle Formulations B and C the protein
corona seems to completely suppressed protein release when incubated in PBS. These results are
in agreement with our hypothesis: If a high affinity protein corona is formed under certain
conditions, it will remain surrounding the nanoparticle if these conditions are not changed.
However, if these conditions are altered, as in our experiment, where the particles were
incubated in an acidic buffer (ALF), the conformation of the proteins in the corona will change
and polymersome/protein affinity can be altered. Protein release in Formulations B and C also
seems to be suppressed in ALF, to a slighter degree. The obtained results suggest that
Formulations B and C release more protein in ALF than in PBS, which is the effect we wanted to
obtain. Then, with this data, we can conclude that Formulations B and Formulations C are
meritorious for further investigation in the development of polymeric nanocarriers that are
suitable for the enhancement of Enzyme Replacement Therapy for the treatment of Lysosomal
Storage Diseases. More replicates need to be carried out in order to reinforce our findings and

confirm these results.

Table 3.7: Cumulative Release of Formulation B under PBS and ALF

Time(hours) 0.5 1 2 6 24 168
Loaded Polymersomes in PBS | 0.000 | 0.000 0.000 0.000 | 0.000 | 0.000
Loaded Polymersomes in ALF | 0.000 | 0.000 0.000 0.000 | 0.000 | 0.121

Table 3.8: Cumulative Release of Formulation C under PBS and ALF

Time(hours) 0.5 1 2 6 24 168
Loaded Polymersomes in PBS | 0.000 | 0.000 0.000 0.000 | 0.000 | 0.000
Loaded Polymersomes in ALF | 0.000 | 0.000 0.000 0.000 | 0.000 | 0.000
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4. CONCLUSIONS AND FUTURE WORK

4.1 Conclusions

The main goal of this research project was to develop polymersomes composed from
biocompatible amphiphilic block copolymers made from Polyethylene glycol and
Polycaprolactone, suitable for protein encapsulation and responsive to pH in terms of
nanoparticle stability and protein release profile. This is an effort to enhance the Enzyme

Replacement Therapy, used to treat a group of pathologies called Lysosomal Storage Diseases.

To achieve this goal, PEG-PCL copolymers were synthesised and studied in order to determine
the best formulation for polymersomes synthesis. Several variation of polymersomes were
synthesized and studied in terms of size, behavior under biologically relevant buffers, toxicity,

entrapment efficiency and protein release profile.

4.1.1 Optimization of PEG-PCL Block Copolymers Synthesis

PEG-PCL block copolymers were synthesized by Ring Opening Polymerization in the presence
of Stannous Octoate (SO) or Hydrochloric Acid (HCI). Characterization tools demonstrated that
PEG-PCL copolymers were successfully synthesized with SO. Nuclear Magnetic Resonance
(NMR) results demonstrated that SO is a better catalyst than HCI in terms of obtaining
copolymers with the desired molecular weight. We found that the block copolymers formed with
SO were closer to the theoretical molecular weight than those synthesized with HCI. The GPC
results demonstrated that Caprolactone monomers were attached in all of the syntheses, in
agreement with the results obtained by NMR. We conclude that the synthesis of PEG-PCL
copolymers using SO as catalyst should be suitable for the formulation of protein-loaded

polymersomes for the purpose of this study.

4.1.2 Optimization of experimental conditions to obtain polymersomes with desired

properties

In an initial approach to optimize the emulsification process, empty polymersomes were
synthesized. From the four copolymers used (with four different combinations on the molecular
weight of the PEG and PCL chains), polymersomes prepared with PEG2000-PCL5000 had the
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desired size, were stable at phisiological pH and meet the requirements found in literature for the
formation of vesicles. Empty nanoparticles were nontoxic in model cells in the range of

concentrations studied (.1 to 5mg/mL).

After the selection of the adequate copolymer, loaded polymersomes were formulated and
optimized by varying synthesis technique, pressure of solvent evaporation, concentration of
protein added to the aqueous core and the ratio between PEG-PCL and the stabilizer of the
secondary emulsion (PVA). Results suggests an optimal combination of parameters that are as
follows: polymersomes generated by WOW emulsion method, use of reduced pressure for the
solvent evaporation and a PEG-PCL:PVA ratio of 1:1. This combination showed to be the best
option because they were stable at in PBS and unstable in ALF. This formulation demonstrated
to be non-cytotoxic to model cells up to a concentration of 2mg/mL. A concentration of protein
of 10mg/mL in the aqueous core gave the most efficient entrapment. The incorporation of the

Film Rehydration technique didn’t show any improvement in terms of the desired properties.

The Vroman effect was used to design improvements on our system. Polymersomes were
incubated in FBS at a neutral pH. We expected that if left in contact for sufficient time, the
proteins with the highest affinity to the particle would bind to the particle. We hypothesized that
while in PBS, which has a neutral pH, the protein corona would add stability to the protein
loaded polymersomes, and suppress protein release, and that when in contact with ALF,
protein/nanoparticle interactions would change and the protein corona would lose its effect.

The presence of the protein corona was initially demonstrated by the slight increase in size of the
polymersomes and the considerable difference in release profile compared to bare
polymersomes. Results suggests that the addition of protein corona can dramatically reduce
release of the model protein. Even when the reduction was observed in both PBS and ALF
buffers, release was completely suppressed in PBS, which was desired for our application.
Therefore, even when final conclusions cannot be given due to the lack of enough replicates in
the release experiments, we can preliminarily conclude that the system we have formulated is
meritorious for further investigation in the development of polymeric nanocarriers that are
suitable for the enhancement of Enzyme Replacement Therapy for the treatment of Lysosomal

Storage Diseases.
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4.2 Future Work

Future work in this research line can be focused on several areas:

Repeat behavior experiments in order to increase the amount of replicas and confirm the
results obtained throughout this project.

Carry out experiments in order to prove our theory of adsorption of serum proteins in the
surface of the nanoparticles and the proposed effect in a range of pHs in terms of affinity
of the proteins and release of the cargo in the nanocarriers.

Use diseased cell models (eg., fibroblasts obtained from patients suffering from LSDs,
which can be obtained commercially) to study the effect of the nanocarriers in terms of
toxicity, internalization and other parameters toward the enhancement of the Enzyme
Replacement Therapy.

Encapsulation of therapeutic enzymes and comparison of the substrate degradation of the
replaced enzyme that is encapsulated versus the actual treatment (non-encapsulated).

Try other encapsulation techniques to simplify the process and the hazards associated
with it.

64



5. REFERENCES

1)
)
©)
(4)

(5)

(6)

(")

(8)

9)

(10)

(11)

(12)

(13)

(14)

Safari, J.; Zarnegar, Z. Advanced drug delivery systems: Nanotechnology of health design
A review. J. Saudi Chem. Soc. 2014, 18 (2), 85-99 DOI: 10.1016/j.jscs.2012.12.009.

The Efficacy and Safety of Preoperative Chemotherapy With Triweekly Abraxane and
Cyclophosphamide for Resectable Breast Cancer.

Yu, M.; Wu, J.; Shi, J.; Farokhzad, O. C. Nanotechnology for protein delivery: Overview
and perspectives. J. Controlled Release DOI: 10.1016/j.jconrel.2015.10.012.

