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Resumo

0 glioblastoma multiforme (GBM) é um tumor maligno que afeta o sistema nervoso central
(SNC). O seu tratamento convencional passa por cirurgia, seguido de radioterapia e
quimioterapia. No entanto, a barreira hematoencefalica (BHE) que impossibilita a passagem da
maioria dos agentes terapéuticos até ao tumor é uma das principais limitacdes da terapia. A
encapsulacdo de farmacos em nanoparticulas (NPs) é uma alternativa de forma a conseguir
ultrapassar a BHE e atingir o tecido alvo com sucesso.

Neste sentido, o objetivo deste trabalho foi desenvolver NPs de poli(acido latico-co-
glicolico) (PLGA) para a encapsulacdo do composto natural acido galico (AG) devido as suas
propriedades antioxidantes e anticancerigenas. As NPs foram modificadas com acido folico (AF),
dado a sobreexpressao do seu recetor nas células tumorais, contribuindo para o direcionamento
ativo das NPs.

A preparacao das NPs foi optimizada utilizando o modelo Design Composto Central (DCC).
As NPs obtidas tém propriedades fisico-quimicas adequadas para internalizacdo do farmaco no
tecido tumoral, apresentando uma eficiéncia de encapsulacao (EE) de 50% e perfil de libertacao
controlado em condicdes fisiologicas ao longo de 15 dias. Ensaios celulares in vitro nas linhas
celulares U251 e NHA revelaram que a terapia com GA livre inibiu a proliferacao celular mais
eficientemente do que a terapia com NPs, o que pode ser explicado devido a lenta libertacao

do GA. Adicionalmente, foi possivel concluir que as NPs sao biocompativeis.

Palavras-chave: Glioblastoma multiforme; Barreira Hematoencefalica; Nanoparticulas; Poli
(acido latico-co-glicdlico); Acido Galico; Acido Félico; Desenho experimental; Eficiéncia de

Encapsulacao.
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Abstract

Glioblastoma multiforme (GBM) is a malignant tumor that affects the central nervous
system (CNS). Its conventional treatment involves surgery, followed by radiation therapy and
chemotherapy. However, the blood-brain barrier (BBB) that makes it impossible for most
therapeutic agents to pass through to the tumor is one of the main limitations of therapy. The
encapsulation of drugs in nanoparticles (NPs) is an alternative to overcome the BBB and
successfully reach the target tissue.

In this sense, the aim of this work was to develop poly(lactic-co-glycolic acid) (PLGA) NPs
for the encapsulation of the natural compound gallic acid (GA) due to its antioxidant and
anticancer properties. The NPs were modified with folic acid (FA), given the overexpression of
its receptor in tumor cells, contributing to the active targeting of the NPs.

The preparation of the NPs was optimized using the Central Composite Design (CCD) model.
The obtained NPs have physicochemical properties suitable for drug internalization in tumor
tissue, showing an encapsulation efficiency (EE) of 50% and a controlled release profile under
physiological conditions over 15 days. In vitro cell assays on U251 and NHA cell lines revealed
that free GA therapy inhibited cell proliferation more efficiently than therapy with NPs, which
can be explained due to the slow release of GA. Additionally, it could be concluded that NPs

are biocompatible.

Keywords: Glioblastoma multiforme; Blood-brain Barrier; Nanoparticles; Poly (lactic-co-

glycolic acid); Gallic Acid; Folic Acid; Central Composite Design; Encapsulation Efficiency.
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Introduction 1

Chapter 1

Introduction

Glioblastoma multiforme (GBM) is part of the family of malignant gliomas, being highly
proliferative, aggressive, and invasive. Thus, this type of cancer has a reduced survival rate,
with a high probability of recurrence. The treatment of this disease involves surgical resection,
followed by chemotherapy and radiotherapy, which can prolong the survival time of young
patients by up to 202 weeks [1].

In addition, the anatomical location of this malignant tumor implies the passage of the
therapeutic agent through the blood-brain barrier (BBB), which is quite difficult since this
physiological barrier does not allow the passage of most compounds through it. In this sense, it
is important to develop therapies that allow better performance in the treatment of this
disease, such as the use of nanoparticles (NPs) for drug delivery [2].

Gallic Acid (GA) is a natural phenolic compound, present in various fruits and herbs, which
can be applied in drugs to fight cancer, microbial infections, and cardiovascular diseases due
to its antioxidant and anti-cancer properties [3]. However, their therapeutic effects often
cannot be achieved due to rapid metabolism and low bioavailability. One solution is to use
nanoformulations for encapsulation of this drug to enhance these properties and thus improve
drug delivery in tumor tissue [4].

This project aims to develop nanoparticles (NPs), using the emulsion-simple method, for
the encapsulation of natural compounds, namely gallic acid (GA), in the treatment of GBM. To
improve their performance, the NPs were functionalized with folic acid (FA), since this
compound has an overexpression of receptors in tumor cells, which will increase the specificity

and therapeutic efficacy [5].

1.1 Structure of the Dissertation



2 Introduction

This dissertation is organized into five distinct chapters. Chapter 1 introduces the subject
of the work and its main objectives. Chapter 2 represents the state of the art, where the main
topics and concepts are addressed, namely the approach to GBM disease, its standard
treatment, and the limitations associated with it, as well as the use of natural compounds in
nanomedicine as new approaches to the treatment of this disease. Chapter 3 presents the
methodologies used in the realization of this project. Chapter 4 focuses on the presentation
and discussion of the results obtained, culminating in Chapter 5, where the main conclusions

of the work and future perspectives are presented.

1.2 Dissertation Output

The research work was carried out at LEPABE - Laboratory for Process Engineering
Environment, Biotechnology, and Energy at the Faculty of Engineering of the University of
Porto. The in vitro studies were performed at i3S - Institute for Research and Innovation in
Health.

This work was presented at a conference:

Alves, Bruna, Loureiro, Joana. A., Ramalho, Maria Joao and Pereira, Maria Carmo. Tumor-
targeting nanoparticles for glioblastoma therapy with antioxidant compounds. in 16th
Encontro de Investigacao Jovem da Universidade do Porto (IJUP), 10-12 May 2023, Porto,

Portugal (oral presentation).
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Chapter 2

State of the Art

2.1 Glioblastoma Multiforme

Glioblastoma Multiforme (GBM) are malignant tumors of the central nervous system (CNS)
[6]. This type of tumor is a subtype of primary brain tumors, called gliomas, which can be
classified into astrocytic tumors, oligodendrogliomas, ependymomas, and mixed gliomas,
depending on their cell origin. According to their level of malignancy, gliomas are classified
into four grades (I to 1V), established by the World Health Organization (WHO) [7]. In this way,
GBM is a grade IV primary astrocytoma due to its aggressiveness and invasiveness [8].

This malignant tumor can be divided into primary or secondary GBMs regarding its clinical
form: primary GBMs are the most common, accounting for approximately 90% of the cases, and
occur mostly de novo in older patients, without clinical antecedents; on the opposite,
secondary GBMs are more prevalent in younger patients, exhibiting a slower progression (10-15
years) and are derived from prior low-grade astrocytoma [9], [10]. Besides that, in secondary
GBM the level of tissue necrosis is lower, and the tumor is usually located in the frontal lobe.
The prognosis for secondary GBM is considerably better when compared with the primary type
[9]. There are also some molecular differences between both, for example, in primary GBMs,
the epidermal growth factor receptor (EGFR) is mutated and amplified, and in secondary form,
there is increased signaling in platelet-derived growth factor receptor alpha (PDGFRA) [8].
Despite the complexity and heterogeneity of gene expression presented by GBM, some
molecular markers have been identified, due essentially to their overexpression and
amplification, as examples are EGFR, isocitrate dehydrogenase (IDH-1/2), and O6-
methylguanine-DNA methyltransferase (MGMT) [10], [11].
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According to The Cancer Genome Atlas Research (TCGA), GBMs can also be classified into
four transcriptional subclasses based on their genetic and epigenetic markers [10]. These
subtypes are classical, mesenchymal, proneural, and neural, which represent different
expression profiles and genetic alterations [12]. The mesenchymal subtype is characterized by
neurofibromin 1 (NF1) tumor suppressor gene mutation and frequent mutations in some tumor
suppressor genes like phosphatase and tensin homolog (PTEN) and TP53. The classical subtype
doesn’t have TP53 mutation but presents amplification in EGFR and is extremely proliferative.
These two types are the most aggressive tumors. The proneural GBM is characterized by
mutations in IDH1, PDGFRA, and TP53. The last subtype, neural, has many genes that are also
characteristics of noncancerous neurons [13].

Even though the global incidence is 2 to 5 cases per 100,000 people, these tumors represent
more than 49% of all primary malignant brain tumors, with a median survival rate of 14 to 15
months after diagnosis [14]-[16]. Is estimated that each year, 250,000 new cases of GBM appear
worldwide [15]. This cancer has a 6.8% of five-year survival rate and a mean age of 64 years for
a diagnosis [16]. The incidence of GBM has grown in the past 20 years, probably as a result of
the improvement in medicine, specifically in radiologic diagnosis [17]. Additionally, the
prevalence of these tumors increases with age, being higher in men than women (1.5 times
more) and Caucasians when compared with other ethnic groups (2 times more) [18].

Beyond being life-threatening, this tumor also has a negative effect on patients’ daily basis
as a consequence of brain damage, resulting in the loss of their cognition, behavior, and body
control [16]. Clinically, patients who have been diagnosed with GBM can reveal symptoms like
headaches, focal neurologic deficits, confusion, memory loss, and personality changes [19].