Cho, K.; Wang, X.; Nie, S.; Chen, Z. (Georgia); Shin, D. M. Therapeutic Nanoparticles
for Drug Delivery in Cancer. Clin. Cancer Res. 2008, 14 (5), 1310-1316 DOI:
10.1158/1078-0432.CCR-07-1441.

Domingo, C.; Saurina, J. An overview of the analytical characterization of nanostructured
drug delivery systems: Towards green and sustainable pharmaceuticals: A review. Anal.
Chim. Acta 2012, 744, 8-22 DOI: 10.1016/j.aca.2012.07.010.

Christian, D. A.; Cai, S.; Bowen, D. M.; Kim, Y.; Pajerowski, J. D.; Discher, D. E.
Polymersome Carriers: from Self-Assembly to siRNA and Protein Therapeutics. Eur. J.
Pharm. Biopharm. Off. J. Arbeitsgemeinschaft Pharm. Verfahrenstechnik EV 2009, 71 (3),
463-474 DOI: 10.1016/j.ejpb.2008.09.025.

Lee, S. J,; Son, S.; Yhee, J. Y.; Choi, K.; Kwon, I. C.; Kim, S. H.; Kim, K. Structural
modification of siRNA for efficient gene silencing. Biotechnol. Adv. 2013, 31 (5), 491-
503 DOI: 10.1016/j.biotechadv.2012.09.002.

Cun, D.; Jensen, D. K.; Maltesen, M. J.; Bunker, M.; Whiteside, P.; Scurr, D.; Foged, C.;
Nielsen, H. M. High loading efficiency and sustained release of siRNA encapsulated in
PLGA nanoparticles: Quality by design optimization and characterization. Eur. J. Pharm.
Biopharm. 2011, 77 (1), 26-35 DOI: 10.1016/j.ejpb.2010.11.008.

Davis, M. E.; Zuckerman, J. E.; Choi, C. H. J.; Seligson, D.; Tolcher, A.; Alabi, C. A;;
Yen, Y.; Heidel, J. D.; Ribas, A. Evidence of RNAI in humans from systemically
administered SiRNA via targeted nanoparticles. Nature 2010, 464 (7291), 1067-1070
DOI: 10.1038/nature08956.

Lewis, A.; Tang, Y.; Brocchini, S.; Choi, J.; Godwin, A. Poly(2-methacryloyloxyethyl
phosphorylcholine) for Protein Conjugation. Bioconjug. Chem. 2008, 19 (11), 2144-2155
DOI: 10.1021/bc800242t.

Dhalluin, C.; Ross, A.; Leuthold, L.-A.; Foser, S.; Gsell, B.; Midiller, F.; Senn, H.
Structural and Biophysical Characterization of the 40 kDa PEG—Interferon-o02a and Its
Individual Positional Isomers. Bioconjug. Chem. 2005, 16 (3), 504-517 DOI:
10.1021/bc049781+.

Rastogi, R.; Anand, S.; Koul, V. Polymerosomes of PCL and PEG Demonstrate Enhanced
Therapeutic Efficacy of Insulin. Curr. Nanosci. 2009, 5 (4), 409416 DOI:
10.2174/157341309789378078.

Estrada, L. H.; Chu, S.; Champion, J. A. Protein Nanoparticles for Intracellular Delivery
of Therapeutic Enzymes. J. Pharm. Sci. 2014, 103 (6), 1863-1871 DOI:
10.1002/jps.23974.

Juers, D. H.; Matthews, B. W.; Huber, R. E. LacZ B-galactosidase: Structure and function
of an enzyme of historical and molecular biological importance. Protein Sci. Publ. Protein
Soc. 2012, 21 (12), 1792-1807 DOI: 10.1002/pro.2165.

65



(15)

(16)

A7)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

Tian, H.; Tang, Z.; Zhuang, X.; Chen, X.; Jing, X. Biodegradable synthetic polymers:
Preparation, functionalization and biomedical application. Prog. Polym. Sci. 2012, 37 (2),
237-280 DOI: 10.1016/j.progpolymsci.2011.06.004.

Lee, J. S.; Feijen, J. Polymersomes for drug delivery: Design, formation and
characterization. J. Controlled Release 2012, 161 (2), 473-483 DOI:
10.1016/j.jconrel.2011.10.005.

Zhou, S.; Deng, X.; Yang, H. Biodegradable poly(e-caprolactone)-poly(ethylene glycol)
block copolymers: characterization and their use as drug carriers for a controlled delivery
system. Biomaterials 2003, 24 (20), 3563-3570 DOI: 10.1016/S0142-9612(03)00207-2.
Platt, F. M.; Lachmann, R. H. Treating lysosomal storage disorders: Current practice and
future prospects. Biochim. Biophys. Acta BBA - Mol. Cell Res. 2009, 1793 (4), 737-745
DOI: 10.1016/j.bbamcr.2008.08.009.

Bitencourt, F. H. de; Vieira, T. A.; Steiner, C. E.; Neto, J. C.; Boy, R.; Schwartz, I. V. D.
Medical Costs Related to Enzyme Replacement Therapy for Mucopolysaccharidosis
Types |, 11, and VI in Brazil: A Multicenter Study. Value Health Reg. Issues 2015, 8, 99—
106 DOI: 10.1016/j.vhri.2015.08.002.

Brooks, D. A.; Kakavanos, R.; Hopwood, J. J. Significance of immune response to
enzyme-replacement therapy for patients with a lysosomal storage disorder. Trends Mol.
Med. 2003, 9 (10), 450453 DOI: 10.1016/j.molmed.2003.08.004.

Dear, J. W.; Lilitkarntakul, P.; Webb, D. J. Are rare diseases still orphans or happily
adopted? The challenges of developing and using orphan medicinal products. Br. J. Clin.
Pharmacol. 2006, 62 (3), 264-271 DOI: 10.1111/j.1365-2125.2006.02654.x.

Heemstra, H. E.; de Vrueh, R. L. A.; van Weely, S.; Blller, H. A.; Leufkens, H. G. M.
Orphan drug development across Europe: bottlenecks and opportunities. Drug Discov.
Today 2008, 13 (15-16), 670-676 DOI: 10.1016/j.drudis.2008.05.001.

Franco, P. Orphan drugs: the regulatory environment. Drug Discov. Today 2013, 18 (3-4),
163-172 DOI: 10.1016/j.drudis.2012.08.009.

Genetic and Rare Diseases Information Center (GARD) —an NCATS Program | Providing
information about rare or genetic diseases. https://rarediseases.info.nih.gov/ (accessed Feb
17, 2016).

Greiner-Tollersrud, O. K.; Berg, T. Lysosomal Storage Disorders. Madame Curie Biosci.
Database Internet 2000.

Rzakhanov, Z. Regulatory policy, value of knowledge assets and innovation strategy: The
case of the Orphan Drug Act. Res. Policy 2008, 37 (4), 673-689 DOI:
10.1016/j.respol.2007.12.0009.

Brewer, G. J. Drug development for orphan diseases in the context of personalized
medicine. Transl. Res. 2009, 154 (6), 314-322 DOI: 10.1016/j.trsl.2009.03.008.
Developing Products for Rare Diseases & Conditions
http://www.fda.gov/Forindustry/DevelopingProductsforRareDiseasesConditions/default.ht
m (accessed Feb 17, 2016).

Saftig, P. Lysosomes; Landes Bioscience/Eurekah.com; Springer Science+Business
Media: Georgetown, Tex.; New York, N.Y., 2005.

Hafner Cesen, M.; Stoka, V.; Turk, B. Role of Lysosomes in Intracellular Degradation A2
- Bradshaw, Ralph A. In Encyclopedia of Cell Biology; Stahl, P. D., Ed.; Academic Press:
Waltham, 2016; pp 612-620.

66



(31)

(32)
(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

Appelqgvist, H.; Waster, P.; Kagedal, K.; Ollinger, K. The lysosome: from waste bag to
potential therapeutic target. J. Mol. Cell Biol. 2013, 5 (4), 214-226 DOI:
10.1093/jmcb/m;jt022.

Braulke, T.; Bonifacino, J. S. Sorting of lysosomal proteins. Biochim. Biophys. Acta BBA -
Mol. Cell Res. 2009, 1793 (4), 605-614 DOI: 10.1016/j.bbamcr.2008.10.016.

Schultz, M. L.; Tecedor, L.; Chang, M.; Davidson, B. L. Clarifying lysosomal storage
diseases. Trends Neurosci. 2011, 34 (8), 401-410 DOI: 10.1016/j.tins.2011.05.006.
Ballabio, A.; Gieselmann, V. Lysosomal disorders: From storage to cellular damage.
Biochim. Biophys. Acta BBA - Mol. Cell Res. 2009, 1793 (4), 684-696 DOI:
10.1016/j.bbamcr.2008.12.001.

Walkley, S. U. Pathogenic Cascades in Lysosomal Disease — Why so Complex? J. Inherit.
Metab. Dis. 2009, 32 (2), 181-189 DOI: 10.1007/s10545-008-1040-5.

Di Rocco, M.; Buzzi, D.; Taro, M. Glycogen storage disease type Il: clinical overview.
Acta Myol. 2007, 26 (1), 42-44.

Malm, D.; Nilssen, @. Alpha-mannosidosis. Orphanet J. Rare Dis. 2008, 3, 21 DOI:
10.1186/1750-1172-3-21.

Gieselmann, V. Lysosomal storage diseases. Biochim. Biophys. Acta BBA - Mol. Basis
Dis. 1995, 1270 (2-3), 103-136 DOI: 10.1016/0925-4439(94)00075-2.

Ko, A.-R.; Jin, D.-K; Cho, S. Y.; Park, S. W.; Przybylska, M.; Yew, N. S.; Cheng, S. H.;
Kim, J.-S.; Kwak, M. J.; Kim, S. J.; et al. AAV8-mediated expression of N-
acetylglucosamine-1-phosphate transferase attenuates bone loss in a mouse model of
mucolipidosis Il. Mol. Genet. Metab. DOI: 10.1016/j.ymgme.2016.02.001.

Sato, Y.; Kobayashi, H.; Sato, S.; Shimada, Y.; Fukuda, T.; Eto, Y.; Ohashi, T.; Ida, H.
Systemic accumulation of undigested lysosomal metabolites in an autopsy case of
mucolipidosis type Il; autophagic dysfunction in cardiomyocyte. Mol. Genet. Metab.
2014, 112 (3), 224-228 DOI: 10.1016/j.ymgme.2014.05.001.

Venugopal, B.; Browning, M. F.; Curcio-Morelli, C.; Varro, A.; Michaud, N.;
Nanthakumar, N.; Walkley, S. U.; Pickel, J.; Slaugenhaupt, S. A. Neurologic, Gastric, and
Opthalmologic Pathologies in a Murine Model of Mucolipidosis Type 1V. Am. J. Hum.
Genet. 2007, 81 (5), 1070-1083 DOI: 10.1086/521954.

Majer, F.; Vlaskova, H.; Krol, L.; Kalina, T.; Kubanek, M.; Stolnaya, L.; Dvorakova, L.;
Elleder, M.; Sikora, J. Danon disease: A focus on processing of the novel LAMP2
mutation and comments on the beneficial use of peripheral white blood cells in the
diagnosis of LAMP2 deficiency. Gene 2012, 498 (2), 183-195 DOIL:
10.1016/j.gene.2012.02.004.

Wos, M.; Szczepanowska, J.; Pikuta, S.; Tylki-Szymanska, A.; Zabtocki, K.
Bandorowicz-Pikuta, J. Mitochondrial dysfunction in fibroblasts derived from patients
with Niemann-Pick type C disease. Arch. Biochem. Biophys. 2016, 593, 50-59 DOI:
10.1016/j.abb.2016.02.012.

Ketscher, A.; Ketterer, S.; Dollwet-Mack, S.; Reif, U.; Reinheckel, T. Neuroectoderm-
specific deletion of cathepsin D in mice models human inherited neuronal ceroid
lipofuscinosis type 10. Biochimie 2016, 122, 219-226 DOI: 10.1016/j.biochi.2015.07.020.
Katata, Y.; Uematsu, M.; Sato, H.; Suzuki, S.; Nakayama, T.; Kubota, Y.; Kobayashi, T.;
Hino-Fukuyo, N.; Saitsu, H.; Kure, S. Novel missense mutation in CLN8 in late infantile
neuronal ceroid lipofuscinosis: The first report of a CLN8 mutation in Japan. Brain Dev.
2016, 38 (3), 341-345 DOI: 10.1016/j.braindev.2015.09.008.

67



(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)
(59)
(60)

(61)

Silva, B. D.; Adams, J.; Lee, S. Y. Proteolytic processing of the neuronal ceroid
lipofuscinosis related lysosomal protein CLN5. Exp. Cell Res. 2015, 338 (1), 45-53 DOI:
10.1016/j.yexcr.2015.08.021.

Westbroek, W.; Adams, D.; Huizing, M.; Koshoffer, A.; Dorward, H.; Tinloy, B.; Parkes,
J.; Helip-Wooley, A.; Kleta, R.; Tsilou, E.; et al. Cellular Defects in Chediak—Higashi
Syndrome Correlate with the Molecular Genotype and Clinical Phenotype. J. Invest.
Dermatol. 2007, 127 (11), 26742677 DOI: 10.1038/sj.jid.5700899.

Panigrahi, I.; Suthar, R.; Rawat, A.; Behera, B. Seizure as the Presenting Manifestation in
Griscelli  Syndrome Type 2. Pediatr. Neurol. 2015, 52 (5), 535-538 DOI:
10.1016/j.pediatrneurol.2015.01.010.

Sakata, Y.; Kawamura, K.; Ichikado, K.; Suga, M.; Yoshioka, M. Hermansky—Pudlak
syndrome type 4 with interstitial pneumonia. Respir. Med. Case Rep. 2013, 9, 38-41 DOI:
10.1016/j.rmcr.2013.04.002.

Thoene, J. G.; Oshima, R. G.; Crawhall, J. C.; Olson, D. L.; Schneider, J. A. Cystinosis.
Intracellular cystine depletion by aminothiols in vitro and in vivo. J. Clin. Invest. 1976, 58
(1), 180-189.

Harmatz, P. Enzyme Replacement Therapies and Immunogenicity in Lysosomal Storage
Diseases: Is There a Pattern? Clin. Ther. 2015, 37 (9), 2130-2134 DOI:
10.1016/j.clinthera.2015.06.004.