GBM is characterized by variations in tumor appearance from one brain region to another,
showing heterogeneity. These types of tumors show a wide range of cell differentiation, ranging

from poorly differentiated tumor cells to multinucleated cells with necrosis [20].

2.2 Conventional Treatment of GBM and its Limitations

Although there are currently numerous efforts to improve the therapy of these tumors, the
treatment of GBM is still a clinical challenge due to its heterogeneity, complexity, location,
and acquired resistance to chemotherapy, making their treatment even more challenging [21].

The conventional approach for GBM diagnosis is magnetic resonance imaging (MRI) since it
has high anatomical resolution and great soft tissue contrast [22]. The GBM gold standard
treatment is essentially based on surgical resection of the tumor followed by radiotherapy
cycles combined with chemotherapy [23]. The purpose of surgery is to remove as much of the
tumor mass as possible and also to define the histopathological diagnosis of the tumor. From
this analysis, it is possible to determine which therapy will best increase the patient’s survival

rate [11].
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Since GBM is a very invasive tumor, it is not possible to totally remove it at surgery, is
necessary to follow it with radiotherapy and adjuvant temozolomide (TMZ), to kill the tumor
cells that are still present in the brain [24]. Thus, during the first 6 weeks, radiotherapy is
performed in 2 gray fractions (Gy) for a total dose of 40-60 Gy in conjunction with TMZ 75
mg/m? followed by 6 months (6 cycles) of adjuvant TMZ 150-200 mg/m? every 28 days [25].

However, some limitations and risk factors are associated with radiotherapies such as
radiation necrosis, radiation-induced permanent neuronal damage, and radio-resistance of
some tumors [26]. Intensity-modulated radiation therapy and boron neuron capture therapy are
newer radiation therapies with lower toxicity to healthy tissues and have the same efficacy as
conventional radiotherapy. These newest types of radiation are being used in patients with
malignant gliomas to test their efficacy [27], [28].

It should also be noted that the recurrence of this type of tumor is high, with most patients
presenting tumor recurrence within 6.9 months after diagnosis. When this occurs, reoperation
or re-irradiation is often not allowed, and the best treatment option for these patients is clinical
trials [29].

Simultaneously with radiation therapy, chemotherapy is performed usually with TMZ. This
is an alkylating agent, used for standard chemotherapy since 1999. It has optimal penetration
into the CNS and its bioavailability is around 96-100%. It is responsible for promoting the
methylation of the 06 position in guanine (N7-guanine and N3 adenine). Its use has slightly
increased the survival rate of GBM patients, however, there are side effects such as nausea and
myelosuppression that compromise its use [30].

Besides TMZ, other alkylating drugs such as nitrosoureas, carmustine (1,2 bis[2-
chloreoethyl]-1-nitrosourea BCNU), and lomustine (CCNU) are used in the treatment of GBM.
These drugs are also associated with side effects such as nausea, vomiting, skin rashes, and
pulmonary fibrosis. BCNU is the second most widely used agent for GBM therapy after TMZ.
Despite its approval, the administration is not widely used due to slow healing, intracranial
edema, cerebrospinal fluid leak, and intracranial infection [31].

Thus, to obtain better results, it is necessary to overcome some challenges that continue
to prevent effective treatment of GBM, among which: incomplete tumor resection, high degree
of genetic heterogeneity, unique blood-brain barrier (BBB), immunosuppressive

microenvironment and high toxicity of the therapies [18].

2.3 Natural Compounds for the Treatment of GBM

Natural compounds are substances with therapeutic potential due to their well-known
biological benefits [26], [32]. For this reason, natural products have been found in various

medical applications since the beginning of medicine and are still present today [33]. Thus, in

XV
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recent years, several studies have emerged to investigate the influence of these types of
compounds in fighting cancer, particularly its development and progression [34].

Currently, there is a wide range of natural substances that are recognized for their
antioxidant, anti-inflammatory properties, and cancer chemopreventive potential [34]. Several
studies have shown that using natural compounds to fight different types of cancer may be a
way forward due to their effectiveness [33]. Between 1980 and 2019, the percentage of new
drugs derived from natural products in combating cancer was approximately 25% [26].

Regarding GBM, there are several natural substances, such as curcumin, cardamom, and
resveratrol, among others, that exhibit oncological effects in vitro and in vivo. Park et al.
(2019) studied the effects of curcumin on anti-migration and anti-invasion in GBM cells. The
results showed that curcumin suppresses the expression of fascin (the actin-binding protein
that is related to the migration and invasion of GBM cells), thus revealing its oncological effect
[35]. Manjunath and Mahurkar (2019) evaluated the cytotoxicity of cardamom, in vitro, using
brain cancer cell lines. The results obtained showed that cardamom is one of the compounds
with above-average antitumor activity [36]. Zou et al. (2017) investigate the neuroprotective
effect of resveratrol against tumor brain injury, in vivo. The results showed that this compound
is able to reduce tumors [37]. When compared to synthetic drugs used to treat cancer, natural
compounds have greater efficacy and less toxicity to the body. Although this wide range of
compounds exhibits anti-glioma activity, their eligibility for clinical approval is still scarce [33].
Thus, despite the high variety of natural compounds with anti-cancer properties for GBM, it is
necessary to proceed and have the validation of clinical trials to corroborate their efficacy and

demonstrate safety in their use, which so far is still a challenge to overcome [32].

2.3.1 Role of Gallic Acid in GBM Treatment

Gallic acid (GA), 3,4,5-trihydroxy benzoic acid, is a natural polyhydroxyphenolic compound
that is found in various foods and plants such as nuts, hazelnuts, cloves, tea leaves,
strawberries, and others [38], [39]. This compound has a yellowish-white color and a melting
point of 250°C. Its molecular weight is 170.12 Da and it has a solubility of water at 20°C of 11.0
pg/mL [40]. In addition, GA is soluble in alcohol, ether, glycerol, and acetone [41]. Figure 1

represents the chemical structure of GA.
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Figure 1 - Chemical structure of GA.

This compound is usually obtained from its precipitation from an aqueous solution with
concentrated sulfuric acid. GA can also be produced by acid hydrolysis of tannic acid, microbial
hydrolysis of tannic acid by tannase, or released by the oxidation of gallotannins [41].

GA exhibits several biological properties: anti-bacterial, anti-viral, antioxidant, and anti-
carcinogenic [42]. Due to these characteristics, it is widely applied in several fields of science
and medicine, namely in the treatment of arthritis and fungal infections [39]. In addition,
several foods containing this substance have been used as natural remedies for many years.
Derivatives of this substance are also widely used and researched by science that, due to their
biological properties, can also have positive effects against different types of diseases [41].

The anti-carcinogenic activity of GA has already been shown in several in vitro and in
vivo studies for different types of cancer: lung, prostate, breast, leukemia, GBM, and others
[43]. GA is characterized by having low toxicity, which induces cancer cell death without
damaging normal cells [39], [40]. Also, GA has a low price.

According to Yong et al., GA can suppress proliferation, metastasis, and angiogenesis in
human glioma cells (U87 and U251) through a disintegrin and metalloprotease 17 (ADAM17)
suppression and down-regulation of PI3K/Akt and Ras/MAPK signaling pathways. Through
mitochondrial apoptotic pathways, it was shown that this compound also induces cell death of
other human GBM cells (DBTRG-05MG) and does not compromise the viability of healthy cells,
namely astrocytes, in mouse brain endothelial cells, in vitro. It was also verified through other
studies that GA can decrease AKT and MAPK pathways, inhibiting cell proliferation and growth
of U87 and T98G cells [44].

Although several studies have been developed over the past decades for the treatment
of different types of cancer, namely lung cancer, prostate cancer, and stomach cancer, using
GA, more clinical trials are needed to improve the therapeutic potential of GA for GBM therapy
[39]. Even though GA has been reported to exhibit cytotoxicity for GBM cell lines, its effect on
cells exposed to radiation is not yet clearly known [43]. Also, its bioavailability has been
evaluated in different animal models [41]. This natural compound, when used in the body in

free form shows rapid absorption but its concentration on the target tissue is low. In addition,
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it should also be noted that it is relatively easily eliminated from the body, thus presenting a
rapid metabolism [42].

Furthermore, achieving an improvement in the distribution of GA in the brain area will
allow this compound to be more effective [42]. Thus, the advancement in the research of GA
may be a roadmap for its clinical applicability to be an achievable goal in the near future [40].
Thus, different studies suggest that its use be carried out in conjunction with innovative
technologies, such as nanodelivery so that its properties can be improved and greater

effectiveness and efficiency in its use can be achieved.

2.4 Brain Delivery of Natural Compounds for GBM

Natural compounds have shown great potential for the treatment of different brain
malignancies such as GBM. However, their systemic administration has several limitations. Most
natural compounds have low solubility and stability which decreases their bioavailability in the
target tissues, compromising their use [45].

Additionally, the BBB poses a major obstacle to brain delivery. The BBB separates the
vascular system from the CNS and is extremely important in regulating brain homeostasis [46].
The BBB consists mainly of specialized endothelial cells connected by tight junctions (TJs) [47].
The endothelial cells form a thin layer, and it is through the TJs that they connect and exert
their barrier properties by interacting with astrocytes, pericytes, and perivascular
macrophages, thus forming the neurovascular unit. In addition, they also exhibit reduced
pinocytotic activity and prevent paracellular transport [48].