Van Hove, J. L.; Yang, H. W.; Wu, J. Y.; Brady, R. O.; Chen, Y. T. High-level production
of recombinant human lysosomal acid alpha-glucosidase in Chinese hamster ovary cells
which targets to heart muscle and corrects glycogen accumulation in fibroblasts from
patients with Pompe disease. Proc. Natl. Acad. Sci. U. S. A. 1996, 93 (1), 65-70.

loannou, Y. A.; Bishop, D. F.; Desnick, R. J. Overexpression of human alpha-
galactosidase A results in its intracellular aggregation, crystallization in lysosomes, and
selective secretion. J. Cell Biol. 1992, 119 (5), 1137-1150 DOI: 10.1083/jcb.119.5.1137.
Kakkis, E. D.; Matynia, A.; Jonas, A. J.; Neufeld, E. F. Overexpression of the Human
Lysosomal Enzyme a-L-Iduronidase in Chinese Hamster Ovary Cells. Protein Expr. Purif.
1994, 5 (3), 225-232 DOI: 10.1006/prep.1994.1035.

Brady, R. O.; Murray, G. J.; Moore, D. F.; Schiffmann, R. Enzyme replacement therapy in
Fabry disease. J. Inherit. Metab. Dis. 2001, 24 Suppl 2, 18-24-12.

Pastores, G. M.; Weinreb, N. J.; Aerts, H.; Andria, G.; Cox, T. M.; Giralt, M.; Grabowski,
G. A,; Mistry, P. K.; Tylki-Szymanska, A. Therapeutic goals in the treatment of Gaucher
disease. Semin. Hematol. 2004, 41 (4 Suppl 5), 4-14.

An Overview of Enzyme Replacement Therapy for Lysosomal Storage Diseases
http://www.nursingworld.org/MainMenuCategoriess/ ANAMarketplace/ ANAPeriodicals/O
JIN/TableofContents/vol132008/No1Jan08/EnzymeReplacementTherapy.html#Beutler06
(accessed Jul 13, 2016).

Brady, R. O. Enzyme Replacement for Lysosomal Diseases. Annu. Rev. Med. 2006, 57
(1), 283-296 DOI: 10.1146/annurev.med.57.110104.115650.

Wraith, J. E. Limitations of enzyme replacement therapy: Current and future. J. Inherit.
Metab. Dis. 2006, 29 (2-3), 442447 DOI: 10.1007/s10545-006-0239-6.

Kopecek, J. Polymer—drug conjugates: Origins, progress to date and future directions. Adv.
Drug Deliv. Rev. 2013, 65 (1), 49-59 DOI: 10.1016/j.addr.2012.10.014.

Kopecek, J.; Kopeckova, P. HPMA copolymers: Origins, early developments, present, and

futurevr. Adv. Drug Deliv. Rev. 2010, 62 (2), 122-149 DOI: 10.1016/j.addr.2009.10.004.

68



(62)

(63)

(64)

(65)

(66)
(67)

(68)

(69)

(70)

(71)

(72)
(73)
(74)

(75)

(76)

(77)

(78)

Patil, P.; Mahajan, H. S. A review on polymer drug conjugate - What, why and who? Int.
J. Pharm. Sci. Res. 2015, 6 (11), 4611-4621 DOI: 10.13040/1JPSR.0975-
8232.6(11).4611-21.

Bangham, A. D.; Standish, M. M.; Watkins, J. C. Diffusion of univalent ions across the
lamellae of swollen phospholipids. J. Mol. Biol. 1965, 13 (1), 238-IN27 DOI:
10.1016/S0022-2836(65)80093-6.

Yeh, M.-K.; Hsin-1 Chang; Ming-Yen Cheng. Clinical development of liposome based
drugs: formulation, characterization, and therapeutic efficacy. Int. J. Nanomedicine 2011,
49 DOI: 10.2147/1IN.S26766.

Abraham, S. A.; Waterhouse, D. N.; Mayer, L. D.; Cullis, P. R.; Madden, T. D.; Bally, M.
B. The Liposomal Formulation of Doxorubicin. In Methods in Enzymology; Elsevier,
2005; Vol. 391, pp 71-97.

Chen, Z. (Georgia). Small-molecule delivery by nanoparticles for anticancer therapy.
Trends Mol. Med. 2010, 16 (12), 594-602 DOI: 10.1016/j.molmed.2010.08.001.

Guo, X.; Szoka, F. C. Chemical Approaches to Triggerable Lipid Vesicles for Drug and
Gene Delivery. Acc. Chem. Res. 2003, 36 (5), 335-341 DOI: 10.1021/ar9703241.

Liu, D.; Liu, F.; Song, Y. K. Recognition and clearance of liposomes containing
phosphatidylserine are mediated by serum opsonin. Biochim. Biophys. Acta 1995, 1235
(1), 140-146.

Li, X.; Yang, Z.; Yang, K.; Zhou, Y.; Chen, X.; Zhang, Y.; Wang, F.; Liu, Y.; Ren, L.
Self-Assembled Polymeric Micellar Nanoparticles as Nanocarriers for Poorly Soluble
Anticancer Drug Ethaselen. Nanoscale Res. Lett. 2009, 4 (12), 1502-1511 DOI:
10.1007/s11671-009-9427-2.

Xiong, X.-B.; Binkhathlan, Z.; Molavi, O.; Lavasanifar, A. Amphiphilic block co-
polymers: Preparation and application in nanodrug and gene delivery. Acta Biomater.
2012, 8 (6), 20172033 DOI: 10.1016/j.actbio.2012.03.006.

Greco, F.; Vicent, M. J. Combination therapy: Opportunities and challenges for polymer—
drug conjugates as anticancer nanomedicines. Adv. Drug Deliv. Rev. 2009, 61 (13), 1203-
1213 DOI: 10.1016/j.addr.2009.05.006.

Zhang, Y.; Huang, Y.; Li, S. Polymeric Micelles: Nanocarriers for Cancer-Targeted Drug
Delivery. AAPS PharmSciTech 2014, 15 (4), 862-871 DOI: 10.1208/s12249-014-0113-z.
Larson, N.; Ghandehari, H. Polymeric Conjugates for Drug Delivery. Chem. Mater. 2012,
24 (5), 840-853 DOI: 10.1021/cm20315609.

Kadajji, V. G.; Betageri, G. V. Water Soluble Polymers for Pharmaceutical Applications.
Polymers 2011, 3 (4), 1972-2009 DOI: 10.3390/polym3041972.

Hawkins, M. J.; Soon-Shiong, P.; Desai, N. Protein nanoparticles as drug carriers in
clinical medicine. Adv. Drug Deliv. Rev. 2008, 60 (8), 876-885 DOI:
10.1016/j.addr.2007.08.044.

Lohcharoenkal, W.; Wang, L.; Chen, Y. C.; Rojanasakul, Y. Protein Nanoparticles as
Drug Delivery Carriers for Cancer Therapy. BioMed Res. Int. 2014, 2014, 1-12 DOI:
10.1155/2014/180549.

Tekade, R. K.; Kumar, P. V.; Jain, N. K. Dendrimers in Oncology: An Expanding
Horizon. Chem. Rev. 2009, 109 (1), 49-87 DOI: 10.1021/cr068212n.

Xu, Q.; Wang, C.-H.; Pack, D. W. Polymeric Carriers for Gene Delivery: Chitosan and
Poly(amidoamine) Dendrimers. Curr. Pharm. Des. 2010, 16 (21), 2350-2368.

69



(79)
(80)

(81)

(82)

(83)

(84)

(85)

(86)

(87)

(88)

(89)

(90)

(91)

(92)

Pearson, R. M.; Sunoqgrot, S.; Hsu, H.-J.; Bae, J. W.; Hong, S. Dendritic nanoparticles: the
next generation of nanocarriers? Ther. Deliv. 2012, 3 (8), 941-959.

Jain, J. P.; Ayen, W. Y.; Kumar, N. Self assembling polymers as polymersomes for drug
delivery. Curr. Pharm. Des. 2011, 17 (1), 65-79.

Revia, R. A.; Zhang, M. Magnetite nanoparticles for cancer diagnosis, treatment, and
treatment monitoring: recent advances. Mater. Today 2016, 19 (3), 157-168 DOI:
10.1016/j.mattod.2015.08.022.

Gamarra, L. F.; Mamani, J. B.; Carneiro, S. M.; Fabris, J. D.; Ferreira, R. V.; Domingues,
R. Z.; Cornejo, D. R.; Pontuschka, W. M.; Amaro, E. J. Characterization of
superparamagnetic iron oxide coated with silicone used as contrast agent for magnetic
resonance image for the gastrointestinal tract. J. Nanosci. Nanotechnol. 2010, 10 (2),
1153-1158.

Ahmed, F.; Pakunlu, R. I.; Brannan, A.; Bates, F.; Minko, T.; Discher, D. E.
Biodegradable polymersomes loaded with both paclitaxel and doxorubicin permeate and
shrink tumors, inducing apoptosis in proportion to accumulated drug. J. Control. Release
Off. J. Control. Release Soc. 2006, 116 (2), 150-158 DOI: 10.1016/j.jconrel.2006.07.012.
Ahmed, F.; Pakunlu, R. I.; Srinivas, G.; Brannan, A.; Bates, F.; Klein, M. L.; Minko, T.;
Discher, D. E. Shrinkage of a Rapidly Growing Tumor by Drug-Loaded Polymersomes:
pH-Triggered Release through Copolymer Degradation. Mol. Pharm. 2006, 3 (3), 340—
350 DOI: 10.1021/mp050103u.

Korobko, A. V.; Jesse, W.; van der Maarel, J. R. C. Encapsulation of DNA by Cationic
Diblock Copolymer Vesicles. Langmuir 2005, 21 (1), 34-42 DOI: 10.1021/1a047967r.
Korobko, A. V.; Backendorf, C.; van der Maarel, J. R. C. Plasmid DNA Encapsulation
within Cationic Diblock Copolymer Vesicles for Gene Delivery. J. Phys. Chem. B 2006,
110 (30), 14550-14556 DOI: 10.1021/jp057363b.

Li, X.; Yang, W.; Zou, Y.; Meng, F.; Deng, C.; Zhong, Z. Efficacious delivery of protein
drugs to prostate cancer cells by PSMA-targeted pH-responsive chimaeric polymersomes.
J. Controlled Release 2015, 220, 704-714 DOI: 10.1016/j.jconrel.2015.08.058.

Peer, D.; Karp, J. M.; Hong, S.; Farokhzad, O. C.; Margalit, R.; Langer, R. Nanocarriers
as an emerging platform for cancer therapy. Nat. Nanotechnol. 2007, 2 (12), 751-760
DOI: 10.1038/nnano.2007.387.

Owensiii, D.; Peppas, N. Opsonization, biodistribution, and pharmacokinetics of
polymeric  nanoparticles. Int. J. Pharm. 2006, 307 (1), 93-102 DOI:
10.1016/j.ijpharm.2005.10.010.

Longmire, M.; Choyke, P. L.; Kobayashi, H. Clearance properties of nano-sized particles
and molecules as imaging agents: considerations and caveats. Nanomed. 2008, 3 (5), 703—
717 DOI: 10.2217/17435889.3.5.703.

Ilium, L.; Hunneyball, 1. M.; Davis, S. S. The effect of hydrophilic coatings on the uptake
of colloidal particles by the liver and by peritoneal macrophages. Int. J. Pharm. 1986, 29
(1), 53-65 DOI: 10.1016/0378-5173(86)90199-7.

Peracchia, M. .; Fattal, E.; Desmaéle, D.; Besnard, M.; Noél, J. .; Gomis, J. .; Appel, M.;
d’Angelo, J.; Couvreur, P. Stealth® PEGylated polycyanoacrylate nanoparticles for
intravenous administration and splenic targeting. J. Controlled Release 1999, 60 (1), 121—
128 DOI: 10.1016/S0168-3659(99)00063-2.

70



(93) Plard, J.-P.; Bazile, D. Comparison of the safety profiles of PLA50 and Me.PEG-PLA50
nanoparticles after single dose intravenous administration to rat. Colloids Surf. B
Biointerfaces 1999, 16 (1-4), 173-183 DOI: 10.1016/S0927-7765(99)00068-5.

(94) Miiller, R. H.; Wallis, K. H.; Troster, S. D.; Kreuter, J. In vitro characterization of
poly(methyl-methaerylate) nanoparticles and correlation to their in vivo fate. J. Controlled
Release 1992, 20 (3), 237-246 DOI: 10.1016/0168-3659(92)90126-C.

(95) Norman, M. E.; Williams, P.; lllum, L. Human serum albumin as a probe for surface
conditioning (opsonization) of block copolymer-coated microspheres. Biomaterials 1992,
13 (12), 841-849 DOI: 10.1016/0142-9612(92)90177-P.

(96) Carrstensen, H.; Mdller, R. H.; Mdller, B. W. Particle size, surface hydrophobicity and
interaction with serum of parenteral fat emulsions and model drug carriers as parameters
related to RES uptake. Clin. Nutr. Edinb. Scotl. 1992, 11 (5), 289-297.

(97) Roser, M.; Fischer, D.; Kissel, T. Surface-modified biodegradable albumin nano- and
microspheres. 1. effect of surface charges on in vitro phagocytosis and biodistribution in
rats. Eur. J. Pharm. Biopharm. 1998, 46 (3), 255-263 DOI: 10.1016/S0939-
6411(98)00038-1.

(98) Guiotto, A.; Pozzobon, M.; Sanavio, C.; Schiavon, O.; Orsolini, P.; Veronese, F. M. An
improved procedure for the synthesis of branched polyethylene glycols (PEGs) with the
reporter dipeptide met-pala for protein conjugation. Bioorg. Med. Chem. Lett. 2002, 12
(2), 177-180 DOI: 10.1016/S0960-894X(01)00694-1.

(99) Zalipsky, S. Chemistry of polyethylene glycol conjugates with biologically active
molecules. Adv. Drug Deliv. Rev. 1995, 16 (2-3), 157-182 DOI: 10.1016/0169-
409X(95)00023-Z.

(100) Biswas, S.; Dodwadkar, N. S.; Sawant, R. R.; Torchilin, V. P. Development of the Novel
PEG-PE-Based Polymer for the Reversible Attachment of Specific Ligands to Liposomes:
Synthesis and in Vitro Characterization. Bioconjug. Chem. 2011, 22 (10), 2005-2013
DOI: 10.1021/bc2002133.