The BBB conducts the regulation of the influx and efflux of ions, macromolecules, and
nutrients to and from the brain. Thus, it protects the brain, preventing its direct exposure to
pathogens and potentially harmful agents, and ensures brain nutrition, allowing the brain to
function properly by isolating the brain tissue from the blood vascular system[49].
Approximately 98% of small molecules and 100% of macromolecules are prevented from crossing
the BBB due to the presence of TJs, with only 2% of small molecules such as anxiolytics,
antipsychotics, and opioids crossing this barrier [47], [50]. Thus, only a few molecules, with
specific properties such as small lipophilic molecules with molecular weight (MW) less than 400-
500 Dalton (Da) and less than nine hydrogen bonds, can diffuse through the BBB by simple
diffusion [46]. In addition, the efficiency of this process also depends on the lipid solubility and
the electrical charge of the solutes [49]. Other substances, such as nutrients, use transporters
located in the membranes to overcome this barrier.

Most molecules need a transport system that allows them to cross this barrier since many
of them are not absorbed by it [34]. The permeability of the BBB is a key factor in therapeutic
efficacy, which varies greatly between different compounds. Thus, it becomes paramount that

drugs cross the BBB to be effective in treating brain diseases such as GBM. It is also important
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to mention that the high bioavailability of a natural compound but low permeability in the BBB,
or vice versa, is insufficient since both factors are crucial for the drug to reach the tumor cells

and minimize the toxicity towards the healthy cells [32].

2.4.1 Nanomedicine

Nanotechnology is a multidisciplinary field that has had, in recent decades, extreme
importance and applicability in various areas, particularly in the industrial and medical fields.
This technology is defined according to the National Nanotechnology Initiative (NNI) as "a
science, engineering, and technology conducted at the nanometer scale (1 to 100 nm), where
unique phenomena allow novel applications in a wide range of fields, from chemistry, physics,
and biology, to medicine, engineering, and electronics.” [51]. Thus, nanotechnology involves
the design, production, characterization, and application within the nanoscale dimension [52].

Therefore, nanomedicine arises, which represents the application of nanotechnology in
health, and may thus revolutionize the diagnosis and treatment of certain diseases, particularly
cancer, since it can offer solutions to overcome the current limitations of clinical treatment
such as chemotherapy and radiotherapy. Drug encapsulation into nanoparticles (NPs) allows to
increase their stability and effectively deliver them to the target tissues with reduced side
effects. NPs are advantageous for cancer therapy since they can infiltrate the tumor tissue with
high specificity and make significant progress in their treatment [53]. Tumors usually have a
poorly draining lymphatic vasculature, which is subsequently reflected in abnormal
permeabilization of the vascular system. This phenomenon is known as the enhanced
permeability and retention (EPR) effect. This effect allows NPs to accumulate within the tumor
tissue, followed by the release of therapeutic substances [54]. This approach implies, however,
that the transport of NPs takes place for particles with a size between 7-200 nm since the
existing vascular ranges are in this scope [55]. Figure 2 represents the difference between the

normal lymphatic system and the dysfunctional lymphatic system.

<= Endothelial cells @ Tumorcells &) Angiogenic endothelial cells (o) Normal cells ) Nanoparticles

Figure 2 - Comparison between normal and dysfunctional lymphatic systems [56].
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Currently, there are drug delivery systems (DDS) for anti-cancer drugs in clinical use,
representing the great potential of this area. According to Anselmo and Mitragotri (2019), by
2016, more than 25 nanomedicines had been approved by Food and Drug Administration (FDA)
or European Medicines Agency (EMA). In 2019, three new nanomedicines joined this list
(Patisiran/ONPATTRO, VYXEOS, and NBTXR3/Hensify) and more than 15 new NP-based
technologies started clinical trials [57]. Table 1 presents some of the nanoformulations that are

recurrently on the market.

Table 1 - Examples of current clinically approved nanoformulations on the market [57].

Approved Approval
Name (company) Particle type/drug
application/indication (year)
Onivyde MM-398 Liposomal irinotecan Metastatic pancreatic
FDA (2015)
(Merrimack) (PEGylated) cancer (secondary)
Hafnium oxide nanoparticles
stimulated with external
NBTXR3 Hensify Locally advanced squamous CE Mark
radiation to enhance tumor
(Nanobiotix) cell carcinoma (2019)
cell death via electron
production
Liposomal doxorubicin (non- Treatment of metastatic
Myocet (Teva UK) EMA (2000)
PEGylated) breast cancer (primary)
Liposomal formulation of
VYXEOS CPX-351 (Jazz FDA (2017)
cytarabine: daunorubicin Acute myeloid leukemia
Pharmaceuticals) EMA (2018)

(5:1M ratio)

Besides cancer therapy, nanomedicine has been widely explored for drug delivery of
pharmaceuticals for the treatment of other diseases; diagnostics; regenerative medicine, and
implantable devices [58]. This approach enables to allow using drugs or materials used, which
were often compromised due to the reduced solubility, bioavailability, or rapid metabolism of
the substance [45].

In this way, the idea behind this technology seeks to design nanoscale materials and devices
with unique therapeutic properties, such as optical, electronic, or structural features, that are
often not available in the materials in question through their bulk solids/individual molecules
[59].

There are several ways to classify NPs, one of which is to divide them into two distinct
groups, considering their chemical components: organic NPs and inorganic NPs. Within organic
NPs, there are liposomes and polymeric NPs. The firsts are characterized by spherical vesicles

composed of phospholipids. These vesicles can fuse with the cell membrane to selectively
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deliver their contents and therefore are widely used for drug delivery to fight cancer. Polymeric
NPs can be synthetic (poly (lactic-co-glycolic acid) (PLGA)) or natural (chitosan), with great
biodegradability, biocompatibility, and non-toxicity, being the most used NPs in the drug
delivery systems industry [60], [61].

Regarding inorganic NPs, these can be divided into: metallic NPS, which include precious
metals (gold or silver), and magnetic metals (iron oxide or cobalt)[60]. In addition to being
stable, easily synthesized, and biocompatible, magnetic NPs have magnetic properties [61];
metal oxide NPs, which are essentially composed of iron oxide (Fe;0,), titania (TiO,), or zirconia
(ZrO,), with high chemical stability, optical properties, and biocompatibility [60]; ceramic NPs:
normally composed of silica or aluminum but may also be composed of combinations of metallic
and non-metallic materials, which can transport molecules or drugs; quantum dots: NPs
composed of semiconductor or nanocrystal materials and present fluorescent properties. They
are usually coated with a shell, such as zinc sulfide (ZnS), to optimize their properties, however,
their use in the medical field is not yet consensual [60], [61]. Figure 3 schematically represents

the different types of NPs that can be found in nanomedicine.

NPs Types
) )
Organic Inorganic
. . . . s .
Liposomes Polymeric Metallic Metal oxide Ceramic Quantum

dots

& C ®

Figure 3 - Types of NPs in nanomedicine.

2.4.2 Overcoming the blood-brain barrier

Several drug candidates that have been shown to have significant pharmacological activity
have failed in clinical trials due to their insufficient passage through the BBB. It should also be
noted that this barrier has efflux pumps, mediating the efflux of harmful substances and drugs
out of the brain, thus being a major obstacle to therapeutic success [50].

In recent decades, several strategies for drug delivery through the BBB have been explored,
such as invasive methods as osmotic perturbation of the BBB and chemical perturbation of the
BBB. The former has been explored since the 1970s, however, despite some positive reports,
this approach has critical limitations such as its non-specificity and invasiveness, resulting, for

example, in seizures. Chemical disruption requires intra-arterial vasoactive agents that cause
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a temporary inflammatory reaction in endothelial cells. Despite many attempts, this technique
shows conflicting results in clinical trials [62]. Both rupture techniques promote stress on the
TJs so that these junctions loosen and consequently enable drug passage between endothelial
cells in the BBB.

Also, non-invasive approaches have been explored such as converting water-soluble
molecules unable to cross the BBB into liposoluble molecules. Despite the success of this
technique in crossing the BBB, many times the therapeutic molecule loses affinity with its target
receptor [63]. Despite the efforts to obtain techniques able to cross the BBB, there are still
some challenges such as systemic cytotoxicity due to poor selectivity of the drugs, increased
disruption of the BBB due to the drug entry route into the brain, and negligible brain
penetration (1-4% for most CNS drugs) due to low permeability of the BBB and/or rapid
elimination [46].

The use of nanotechnology-based systems such as NPs for drug delivery is a revolutionary
strategy, as it offers the possibility of delivering drugs to local areas of the brain by active
targeting [47]. In this approach NPs’ surface can be modified by targeting moieties such as
natural ligands, proteins, and antibodies with affinity for receptors that are overexpressed in
BBB endothelial cells, thus allowing them to cross this barrier and reach the brain tissue [64].
Different targeting moieties have been explored to target the BBB, and the most prevalent
targets for brain delivery are the receptors for the transport of transferrin [65], folic acid [66],
insulin [67], and low-density lipoprotein [68]. Folic acid (FA) is well-explored due to its small
size, high stability, and low cost [69]. Wei et al. (2018) constructed a model of liposomes
modified with FA and dNP2 peptide for PTX delivery. A monolayer cell culture was used as an
in vitro BBB model. Acid-cleavable FA accumulated at the tumor site through the interaction
of FA and Folate receptor (FR). Due to the synergistic BBB transmigration effect of FA and dNP2,
it led to an increase in the accumulation of drug-loaded liposomes in brain metastases. Finally,
FA mediated the selection of FR-positive tumor cells at the brain metastasis sites after
transmigration through the BBB [70].

The activity and organization of BBB are usually altered in GBM patients, often exhibiting a
disturbed and highly permeable BBB known as the blood-brain tumor barrier (BBTB) [47].
However, the above-mentioned receptors are still overexpressed in the BBTB, thus NPs for
active targeting are still a valid approach for brain delivery.

Other properties, such as surface charge, may represent an advantage when it comes to
crossing the BBB, such as negatively or neutrally charged NPs, not disturbing the integrity of
this barrier and presenting a longer half-life of blood circulation when compared to positively
charged NPs [71].



State of the Art 13

2.4.3 Currently Developed NPs for Natural Compounds Brain Delivery in
GBM

In the last years, several types of NPs have been developed for the delivery of different
natural compounds for GBM therapy. In particular resveratrol, quercetin, curcumin, and
camptothecin have been the most explored for NPs-mediated delivery. Table 2 summarizes the
current advances in this field, presenting the most recent and developed work for each of the

studied natural compounds for GBM.

Table 2 - Natural Compounds for GBM Therapy.
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Compound Name Type Surface Targeting Size Surface Studied Models Results Ref.
coating moiety (nm) charge
- Tf increased NPs internalization
PLGA Human GBM cells
Asiatic Acid PVA Tf 149 Negative into U87 cells when compared to [72]
NPs (U87)
unmodified NPs.
- Induce cell death by apoptosis and
oxidative stress and inhibit cell
proliferation and migration.
G23 Rat glioma cells [73]
Curcumin Zein NPs Polydopamine 120 Negative - G-23 modification increased the
peptide (C6)
NPs’ ability to penetrate the tumor
tissue by almost 2-fold when compared
with unmodified NPs.
- Increase the survival benefit when
compared with free BA and standard
Self- Intracranial GBM treatment, with a reduction of tumor
Betulinic Acid PVA n.a. 60 Negative [59]
assembled tumor-bearing mice size.
-Decrease the number of
proliferative tumor cells.
Gelatin Polysorbate Human GBM cells Induce apoptosis more
Cardamom n.a. 212 Negative [74]
NPs 80 (U87) significantly than free cardamom.
- Tumor-inhibitory effect.
Rat GBM cells (C6)
Pep-1 significantly increases
Resveratrol PCL NPs PEG Pep-1 30 n.d. subcutaneous GBM [75]

tumors-bearing rat

cellular absorption and antiproliferative

effects.
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Intracranial GL261

- Slow tumor growth with a mean

survival of 36.5 days.

Camptothecin PLGA NPs PVA n.a. 206 Negative tumors in immune [76]
-Delivery of larger amounts of
competent C57 albino mice
drug without adverse effects
E-TPGS -Increase by 2-fold the cellular
Rat glioma cells (C6)
Quercetin PMMs Poloxamer 407 n.a. 107.2 Negative absorption and by 1.7-fold the values [77]
Human GBM cells (U87)
Soluplus of 1C50 when compared with free Qu.
-25% reduction in U87MG cell
Genistein and
viability after 48h treatment
Temozolomide PLGA NPs n.a. n.a. 135.5 Positive Human GBM cells (U87) [78]
-30% reduction of wound healing
after 48h treatment.
-Decrease the survival of tumor
cells when combined with radiation.
Gallic Acid Gold NPs n.a. n.a. 23 n.d. Human GBM cells (U251) [43]
-32% of tumor cell death when
combined with radiation.
-Improved cell death when
Human GBM cells (U87) compared with free GA
Melatonin PCL NPs Tween 80 n.a. 166 Negative [79]
Male Wistar rats -NPs accumulate in the brain
tissue after intranasal administration
Chitosan  improved  KPF
accumulation in the brain.
Egg-lecithin Chitosan and 145 Negative Rat glioma cells (C6)
Kaempferol n.a. - Decrease tumor cell viability. [80]
nanoemulsion polysorbate 80 180 Positive Male Wistar rats

- Cytotoxicity in GBM is 20 times
higher than free drug.
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Abbreviations: poly(lactic-co-glycolic acid) (PLGA); transferrin (Tf); glioblastoma (GBM); immortalized human astrocytes (NHA); Blood-brain barrier (BBB); Vitamin-
E polyethyleneglycol-1000 succinate(E-TPGS); solid lipid nanoparticle (SLN); poly(ethylene glycol)-b-poly(caprolactone) (PEG-b-PCL); polymeric mixed micelles (PMMs);

epigallocatechin-3-gallate (EGCG); camptothecin (CPT), non-applicable (n.a.), non-disclosed (n.d).
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1) Asiatic Acid

Ramalho et al. (2022) developed transferrin (Tf)-conjugated polylactic-co-glycolic acid
(PLGA) NPs for the encapsulation of asiatic acid (AA). The nanosystem was evaluated in vitro
using human GBM cells (U87) and healthy brain cells as control (immortalized human astrocytes)
[72]. The results showed that the functionalization of PLGA NPs with Tf molecules significantly
improved the cellular uptake in GBM cells in two different treatment periods (0.5 and 2 hours).
Additionally, the authors proved that the internalization of the Tf-modified NPs occurs by TfR-
mediated endocytosis, by showing that blocking the TfR with Tf excess decreased the NPs’
uptake by 68 + 1%. In vitro cytotoxicity studies revealed that AA encapsulation did not alter its
therapeutic potential. Though, surface modification with Tf increased the IC50 values from 80
+ 2 UM to 130 + 18 pM, due to a slower compound release from the NPs. However, the authors
expect to prove in future in vivo studies that surface modification with Tf will enable the NPs

selectivity and bioaccumulation of the natural compound in the tumor tissue.

2) Curcumin

Zhang et al. (2021) developed zein NPs for the delivery of curcumin (CUR) for GBM therapy.
The NPs surface was coated with polydopamine to improve its colloidal stability and it was also
modified with a peptide (G23) with a well-proven ability to cross the BBB [73]. The
nanoformulation was evaluated in vitro using a BBB model composed of human brain endothelial
cells (hCMEC/D3 cells) and a model of rat glioma cells (Cé6). To evaluate the in vitro BBB
targeting ability, the NPs were modified with a fluorescent marker (coumarin 6). The results
showed that the G23 peptide improved the transcytosis after 8 hours of incubation, with about
16.9 + 2.2% of G23-modified NPs crossing the BBB model and only 9.6 + 1.5% and 7.8 + 1.8% for
free C6 and unmodified NPs, respectively. In vitro experiments using 3D models of cell spheroids
revealed that G-23 modification increases the NPs’ ability to penetrate the tumor tissue by
almost 2-fold when compared with unmodified NPs. Furthermore, the results showed that CUR
encapsulation improved its ability in inducing cell death by apoptosis and oxidative stress and
in inhibiting cell proliferation and migration. Interestingly, the surface modification with the

G23 peptide did not show improved efficacy when compared with non-modified NPs.

3) Betulinic Acid
Li et al. (2022) prepared betulinic acid (BA) self-assembled NPs to compare the
antiproliferative activity of free BA and BA NPs in GBM cells [59]. In a previous study, the
authors demonstrated that BA self-assembles into rod-shaped NP that can target the brain
tissue in a mice model [81]. Now, this work evaluated the efficacy of these NPs for glioma
treatment in vivo using intracranial tumor-bearing mice. The animals were grouped and

received treatment of PBS, TMZ, free BA, or BA NPs (20 mg/kg of BA 3 times per week). After
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3 weeks of treatment, it was found that compared to the group receiving PBS, the survival of
the mice receiving free BA and TMZ group was significantly increased, accompanied by a
decrease in the tumor size. Furthermore, the administration of BA-NPs further increased the
tumor growth inhibition and survival benefit when compared with TMZ and free BA. In addition,
no toxicity was observed in major organs, suggesting that intravenous administration of BA-NPs
has limited systemic toxicity is a safe and effective approach to inhibit GBM tumor development
[59].

4) Cardamom

The study conducted by Nejat et al. (2017) had as its main objective the production of
cardamom-loaded gelatin NPs as a potential delivery nanosystem for the treatment of GBM
[74]. The NPs were coated with polysorbate 80 due to its ability to cross the BBB. The authors
further evaluated the cytotoxic effects of the developed nanoformulation in vitro using human
GBM cells (U87). The cardamon-loaded NPs showed a higher level of apoptosis for GBM cells
treated with cardamom-loaded NPs when compared to the free compound. These results
support the possible applicability of cardamom-containing nanosystems for treating GBM

effectively.

5) Resveratrol

In this study by Lin et al. (2021), resveratrol (RES) was loaded in poly (caprolactone) (PCL)
NPs coated with PEG and functionalized with Pep-1 peptide with GBM tumors targeting ability
[75]. The developed nanoparticles were evaluated in vitro using rat glioma cells (C6).
Fluorescence microscopy and flow cytometry studies both revealed that Pep-1 modification
enhanced cell uptake when compared with control unmodified NPs. Furthermore, resveratrol
loaded in Pep-1 NPs showed higher antiproliferative effects in Cé cells than resveratrol in the
free form or loaded in non-modified NPs, which exhibited similar effects. Also of note, blank
NPs showed no toxicity to healthy brain cells.

In vivo experiments were performed in rats bearing subcutaneous tumors. The animals were
either treated with saline as control, free RES, RES loaded in Pep-1-modified NPs and RES loaded
in unmodified NPs) with three administrations at two-day intervals for 12 days. The suppressive
effect of free RES on the tumor was weak, in contrast to the effect exhibited by RES-NPs and
especially Pep-RES-NPs. Overall, the results confirmed the anti-GBM effects of both

nanoformulations without affecting healthy brain cells.