(101) Lim, K. Y.; Kim, B. C.; Yoon, K. J. The Effect of Molecular Weight of Polycaprolactone
on the Ester Interchange Reactions during Melt Blending with Poly(ethylene
terephthalate). Polym. J. 2002, 34 (5), 313-319 DOI: 10.1295/polymj.34.313.

(102) Natta, F. J. van; Hill, J. W.; Carothers, W. H. Studies of Polymerization and Ring
Formation. XXIII. * e-Caprolactone and its Polymers. J. Am. Chem. Soc. 1934, 56 (2),
455-457 DOI: 10.1021/ja01317a053.

(103) Coulembier, O.; Degée, P.; Hedrick, J. L.; Dubois, P. From controlled ring-opening
polymerization to biodegradable aliphatic polyester: Especially poly(p-malic acid)
derivatives. Prog. Polym. Sci. 2006, 31 (8), 723-747 DOI:
10.1016/j.progpolymsci.2006.08.004.

(104) Engelberg, 1.; Kohn, J. Physico-mechanical properties of degradable polymers used in
medical applications: A comparative study. Biomaterials 1991, 12 (3), 292-304 DOI:
10.1016/0142-9612(91)90037-B.

(105) Antunes, M. C. M.; Felisberti, M. I. Blends of poly(hydroxybutyrate) and poly (epsilon-
caprolactone) obtained from melting mixture. Polimeros 2005, 15 (2), 134-138 DOI:
10.1590/S0104-14282005000200014.

(106) Hayashi, T. Biodegradable polymers for biomedical uses. Prog. Polym. Sci. 1994, 19 (4),
663-702 DOI: 10.1016/0079-6700(94)90030-2.

71



(107) Ginde, R. M.; Gupta, R. K. In vitro chemical degradation of poly(glycolic acid) pellets and
fibers. J. Appl. Polym. Sci. 1987, 33 (7), 2411-2429 DOI: 10.1002/app.1987.070330712.

(108) Azevedo, H. S.; Reis, R. L. Understanding the Enzymatic Degradation of Biodegradable
Polymers and Strategies to Control their Degradation Rate; R. L. Reis, J. S. Roman; CRC
Press: Boca Raton, 2005.

(109) Tokiwa, Y.; Suzuki, T. Hydrolysis of polyesters by lipases. Nature 1977, 270 (5632), 76—
78 DOI: 10.1038/270076a0.

(110) Sun, H.; Mei, L.; Song, C.; Cui, X.; Wang, P. The in vivo degradation, absorption and
excretion of PCL-based implant. Biomaterials 2006, 27 (9), 1735-1740 DOI:
10.1016/j.biomaterials.2005.09.019.

(111) Wu, M. P.; Tamada, J. A.; Brem, H.; Langer, R. In vivo versusin vitro degradation of
controlled release polymers for intracranial surgical therapy. J. Biomed. Mater. Res. 1994,
28 (3), 387395 DOI: 10.1002/jbm.820280314.

(112) He, F.; Li, S.; Garreau, H.; Vert, M.; Zhuo, R. Enzyme-catalyzed polymerization and
degradation of copolyesters of g-caprolactone and y-butyrolactone. Polymer 2005, 46 (26),
12682-12688 DOI: 10.1016/j.polymer.2005.10.121.

(113) Weissman, null; Sunkara, null; Tse, null; Asher, null. Thermally Switchable
Periodicities and Diffraction from Mesoscopically Ordered Materials. Science 1996, 274
(5289), 959-960.

(114) Woodruff, M. A.; Hutmacher, D. W. The return of a forgotten polymer—Polycaprolactone
in the 21st century. Prog. Polym. Sci. 2010, 35 (10), 1217-1256 DOI:
10.1016/j.progpolymsci.2010.04.002.

(115) Shen-Guo, W.; Bo, Q. Polycaprolactone—poly(ethylene glycol) block copolymer, I:
synthesis and degradability in vitro. Polym. Adv. Technol. 1993, 4 (6), 363-366 DOI:
10.1002/pat.1993.220040601.

(116) Huang, M.-H.; Li, S.; Hutmacher, D. W.; Schantz, J.-T.; Vacanti, C. A.; Braud, C.; Vert,
M. Degradation and cell culture studies on block copolymers prepared by ring opening
polymerization of ?-caprolactone in the presence of poly(ethylene glycol). J. Biomed.
Mater. Res. 2004, 69A (3), 417427 DOI: 10.1002/jbm.a.30008.

(117) Hsu, S. Biocompatibility of poly($epsiv;-caprolactone)/poly(ethylene glycol) diblock
copolymers with nanophase separation. Biomaterials 2004, 25 (25), 5593-5601 DOI:
10.1016/j.biomaterials.2004.01.061.

(118) Monfardini, C.; Veronese, F. M. Stabilization of Substances in Circulation. Bioconjug.
Chem. 1998, 9 (4), 418-450 DOI: 10.1021/bc970184f.

(119) Wei, X.; Gong, C.; Gou, M.; Fu, S.; Guo, Q.; Shi, S.; Luo, F.; Guo, G.; Qiu, L.; Qian, Z.
Biodegradable poly(e-caprolactone)—poly(ethylene glycol) copolymers as drug delivery
system. Int. J. Pharm. 2009, 381 (1), 1-18 DOI: 10.1016/j.ijpharm.2009.07.033.

(120) Gan, Z.; Liang, Q.; Zhang, J.; Jing, X. Enzymatic degradation of poly(e-caprolactone) film
in phosphate buffer solution containing lipases. Polym. Degrad. Stab. 1997, 56 (2), 209-
213 DOI: 10.1016/S0141-3910(96)00208-X.

(121) Yu, G.; Zhang, Y.; Shi, X.; Li, Z.; Gan, Z. Surface property andin vitro biodegradation of
microspheres fabricated by poly(e-caprolactone-b-ethylene oxide) diblock copolymers. J.
Biomed. Mater. Res. A 2008, 84A (4), 926-939 DOI: 10.1002/jbm.a.31325.

(122) Gopferich, A. Mechanisms of polymer degradation and erosion. Biomaterials 1996, 17
(2), 103-114 DOI: 10.1016/0142-9612(96)85755-3.

72



(123) Li, S.; Garreau, H.; Vert, M.; Petrova, T.; Manolova, N.; Rashkov, |. Hydrolytic
degradation of poly(oxyethylene)-poly-(?-caprolactone) multiblock copolymers. J. Appl.
Polym. Sci. 1998, 68 (6), 989998 DOI: 10.1002/(SICI1)1097-
4628(19980509)68:6<989::AID-APP12>3.0.CO;2-J.

(124) Woodward, S. C.; Brewer, P. S.; Moatamed, F.; Schindler, A.; Pitt, C. G. The intracellular
degradation of poly(?-caprolactone). J. Biomed. Mater. Res. 1985, 19 (4), 437-444 DOI.
10.1002/jbm.820190408.

(125) Persenaire, O.; Alexandre, M.; Degée, P.; Dubois, P. Mechanisms and Kinetics of Thermal
Degradation of Poly(g-caprolactone). Biomacromolecules 2001, 2 (1), 288-294 DOI:
10.1021/bm0056310.