6) Camptothecin
Householder et al. (2015) developed PLGA NPs for the delivery of camptothecin (CPT) and
evaluated their ability to treat intracranial GBM-bearing mice [76]. The efficacy of CPT in

loaded in NPs versus free form was evaluated after weekly intravenous injections of saline, free
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CPT, NP-10 (PLGA NPs at a CPT dose of 10 mg/kg), or NP-20 (PLGA NPs containing CPT at 20
mg/kg) for 3 weeks. When treated with NP-20, tumor growth was significantly slowed and
showed a survival benefit over the other groups (mean survival of 36.5 days compared to 28,
32, and 33.5 days for saline, free CPT, and NP-10 respectively).

Histological analysis of the tumor tissue collected from mice treated with NP-20 showed an
increase in biomarkers for DNA damage compared to free CPT. The results support the
hypothesis that encapsulation of CPT in NPs allows the delivery of larger amounts of CPT to the

tumor tissue.

7) Quercetin

Paranthaman et al. (2022) developed polymeric mixed micelles (PMMs) for the
encapsulation of quercetin (Qu). Three-level Box-Behnken Design (BBD) was used to optimize
the PMMs (Soluplus, E-TPGS, and poloxamer 407). The nanosystem was evaluated in vitro using
human glioblastoma cells (U87MG) and mouse glioma cells (C6) [82]. The results showed that
the IC50 values were about 1.7 times higher for this nanoformulation in both cell lines compared
to the free drug. The percentage of cellular uptake was 2.12 and 2.41 times higher than the
free drug in C6 and U87MG cells, respectively. Finally, Qu encapsulation showed better
performance in all aspects of this study. The authors hope to extend this work in the future to

improve blood-brain barrier penetration.

8) Genistein and TMZ

Meteoglu and Erdemir (2021) developed PLGA NP for the encapsulation of temozolomide
(TMZ) and genistein (Gen). The nanoformulation was evaluated in vitro using U87MG human
glioblastoma cells [78]. The cytotoxicity of Gen-NPs, TMZ-NPs, and Gen-TMZ-NPs on tumor cells
was also evaluated, and after 24 and 48 hours treatment with TMZ-NPs and Gen-NPs, no
significant change in U87MG cell viability was observed. On the other hand, treatment with
Gen-TMZ-NP significantly decrease the U87MG cell viability in a dose- and time-dependent
manner, resulting in a 25% reduction in U87MG cell viability after 48 hours treatment with Gen-
TMZ-NPs (100 pg/mL). Furthermore, encapsulation of TMZ and Gen in PLGA NPs increased the
solubility and stability of the molecules, thereby increasing cytotoxic activity in US7MG cells.

The effect of Gen-TMZ- PLGA NPs on the proliferation and migration of U87MG cells
demonstrated a wound closure rate of 30.59% after 48 hours. Furthermore, in the Gen-TMZ-NP
treated group, after 48 hours, the wound closure rate was 6.80%, thus revealing the most
significant inhibition in cell migration activity. Finally, the results also showed an increased

expression of intrinsic apoptosis proteins in the glioblastoma cells treated with Gen-TMZ-NPs.

9) Gallic Acid
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In this study, Jing et al. (2021) encapsulated gallic acid (GA) in gold NPs and evaluated their
effects on viability and radiation sensitization in human GBM cells (U251) [43]. U251 cells were
treated with increasing concentrations of GA-NPs (100, 150, 200 pg/mL) for 24, 48, and 72
hours. The NPs showed a significant cytotoxic effect on tumor cell survival that also proved to
be time and dose-dependent. 3 days of treatment with 200 pg/mL GA-NPs decreased cell
survival by about 30%. To evaluate whether GA-GNPs could sensitize GBM cells to radiation,
cells were treated with a combination of different radiation doses (0, 2, 4, 6, 8, 10, and 12 Gy)
and GA-NPs (100, 150, and 200 pg/mL) for 48 hours. The results showed significant survival
differences for the higher concentrations of GA-NPs in combination with radiation when
compared to radiation alone, demonstrating that GA-NPs can sensitize tumor cells to radiation
[43]. Furthermore, it was demonstrated found that in the presence of radiation, cell death is
more significant when treated simultaneously with GA-GNPs (32.7%) than with free gallic acid
(28.3%) or control blank NPs (24.8%).

10) Melatonin

Junior et al. (2019) developed polycaprolactone (PCL) NPs for the nose-to-brain delivery of
melatonin (MLT) to treat GBM [79]. The NPs were coated with Tween 80 to enhance the NPs
penetration through the nasal mucosa. Cellular experiments were performed on human GBM
cells (U87MG) and in control healthy fibroblasts (MRC-5 cells). Both cells were treated with free
MLT, MLT-NPs, or blank-NP as control. After 48 hours, free MLT did not reduce cell viability in
either group, and MLT-NPs promoted a significant decrease in GBM cell viability when compared
to healthy fibroblasts. A 50% inhibition of tumor cell survival was observed for a concentration
of 0.1 yg/mL of MLT in NPs.

The in vivo biodistribution of the NPs after intranasal administration was evaluated in
healthy animals (male Wistar rats). For NPs visualization, these were loaded with a fluorescent
marker (IR780). The acquired results demonstrated that MLT-NPs are appropriate to reach the
brain after intranasal administration, allowing the increase of MLT concentrations in the brain

and acting as a promising formulation for GBM treatment.

11) Kaempferol

This study, conducted by Colombo et al. (2018), aimed to prepare kaempferol (KPF)-
containing lipid nanoemulsions (NE) to investigate the brain delivery potential after intranasal
administration and to evaluate their antitumor activity against glioma cells [80]. Chitosan was
used to coat the NPs due to its mucoadhesive properties. The results obtained from the ex vivo
permeation study using porcine nasal mucosa allowed to realize that chitosan-modified KPF-NE
exhibited higher permeation (13.04 + 1.97 pg/cm?) compared to free KPF (5.79 pg/cm?) and
non-modified KPF-NE (5.72 pg/cm?). The biodistribution of KPF after intranasal administration
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in healthy animals (Wistar rats) was also investigated, and the concentration of the compound
in the brain tissue was significantly higher when loaded in the chitosan-modified NE than in
KPF-MNE when compared to free KPF solution and nonmodified NPs. Additionally, rat Cé6 glioma
cells were treated with KPF in the free form or loaded in chitosan-modified and unmodified NE
and chitosan-NPs exhibited a more significantly decreased tumor cell viability when compared
to the other treatment groups. The cytotoxicity of KPF-chitosan-NE was about 20 times higher
than free KPF due to the observed higher in vitro cellular uptake in Cé cells when KPF is loaded
into the mucoadhesive nanoemulsion. Finally, despite the mucoadhesive formulation being able
to inhibit cell growth in rat glioma cells, it did not alter DNA content after treatment, indicating

that it didn’t disturb the cell cycle progression.
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Chapter 3

Materials and Methods

3.1 Materials

Polyvinyl alcohol 4-88 (Mowiol ® 4-88, MW 31,000) (PVA), PLGA Resomer® RG 503 H (50:50;
MW 24,000 - 38,000), 1-ethyl-3-(3-dimethylaminopropyl) cardodiimide (EDC) (MW 191.70), folic
acid (FA) (297%, MW 441.40), gallic acid (GA) (97.5-102.5%, MW 170.12), phosphate-buffered
saline (PBS) and acetic acid (= 98%, MW 60.05) were purchased from Sigma Aldrich (St. Louis,
MO, USA). Ethyl acetate (EA) (99.6%, ACS reagent, MW 88.11) was acquired from BioVision
(Waltham, MA, EUA). Trypsin (Gibco™ TrypLE™) and fetal bovine serum (Gibco™ FBS) were
purchased from Fisher Scientific (Hampton, NH, USA). High-glucose Dulbecco’s Modified Eagle
medium (DMEM) was purchased from Capricorn Scientific (Ebsdorfergrund, Germany).
Penicillin-Streptomycin solution (x100) and funzigone were purchased from Biowest LCC
(Riverside, MO, USA). Trypan blue (= 70%, MW 960.80) was purchased from Biochem
Chemopharma (Cosne-Cours-sur-Loire, France). Trichloroacetic acid (TCA) (99%, MW 163.38).
Tris(hydroxymethyl)aminomethane (> 99.8%, MW 141.14),and Sulforhodamine B (SRB) (MW
580.66) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dimethyl sulfoxide (DMSO) (>
99.9%, MW 78.13) was purchased from VWR international (Radnor, PA; USA).
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3.2 Preparation of the Gallic Acid-loaded PLGA NPs

The GA-loaded NPs were produced using the single-emulsion evaporation method. For that,
1.0 mg of GA and a known amount of PLGA were dissolved in ethyl acetate. The choice of ethyl
acetate as solvent was based on preliminary solubility and stability tests, presented in Appendix
A3. To this organic solution, 2.0 mL of an aqueous solution of polyvinyl alcohol (PVA) was added
dropwise. The preparation was emulsified by mechanical agitation using the vortex for 30 sec.
Next, the emulsion was subjected to 10-sec on/off sonication cycles with an amplitude of 70%
and a frequency of 24 kHz (probe sonicator, UP400S, Hielscher, Berlin, Germany). The emulsion
was quickly transferred to a beaker and placed on a magnetic stir plate at 800 rpm (revolutions
per minute) (Colosquid, ika®, electromagnetic stirrer) until complete evaporation of the
organic solvent. The suspension of NPs was kept in the refrigerator at 4 °C for 2 hours to
stabilize.