(126) Craik, D. J.; Fairlie, D. P.; Liras, S.; Price, D. The Future of Peptide-based Drugs:
Peptides in Drug Development. Chem. Biol. Drug Des. 2013, 81 (1), 136-147 DOI:
10.1111/cbdd.12055.

(127) Bruno, B. J.; Miller, G. D.; Lim, C. S. Basics and recent advances in peptide and protein
drug delivery. Ther. Deliv. 2013, 4 (11), 1443-1467 DOI: 10.4155/tde.13.104.

(128) Leader, B.; Baca, Q. J.; Golan, D. E. Protein therapeutics: a summary and
pharmacological classification. Nat. Rev. Drug Discov. 2008, 7 (1), 21-39 DOI:
10.1038/nrd2399.

(129) Gregoriadis, G.; Jain, S.; Papaioannou, I.; Laing, P. Improving the therapeutic efficacy of
peptides and proteins: A role for polysialic acids. Int. J. Pharm. 2005, 300 (1-2), 125-130
DOI: 10.1016/j.ijpharm.2005.06.007.

(130) Pérez, C.; Castellanos, I. J.; Costantino, H. R.; Al-Azzam, W.; Griebenow, K. Recent
trends in stabilizing protein structure upon encapsulation and release from bioerodible
polymers. J. Pharm. Pharmacol. 2002, 54 (3), 301-313.

(131) Parveen, S.; Sahoo, S. K. Nanomedicine: Clinical Applications of Polyethylene Glycol
Conjugated Proteins and Drugs. Clin. Pharmacokinet. 2006, 45 (10), 965-988 DOI:
10.2165/00003088-200645100-00002.

(132) Harris, J. M.; Chess, R. B. Effect of pegylation on pharmaceuticals. Nat. Rev. Drug
Discov. 2003, 2 (3), 214-221 DOI: 10.1038/nrd1033.

(133) GREGORIADIS, G. CHAPTER 1.2 - Liposome research in drug delivery and targeting:
thoughts of an early participant A2 - LASIC, D.D. In Medical Applications of Liposomes;
PAPAHADJOPQULOS, D., Ed.; Elsevier Science B.V.: Amsterdam, 1998; pp 9-13.

(134) Photos, P. J.; Bacakova, L.; Discher, B.; Bates, F. S.; Discher, D. E. Polymer vesicles in
vivo: correlations with PEG molecular weight. J. Control. Release Off. J. Control. Release
Soc. 2003, 90 (3), 323-334.

(135) Lee, J. C.; Bermudez, H.; Discher, B. M.; Sheehan, M. A.; Won, Y. Y.; Bates, F. S,;
Discher, D. E. Preparation, stability, and in vitro performance of vesicles made with
diblock copolymers. Biotechnol. Bioeng. 2001, 73 (2), 135-145.

(136) Nardin, C.; Hirt, T.; Leukel, J.; Meier, W. Polymerized ABA Triblock Copolymer
Vesicles. Langmuir 2000, 16 (3), 1035-1041 DOI: 10.1021/1a990951u.

(137) Napoli, A.; Boerakker, M. J.; Tirelli, N.; Nolte, R. J. M.; Sommerdijk, N. A. J. M;
Hubbell, J. A. Glucose-oxidase based self-destructing polymeric vesicles. Langmuir ACS
J. Surf. Colloids 2004, 20 (9), 3487-3491.

(138) Arifin, D. R.; Palmer, A. F. Polymersome Encapsulated Hemoglobin: A Novel Type of
Oxygen Carrier. Biomacromolecules 2005, 6 (4), 2172-2181 DOI: 10.1021/bm0501454.

73



(139) Kishimura, A.; Koide, A.; Osada, K.; Yamasaki, Y.; Kataoka, K. Encapsulation of
Myoglobin in PEGylated Polyion Complex Vesicles Made from a Pair of Oppositely
Charged Block lonomers: A Physiologically Available Oxygen Carrier. Angew. Chem. Int.
Ed. 2007, 46 (32), 6085-6088 DOI: 10.1002/anie.200701776.

(140) Nardin, C.; Widmer, J.; Winterhalter, M.; Meier, W. Amphiphilic block copolymer
nanocontainers as bioreactors. Eur. Phys. J. E 2001, 4 (4), 403-410 DOL:
10.1007/s101890170095.

(141) Rameez, S.; Alosta, H.; Palmer, A. F. Biocompatible and Biodegradable Polymersome
Encapsulated Hemoglobin: A Potential Oxygen Carrier. Bioconjug. Chem. 2008, 19 (5),
1025-1032 DOI: 10.1021/bc700465v.

(142) Lu, Y.; Sun, W.; Gu, Z. Stimuli-responsive nanomaterials for therapeutic protein delivery.
J. Controlled Release 2014, 194, 1-19 DOI: 10.1016/j.jconrel.2014.08.015.

(143) Napoli, A.; Valentini, M.; Tirelli, N.; Muller, M.; Hubbell, J. A. Oxidation-responsive
polymeric vesicles. Nat. Mater. 2004, 3 (3), 183-189 DOI: 10.1038/nmat1081.

(144) Li, S.; Meng, F.; Wang, Z.; Zhong, Y.; Zheng, M.; Liu, H.; Zhong, Z. Biodegradable
polymersomes with an ionizable membrane: Facile preparation, superior protein loading,
and endosomal pH-responsive protein release. Eur. J. Pharm. Biopharm. 2012, 82 (1),
103-111 DOI: 10.1016/j.ejpb.2012.05.0009.

(145) Mora-Huertas, C. E.; Fessi, H.; Elaissari, A. Polymer-based nanocapsules for drug
delivery. Int. J. Pharm. 2010, 385 (1-2), 113-142 DOI: 10.1016/j.ijpharm.2009.10.018.

(146) Olayo-Valles, R.; Rinaldi, C. Modulation of Interparticle Interactions and Specific
Absorption Rate in Magnetomicelles through Changes in the Molecular Weight of the
Hydrophobic Polymer Block. Part. Part. Syst. Charact. 2013, 30 (11), 964-971 DOI:
10.1002/ppsc.201300157.

(147) Azzam, T.; Eisenberg, A. Monolayer-Protected Gold Nanoparticles by the Self-Assembly
of Micellar Poly(ethylene oxide)- b -Poly(e-caprolactone) Block Copolymer. Langmuir
2007, 23 (4), 2126-2132 DOI: 10.1021/1a0627563.

(148) Liu, C.; Gong, C.; Pan, Y.; Zhang, Y.; Wang, J.; Huang, M.; Wang, Y.; Wang, K.; Gou,
M.; Tu, M.; et al. Synthesis and characterization of a thermosensitive hydrogel based on
biodegradable amphiphilic PCL-Pluronic (L35)-PCL block copolymers. Colloids Surf.
Physicochem. Eng. Asp. 2007, 302 (1-3), 430-438 DOI: 10.1016/j.colsurfa.2007.03.006.

(149) Oh, J. M.; Lee, S. H.; Son, J. S.; Khang, G.; Kim, C. H.; Chun, H. J.; Min, B. H.; Kim, J.
H.; Kim, M. S. Ring-opening polymerization of e-caprolactone by poly(propyleneglycol)
in the presence of a monomer activator. Polymer 2009, 50 (25), 6019-6023 DOI:
10.1016/j.polymer.2009.08.022.

(150) Hyun, H.; Kim, M. S.; Khang, G.; Lee, H. B. Ring-opening polymerization of
trimethylene carbonate by poly(ethylene glycol) in the presence of HCI-Et20 as a
monomer activator. J. Polym. Sci. Part Polym. Chem. 2006, 44 (13), 4235-4241 DOI:
10.1002/pola.21504.

(151) Mlynarik, V. Introduction to nuclear magnetic resonance. Anal. Biochem. 2016 DOI:
10.1016/j.ab.2016.05.006.

(152) lzunobi, J. U.; Higginbotham, C. L. Polymer Molecular Weight Analysis by * H NMR
Spectroscopy. 2011.

(153) Mori, S.; Barth, H. G. Size Exclusion Chromatography; Springer Berlin Heidelberg:
Berlin, Heidelberg, 1999.

74



(154) Kim, S. Y.; Lee, Y. M.; Baik, D. J.; Kang, J. S. Toxic characteristics of methoxy
poly(ethylene glycol)/poly(g-caprolactone) nanospheres; in vitro and in vivo studies in the
normal mice. Biomaterials 2003, 24 (1), 55-63 DOI: 10.1016/S0142-9612(02)00248-X.

(155) Martin, C.; Dolmazon, E.; Moylan, K.; Fowley, C.; McHale, A. P.; Callan, J. F.; Callan,
B. A charge neutral, size tuneable polymersome capable of high biological encapsulation
efficiency and cell permeation. Int. J. Pharm. 2015, 481 (1-2), 1-8 DOI:
10.1016/j.ijpharm.2014.12.061.

(156) Letchford, K.; Burt, H. A review of the formation and classification of amphiphilic block
copolymer nanoparticulate structures: micelles, nanospheres, nanocapsules and
polymersomes. Eur. J. Pharm. Biopharm. Off. J. Arbeitsgemeinschaft Fir Pharm.
Verfahrenstechnik EV 2007, 65 (3), 259-269 DOI: 10.1016/j.ejpb.2006.11.009.

(157) Van De Hulst, H. C. Light Scattering by Small Particles, 1st ed.; Dover, 1981.

(158) Pecora, R. Dynamic Light Scattering Measurement of Nanometer Particles in Liquids. J.
Nanoparticle Res. 2000, 2 (2), 123-131 DOI: 10.1023/A:1010067107182.

(159) Li, Y.; Barron, A. R. Dynamic Light Scattering - OpenStax CNX
http://cnx.org/contents/P8MNrZNN@1/Dynamic-Light-Scattering (accessed Jul 27, 2016).

(160) Dynamic Light Scattering - an Important Tool for Protein Crystallography and
Nanotechnology - http://www.analytica-world.com/en/whitepapers/61632/dynamic-light-
scattering-an-important-tool-for-protein-crystallography-and-nanotechnology.htmi
(accessed Jul 27, 2016).

(161) Clogston, J. D.; Patri, A. K. Zeta Potential Measurement. In Characterization of
Nanoparticles Intended for Drug Delivery; McNeil, S. E., Ed.; Humana Press: Totowa,
NJ, 2011; Vol. 697, pp 63-70.

(162) Meunier, V.; Bourri€p, M.; Berger, Y.; Fabre, G. The human intestinal epithelial cell line
Caco-2; pharmacological and pharmacokinetic applications. Cell Biol. Toxicol. 1995, 11
(3-4), 187-194 DOI: 10.1007/BF00756522.

(163) Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P. Molecular Biology of
the Cell, 4th ed.; Garland Science, 2002.

(164) Du, Y.; Chen, W.; Zheng, M.; Meng, F.; Zhong, Z. pH-sensitive degradable chimaeric
polymersomes for the intracellular release of doxorubicin hydrochloride. Biomaterials
2012, 33 (29), 7291-7299 DOI: 10.1016/j.biomaterials.2012.06.034.

(165) Sood, N.; Jenkins, W. T.; Yang, X.-Y.; Shah, N. N.; Katz, J. S.; Koch, C. J.; Frail, P. R;;
Therien, M. J.; Hammer, D. A.; Evans, S. M. Biodegradable Polymersomes for the
Delivery of Gemcitabine to Panc-1 Cells. J. Pharm. 2013, 2013, 1-10 DOI:
10.1155/2013/932797.

(166) Sanson, C.; Schatz, C.; Le Meins, J.-F.; Soum, A.; Thévenot, J.; Garanger, E.;
Lecommandoux, S. A simple method to achieve high doxorubicin loading in
biodegradable polymersomes. J. Controlled Release 2010, 147 (3), 428-435 DOI:
10.1016/j.jconrel.2010.07.123.

(167) Liu, G.; Ma, S.; Li, S.; Cheng, R.; Meng, F.; Liu, H.; Zhong, Z. The highly efficient
delivery of exogenous proteins into cells mediated by biodegradable chimaeric
polymersomes. Biomaterials 2010, 31 (29), 75757585 DOL:
10.1016/j.biomaterials.2010.06.021.

(168) Cifuentes-Rius, A.; de Puig, H.; Kah, J. C. Y.; Borros, S.; Hamad-Schifferli, K.
Optimizing the Properties of the Protein Corona Surrounding Nanoparticles for Tuning
Payload Release. ACS Nano 2013, 7 (11), 10066-10074 DOI: 10.1021/nn404166q.

75



(169) Ritz, S.; Schottler, S.; Kotman, N.; Baier, G.; Musyanovych, A.; Kuharev, J.; Landfester,
K.; Schild, H.; Jahn, O.; Tenzer, S.; et al. Protein Corona of Nanoparticles: Distinct
Proteins Regulate the Cellular Uptake. Biomacromolecules 2015, 16 (4), 1311-1321 DOI:
10.1021/acs.biomac.5b00108.

(170) Mahmoudi, M.; Lynch, I.; Ejtehadi, M. R.; Monopoli, M. P.; Bombelli, F. B.; Laurent, S.
Protein—Nanoparticle Interactions: Opportunities and Challenges. Chem. Rev. 2011, 111
(9), 5610-5637 DOI: 10.1021/cr100440g.

(171) Westmeier, D.; Chen, C.; Stauber, R. H.; Docter, D. The bio-corona and its impact on
nanomaterial toxicity. Eur. J. Nanomedicine 2015, 7 (3) DOI: 10.1515/ejnm-2015-0018.

(172) Hirsh, S. L.; McKenzie, D. R.; Nosworthy, N. J.; Denman, J. A.; Sezerman, O. U.; Bilek,
M. M. M. The Vroman effect: Competitive protein exchange with dynamic multilayer
protein aggregates. Colloids Surf. B Biointerfaces 2013, 103, 395-404 DOI:
10.1016/j.colsurfb.2012.10.039.

(173) Song, S.; Xie, T.; Ravensbergen, K.; Hahm, J. Ascertaining effects of nanoscale polymeric
interfaces on competitive protein adsorption at the individual protein level. Nanoscale
2016, 8 (6), 34963509 DOI: 10.1039/C5NR07465G.

(174) The nanoparticle biomolecule corona: lessons learned — challenge accepted? - Chemical

Society Reviews (RSC Publishing)
http://pubs.rsc.org/en/content/articlelanding/2015/cs/c5¢cs00217f#!divAbstract  (accessed
Jun 5, 2016).

76