After 2 hours, the NPs were collected by centrifugation and resuspended in 1.0 mL of
ultrapure water. The supernatant was saved for non-encapsulated drugs quantification. During
centrifugation, the rotation time and speed were increased gradually. Thus, the time values

ranged from 2 min to 1 hour and the speed ranged from 5000 to 14500 rpm.

3.3 Functionalization of GA-PLGA NPs with Folic Acid

The conjugation of FA to the surface of NPs was achieved through the crosslinking reaction
of the terminal carboxylic group of PLGA with the primary amine of FA, mediated by 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC). To this end, an aqueous solution of EDC was
prepared at 1.0 mg/mL. EDC is one of the most widely used carbidiamides to catalyze bond
formation between carboxylic and the amine groups [83]. Figure 4 represents the chemical

reactions between FA and nanoformulations using EDC.
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Figure 4 - Chemical reactions between FA and polymeric NPs catalyzed by EDC.

A molar excess (approximately 20-fold) of EDC was added to the NPs and incubated at room
temperature for 30 min on a stir plate (Colosquid, ika®, electromagnetic stirrer). Then, a molar

excess of FA was added to the suspension of NPs with the activated carboxylic group and
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incubated at room temperature for 1 hour with mechanical shaking. The NPs were collected by

centrifugation as mentioned in the previous section and resuspended in ultrapure water.

3.4 Experimental Desigh and Protocol Optimization

An Experimental Design was implemented to optimize the production of the NPs, as an
alternative to the traditional technique of one factor at a time (OFAT) since, unlike the latter,
it allows the optimization of the protocol associated with the preparation of NPs by
systematically and simultaneously changing the experimental parameters [84]. In addition, it
is a fast and effective technique, since the variables are changed systematically and statistical
optimization is used, allowing a simple data analysis [85]. Thus, depending on the objectives
to be achieved, there is a set of models that can be applied, varying in the quality of
information obtained and the number of experiments to be performed [86]. The choice of the
appropriate model is preponderant for obtaining reliable results. To optimize the experimental
protocol used in this work, the Central Composite Design (CCD) model was applied. The CCD
allows obtaining results in a precise way, through the construction of a second order quadratic
model, capable of examining each factor in five distinct levels, allowing the estimation of the
quadratic terms [87]. This model is inserted in the response surface analysis, where the models
are capable of plotting contours in more than one dimension, to describe the response through
quadratic or cubic equations. In this way, the relationship between the different parameters is
presented in the form of polynomials with curvature and can go beyond linearity [88].

In this work, the Design Expert software (version 11.1.2.0, Stat-Ease Inc., Minneapolis, USA)
was used to implement the model. The experimental parameters (independent variables) were
chosen and varied as presented in table 3, thus representing the most preponderant variables
for the preparation of the NPs. According to the used model, these parameters were varied in
five levels: -1, -a, +1, 0, and +a, with |a| assuming a value of 1.54671. The a value is set
considering the calculations that will be performed, and the accuracy required for the response
being automatically determined by the software after choosing an orthogonal quadratic design
with three center points [89]. The independent variables chosen were the amount of PLGA, the

percentage of PVA, the number of FA molecules per NP, and the number of sonication cycles.

Table 3 - Independent variables and varying levels used in the experimental design.

Parameters Component  Units Applied Level
-o -1 0 +1 +a
A MpLca mg 1.8 10 25 40 48.2

PVA % 0.18 1 2.5 4 4.82
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FA
C molecules/ unit 18 100 250 400 482
NP
D somication it 1 2 4 6 7
cycles

Note: mpica - PLGA mass; PVA - percentage of PVA; FA molecules/NP - number of folic acid molecules

per nanoparticle; sonication cycles - number of sonication cycles of 10 seconds each.

The responses (dependent variables) under study were the size of the NPs, the
polydispersity index (PDI), the zeta potential, and the encapsulation efficiency (EE) of GA.
According to the model, the software proposed the preparation of 27 nanoformulations, 3 of
them corresponding to center points, which allow to evaluate the experimental reproducibility,
to fit quadratic polynomials [85]. Then, the experimental design was augmented, by preparing
3 additional center points, to obtain a better statistical analysis by the software. To avoid bias,
the order of the formulations was set randomly. Below, in table 4, the summary of the

experimental design and the responses obtained are presented.

Table 4 - Experimental design and obtained responses of all 30 nanoformulations. The experimental levels
(low, center, high, and alpha) are represented by -1, 0, +1, and a, respectively.

Run Coded independent

order variables
Mean
A B C D diameter PDI ﬁiiintial I (E;)GA
(nm)

1 1 -1 1 -1 158.3 0.039 -6.6 21.6
2 +1 -1 -1 -1 181.1 0.036 -10.3 34.8
3 1 +1 1 -1 181.0 0.052 -20.5 47.0
4 +1 +1 -1 -1 158.4 0.028 -22.9 47.0
5 1 1 +1 -1 158.3 0.065 -15.1 23.3
6 +1 -1 +1 -1 195.6 0.05 -18.5 28.1
7 -1 +1 +1 -1 143.8 0.063 -13.3 57.4
8 +1 +1 +1 -1 153.9 0.051 -23.4 44.4
9 -1 -1 -1 +1 143.9 0.056 -7.1 13.0
10 +1 -1 -1 +1 174.1 0.041 -8.9 34.5
11 1 +1 -1 +1 130.4 0.081 -15.5 47.4
12 +1 +1 -1 +1 135.2 0.026 -20.5 55.1
13 1 1 +1 +1 167.7 0.062 -13.4 17.9
14  +1 -1 +1 +1 193.8 0.117 -19.6 16.8
15 1 +1 +1 +1 113.0 0.062 -12.6 62.2
16 +1 +1 +1 +1 121.0 0.048 -20.6 50.6
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17 a 0 0 0 193.1 0.333 -19.4 48.8
18 +a 0 0 163.6 0.088 -21.2 54.2
19 0 0 0 371.8 0.115 -23.3 24.7
20 0 +a O 0 140.0 0.098 -18.9 62.0
21 0 0 -a 0 145.2 0.057 -21.4 44.2
22 0 0 +a O 139.8 0.058 -19.9 56.3
23 0 0 0 -a 171.5 0.028 -22.0 41.4
24 0 0 0 +a 143.0 0.075 -19.1 60.1
25 0 0 0 0 154.9 0.034 -19.6 43.2
26 0 0 0 0 141.9 0.061 -17.5 27.5
27 0 0 0 0 140.3 0.053 -22.2 28.1
28 0 0 0 0 155.2 0.043 -19.0 40.7
29 0 0 0 0 160.0 0.037 -19.5 46.1
30 0 0 0 0 156.4 0.036 -19.4 48.8

For the statistical analysis of the model, analysis of variance (ANOVA) was used, which
determining the significance between the independent variables or interactions between them
by comparing the responses obtained and the variance of the associated error [88]. Thus, the
mathematical regression model was adjusted, and p-values of less than 0.05 were considered

significant, with a 95% confidence interval.

3.5 NPs Physicochemical Characterization

The size (nm), polydispersity index (PDI), and zeta potential (mV) of the produced NPs were
assessed for their physicochemical characterization. The ZetaSizer Software examined the

acquired data (version 8, Malvern Instruments, UK).

3.5.1 Dynamic Light Scattering

Dynamic Light Scattering (DLS) is a technique defined by measuring the Brownian motion of
macromolecules that are in suspension [90]. This technique is widely used in measuring the size
of NPs and for evaluating their colloidal stability over time [58]. Brownian motion is defined as
the random motion of particles originating from their collision with solvent molecules [91].

Characteristics such as particle size, temperature, and viscosity of the medium are
important when performing this technique since the particle motion is dependent on them.
Thus, it is necessary that, when performing DLS measurements, the temperature is known,
whereas the viscosity of the dispersant is closely related to it [90].

Through the random motion of the particles in each period (Brownian motion), it is possible

to obtain information regarding the size of the particles since they are closely related. Given
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the continuous motion of the particles, the light incident on them undergoes a phenomenon
called Doppler broadening. The intensity fluctuations of the scattered light depends on the
diffusion rate of the particles, i.e., the smaller the particle, the faster it moves, translating
into faster fluctuations of scattered light and vice versa [91].

The rate of Brownian motion is quantified by the translational diffusion coefficient (D).
Thus, after determining the diffusion coefficient of the molecules, other parameters, such as

the hydrodynamic radius (Ry), can be measured by applying the Stokes-Einstein equation:

" 6mnR, (1)

Where kg is the Boltzmann coefficient (1.380x102 kg.m2.s2.K"), T is the absolute
temperature and n is the viscosity of the dispersant [91].

The determined hydrodynamic size is larger than the actual particle’s radius since the ion
layer that moves with it is also considered. Another parameter that is obtained in this
measurement is the polydispersity index (PDI), which indicates the monodispersity tendency of
the sample, allowing to understand what is the "range” of particle size distribution [73,74]. In
a monodisperse sample, the ideal value of the PDI is below 0.1 [51].

The size and PDI of the NPs were measured by DLS using a ZetaSizer Nano ZS (Malvern
Instruments, UK). The NPs were diluted in ultrapure water (1:10) to a final concentration of 1
mg/mL. The samples were analyzed with a 633 nm red laser at 25 °C with an angle of 173°,

and the results obtained were given by the intensity distribution.

3.5.2 Laser Doppler Velocimetry

The zeta potential ({) is defined as the potential of a particle moving in an electric field in
the shear plane (slipping plane). The zeta potential reflects the potential difference between
the electron double layer of the electrophoretically moving particles and the dispersant layer
that exists around them in the shear plane [92].

When a particle is in suspension, an adsorption double layer forms on the surface. As
depicted in Figure 5, the innermost layer, also called the Stern layer, is composed essentially
of ions of opposite charge to the molecule tightly coupled to the nucleus [92]-[94]. After this
layer, the electrostatic effect decreases. After the Stern layer, there is another, diffuse layer
composed of charges equal and opposite to the Stern layer. This phenomenon is due to the
electrostatic field that is present. Thus, when an electric field is applied to such a dispersion,
the particles that are charged move toward the oppositely charged electrode (electrophoresis)
[92].
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Within the diffuse layer, there is a hypothetical plane that acts as an interface between
the moving particles and the surrounding dispersant layer. This plane is called the shear plane

and the zeta potential is the potential that exists at this interface [92]-[94].

Surface potential

Stern potential

/7 Zeta potential

Figure 5 - Representation of the electric double layer.

Because the zeta potential cannot be measured directly, it is deduced from the
electrophoretic mobility (y.) when an electric field is applied to the sample. The
electrophoretic mobility can be calculated using the following equation: [93]

v
He =% (2)
After calculating the electrophoretic mobility, it becomes possible to determine the zeta

potential value (¢ ) using the Helmholz-Smoluchowshi equation: [93]

¢
He = m (3)

In this equation, € the dielectric constant in vacuum, and n the viscosity coefficient of the
dispersant [92].

Zeta potential measurements were also performed using the ZetaSizer Nano ZS (Malvern
Instruments, UK) in a DTS1060 cell. The NPs were diluted in ultrapure water (1:10), obtaining
a final concentration of NPs equivalent to 1 mg/mL. The zeta potential values were obtained
by the Smoluchowski model using the dielectric constant (78.5), refractive index (1.330), and
viscosity (0.8872 cP) of water as the dispersant at room temperature. The data obtained were

analyzed by ZetaSizer software (version 8, Malvern).

3.6 Determination of Encapsulation Efficiency

The encapsulation efficiency (EE) of the produced NPs was determined indirectly by
quantifying the non-encapsulated GA. EE is defined as the amount of drug encapsulated in the
NPs relative to the total amount of drug added during the encapsulation process, expressed as
a percentage [95]. The supernatant containing the free compound was separated as described

in section 3.3. The absorbance of the supernatant obtained after functionalization with FA was
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also measured to quantify the GA that might be eventually lost in the functionalization process.
Free GA was quantified by the UV-vis absorbance spectra at a wavelength of 261 nm using a
microplate reader (Synergy 2 Microplate Reader, BioTek, UK). The obtained absorbance values
were correlated to a GA calibration curve in PVA (figure A1.1, Appendix A1).

The EE (%) values for GA were determined using the following equations:

Encapsulated GA (mg) (4)
= total GA (mg) — (non — encapsulated GA (mg)

+ GA lost in functionalization (mg))

EE (%) = encapsulated GA (mg) 100 (5)
total amount of GA (mg)

3.7 Fourier-Transformed Infrared Spectroscopy

Attenuated Total Reflectance Fourier-Transformed Infrared Spectroscopy (ATR-FTIR) was
used to confirm the FA conjugation onto the GA-PLGA NPs. FTIR is an effective tool for
identifying material chemistry with high spectral resolution and a wide frequency range [96]
and has been the most useful approach for monitoring NPs’ surface functionalization since it is
simple to use and uses a non-destructive testing method [97].

A Bruker Alpha-P FTIR Spectrometer (Bruker Optics Inc., Billerica, MA, USA) and Opus
Software (version 6.5, Bruker Optik GmbH) were used to record the FTIR spectra of the
produced NPs. The spectra were attained in absorbance mode with 64 scans at a resolution of
4 cm™' for both the sample and background observations and a wavenumber range of 4000-375
cm'. The acquired spectra's intensity range was normalized and smoothed using Graphpadprism
(version 9.1.2, GraphPad Software). A 10 pL drop of each sample was deposited on the crystal
for examination, and it was then dried with a nitrogen flow. FTIR measurements were made for
FA stock solution, PLGA NPs, GA-loaded PLGA NPs, and FA-GA-loaded PLGA NPs.

3.8 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a microscopy technique widely used in
nanomedical research that allows obtaining detailed images with high resolution of the sample
under study, through the transmission of an electron beam in a thin sample [98]. To perform
this technique, the prepared FA-GA-loaded NPs were placed on copper grids (Formvar/Carbon
- 400 mesh Copper, Agar Scientific, UK) and negatively stained with 2% (v/v) uranyl acetate. In
TEM, the scattering of electrons in the sample causes a contrast between the different
structures depending on the number of electrons scattering. To increase this contrast, heavy

metal salts are used since they easily interact with the electron beam [99]. Uranyl acetate is
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a salt of the metal uranium commonly used in TEM, where uranyl ions combine in large
quantities with the phosphate groups of nucleic acids. Its use provides good contrast, allowing
for easier visualization and analysis of the sample under study [100].

For sample preparation, an over grid was used where 5 pL of the suspension of NPs was
soaked in it over 5 minutes. Next, the grid was stained with uranyl acetate for 45 seconds.
Finally, the sample was air-dried before visualization. The NPs were visualized with an
accelerating voltage of 80 kV using a Jeol JEM 1400 electron microscope (Japan). At least three

images were acquired.

3.9 in vitro Release Experiments

The in vitro release profile of GA by FA functionalized NPs was determined over the course
of 15 days under simulated physiological conditions. Two releases were performed, where the
difference between the two was centered on the pH present in Phosphate Buffered Saline (PBS).
PBS is an isotonic buffer widely used in biological applications, as it can mimic the pH,
osmolarity and ionic concentrations of the human body, and shows no toxicity [101]. First the
NPs were suspended in 3 mL of PBS (0.01 M, pH 7.4) at 37°C, to be divided into 10 aliquots.
The second release was performed in the same way, but simulating a pH of 6.4, since the pH
present in tumor tissues is between 6.2-6.8 [102], while pH 7.4 corresponds to blood/health
tissues pH [103]. Also, the solubility of the drug in each of the medium was also verified.

Thus, at each timepoint, to separate the NPs from GA released, the aliquots of the NPs
were centrifuged. Through the supernatant obtained it is possible to determine the amount of
drug released over time, by measuring UV-Vis absorbance (UV-1700 PharmaSpec UV-Vis
spectrophotometer, Shimadzu, Japan). The absorbance values were correlated with a control
sample containing GA.

Finally, the GA release curve was plotted using the equation below, revealing the

percentage of GA released over time.

amount of GAreleased attimet

x 100 (6)

% GArelease

amount of encapsulated GA

3.10 Evaluation of NPs’ Stability

To evaluate the stability of GA-loaded NPs functionalized with FA, the size (nm), PDI and
zeta potential (mV) were measured using the DLS technique. Note that the colloidal stability
the optimal nanoformulations was evaluated under storage conditions at 4°C in weekly

measurements for 6 weeks. In addition, and to simulate physiological conditions (37°C, 0.01 M),
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the stability of these nanoformulations was also measured in two different pH: 6.4 to simulate

tumor tissue and 7.4 to simulate blood pH, over 2 weeks.

3.11 Cell Culture

To analyze the cytotoxicity of the optimal NPs produced, two different cell lines were used:
the U251 line, a GBM tumor cell line, and a healthy cell line - the normal human astrocytes
(NHA) line as control. For this, both cell lines were cultured in Dulbecco’'s Modified Eagle
Medium (DMEM) supplemented with 10% FBS. 1% penicillin-streptomycin and 1% fungizone were
added to the culture to decrease the probability of contamination. For cell passage, the cells
were trispsinized to detach them from culture flasks. Throughout the experimental work the

cultures were kept at 37 °C in an incubator with 5% CO2.

3.12 Sulforhodamine B assay

To test the effect of GA-loaded NPs functionalized with FA, the colorimetric assay with
sulforhodamine (SRB) was used, for both cell lines (U251 and NHA). In this cellular assay, free
GA and PLGA NPs without the addition of the drug were also tested to compare their therapeutic
efficacy compared to drug-loaded NPs. The SRB cell viability assay is usually used due to its
simplicity, precision, and reliability, since through the interaction of the SRB dye with the
amino acids present in the cell proteins, it is possible to quantify the number of viable cells
[104].

For this assay, 96-well plates were used, with cells grown at a density of 1000 cells per
well. The cells were incubated at 37° C for 24 hours in a humidified incubator at 5% CO, for cell
adhesion. Then the free drug, FA-GA-loaded NPs and PLGA NPs were diluted in DMEM medium
and added to the cells. The GA concentrations used were as follows: 0.1- 1000 uM for free GA
and 10-3000 pM for the FA-GA-loaded NPs. Control NPs were added at a PLGA concentration of
0.18-0.72 mg/mL. The remaining cells were used as controls and were not treated. The cells
were then incubated, over 72 hours, and the SBR protocol was subsequently performed. For
this assay it was necessary to use 10% (w/v) trichloroacetic acid (TCA), previously prepared, at
4° C for 1 hour, to fix the cells. After the desired time, the cells were washed and dried in the
37° C oven. Next, 50 pL of SRB (0.4 % in 1% acetic acid) was added to each well and allowed to
stain the cells for 20 minutes. To remove the excess dye that was not incorporated, the samples
were washed twice with 200 pL of 1% (v/v) acetic acid and dried in the oven at 37° C. Finally,
100 pL of Tris buffer solution (10 mM) was added to solubilize the incorporated dye and allow
the consequent absorbance reading. Protein quantification was measured using UV-Vis
absorbance (BioTek Synergy HT Microplate Reader - BioTek, UK) at 560 and 655 nm.

Cell survival was determined by the following equation:
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Cell survival (%) = %x 100 (7)

Where T translates to the absorbance value of the treated cell wells and C to the absorbance
value of the cell wells not treated with GA or NPs, i.e., the control.

The dose-response curves were plotted with GraphPad 9.3.1 software (GraphPad Software
Inc., USA)

3.13 Statistical Analysis

The results presented are in the form mean :+ standard deviation (SD) for the five
independent optimal nanoformulations. The T-student test was used to compare the averages
of the stability results and cell assays. This test was applied for statistical analysis, with a 95%

confidence interval, and p<0.05 was considered significant.
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Chapter 4

Results and Discussion

4.1 Experimental Design and Protocol Optimization

As mentioned in the methodology, the preparation protocol of GA NPs functionalized with
FA was optimized by using DoE. Through preliminary experiments, four independent variables
were identified and chosen as those preponderant for having direct effect on the
physicochemical characteristics of the NPs: mass (mg) of PLGA (A), percentage (%) of PVA (B),
number of FA molecules per NP (C) and number of sonication cycles (D). It should be noted that
the other parameters present in the nanoformulations preparation protocol remained constant
throughout their production. As dependent variables in study, the size of the NPs (Y;), PDI (Y,),
zeta potential (Y3) and GA EE (Y4) were chosen, since these responses allow to infer about the
possible internalization of the drug in the target tissue and about the amount of drug that was
trapped in the formulations.

Thus, initially 27 nanoformulations, containing 3 replicates of central points, were prepared
using the CCD model. After a first statistical ANOVA analysis, the model did not show to be
significant (p>0.05) for the variables of PDI (Y,) and GA EE (Y,), so it was decided to augment
the experimental design by adding 3 more central points. Subsequently, a second analysis was
performed, which proved to be statistically significant (p<0.05) for all the chosen responses.
For the first three dependent variables (size, PDI and zeta potential), the model chosen through
the ANOVA statistical analysis was the quartic regression model and for the remaining (GA EE)
linear regression model was chosen. Table 5 presents the results obtained through this

statistical analysis, for all responses, which proved to be significant. The detailed summary of
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each model applied to each of these parameters can be found in tables A2.1-A2.4 in Appendix
A2.

Table 5 - Results of the statistical analysis using ANOVA.

Parameter Size-Y;
SS dF MS F-Value p-value
Model 150?9 X 24 2372.9 34.99 0.004
Residual
Lack of Fit
Pure Error 339.09 5 67.82
5.72 X
Cor Total 10° 29
R? 0.9941
Parameter PDI-Y;
SS dF MS F-Value p-value
Model 0.089 24 0.0037 31.76 0.0006
Residual
Lack of Fit
Pure Error 0.0006 5 0.0001
Cor Total 0.0896 29
R? 0.9935
Parameter Zeta-Y;
SS dF MS F-Value p-value
Model 638.18 24 26.59 11.42 0.0065
Residual
Lack of Fit
Pure Error 11.65 5 2.33
Cor Total 649.83 29
R? 0.9821
Parameter EEGA-Y,
SS dF MS F-Value p-value
Model 3824.88 4 956.22 11.17 <0.0001
Residual 2140.25 25 85.61
Lack of Fit 1722.24 20 86.11 1.03 0.5409
Pure Error 418.01 5 83.60
Cor Total 5965.14 29
R? 0.6412

Through the analysis of table 5, it is possible to see that the quartic regression model, used
in the first three variables, presents a good fit for predicting the response, since the R? value
is very close to 1. Regarding the fit presented by linear regression in the last parameter under
study (GA EE (Y4)), this reveals to be lower. Nonetheless, all the variables studied were

considered for the model. As an example, the figure below (6) demonstrates the relationship
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between the experimental values obtained and the predicted fit performed by the model for

the four variables studied.
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Figure 6 - Graphical plots between the experimental values obtained vs the predicted values for the
significant variables, (A) Size (Y1), (B) PDI (Y2), (C) Zeta Potential (Y3), and (D) GA EE (Y4). The blue
squares represent lower values, in contrast to red squares that represent higher values.

Through the analysis of figure 6, it is possible to notice the good fit performed for the first
three variables, evidenced by the high values of R? (0.9941, 0.9935 and 0.9821, respectively)
and a less good fit for the variable GA EE (Y,), visually identified by a greater dispersion of the
points to the fit line and a lower value of the coefficient of determination (0.6412).

In addition to the analysis mentioned above, the regression coefficient (RC) for all
independent variables was also determined. The RC value of each variable and their joint

interactions will be used in the equation of each studied response, reflecting the impact that
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each of the independent variables has on the response under study. For this reason, the RC is
represented with the positive or negative sign. In this way, when the value of the coefficient
reveals to be positive, it means that the increase in that variable contributes positively to the
increase in the value of the response. The table below (table 6) presents the RC and the p-
value for each experimental variable, for each of the responses. Note that since the model used
for the responses contains a high extent of terms, only the RC values corresponding to variables
that were considered statistically significant (p<0.05) are presented in table 6. These values
were also those considered for the representation of the equations obtained, present in A2.1
to A2.4, in Appendix A2.

Table 6 - RC and p-Value for all responses.

Size - Y3 PDI-Y,
RC p-Value RC p-Value
A — PLGA mass -9.54 0.0523 20.0792 <0.0001
B - % PVA -74.93 <0.0001 -0.0055 0.3166
C-FA
molecules/ NP 1.75 0.6624 0.0003 0.9504
D-Sonication 9.21 0.0581 0.0152 0.0276
Cycles
AB -7.26 0.0168 -0.0079 0.0323
BC -8.21 0.0105
BD -7.73 0.0132
A2 11.24 0.0103 0.0696 <0.0001
B2 43.66 <0.0001 0.0261 0.0009
A%B 60.18 <0.0001
AB? 16.83 0.0112 0.0740 <0.0001
A2B? -48.19 0.0004 -0.0937 <0.0001
Zeta Potential - Y3 GAEE-Y,
RC p-Value RC p-Value
A — PLGA mass 20.5819 0.4423 1.44 0.4857
B - % PVA 1.44 0.0937 13.41 <0.0001
E;FA molecules/ 0.4752 0.5261 0.9149 0.6560
D-Sonication 0.9278 0.2410 1.10 0.5933
Cycles
BC -7.26 0.0009
A%B -8.21 0.0023
A2B? -7.73 0.027

In addition to the statistical values calculated by the software, it is also possible to analyse
the impact that exist between the different independent variables for each of the responses in
a visual way. Thus, through contour plots (2D) and surface plots (3D), the impact of each
parameter on a given response under study is presented in the form of a color gradient. Figures
7, 8, 9 and 10 represent the contour and surface plots for the dependent variables size (Y;),
PDI (Y,), zeta potential (Y3) and GA EE (Y,), respectively.
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4.1.1. Effect on the NPs’ Size

As already mentioned in subsection 2.4.1, particle size is crucial for the internalization
process of the drug in the target tissue. Thus, particles with a size less than 200 nm are ideal
for nano delivery since they can accumulate in the tumor tissue effectively due to the EPR
effect [92]. After preparing all the desired nanoformulations by DoE, a size range of NPs
between 113.0 nm (formulation 15) and 371.8 nm (formulation 19) was obtained. Figure 7
contains the contour and surface plots showing the effect of the independent variables on the

obtained size of the NPs.
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Figure 7 - (A)(B) Contour and (C)(D) surface plots of all independent variables on the NPs’ size.

It is possible to notice, by the color gradient, that the colder tones (blue) represent values
of lower sizes, in contrast to the warmer tones (red), which represent higher sizes. By observing

images A and B, it is possible to see the effect of quantity of PLGA and the percentage of PVA
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in NPs size. According to some authors, the amount of PLGA positively affects the size of the
NPs since its increase reflects an increment in the viscosity of the organic phase and a
consequent decrease in shear stress. Thus, the diffusion of this solvent into the aqueous phase
is hindered, which causes the creation of emulsion droplets with larger dimensions [64].
However, in this work, the contrary effect was observed. Since, according to the value of RC
and the obtained regression equation (eq. 1, Appendix A2), this variable has a negative effect
on the size of NPs. In the work performed by Huang and Zhang, it was concluded that the size
of NPs does not show a linear correlation with increasing polymer concentration [105]. It was
found that this relationship was linear up to a certain concentration (20 mg/mL), and the size
of the obtained nanoformulations was similar using 20 mg/mL or 40 mg/mL concentration.
Thus, it can be stated that the size of the NPs is only predicted by the diffusion rate of the
organic phase into the aqueous phase up to a certain concentration of the polymer [105]. By
looking at the contour plot, it can be seen that the size of the NPs increases with increasing
PLGA mass up to a certain value (approximately 35 mg) and after that the size starts to
decrease, which is supported by the previously mentioned work.

Furthermore, the percentage of PVA negatively affected the NPs size, since this substance
decreases the interfacial tension between the oiled droplets containing PLGA and the
continuous aqueous phase, as verified through the RC value and equation obtained. This reveals
that increasing the percentage of this variable results in formation of smaller NPs [106]. Another
important factor to take into consideration is the sonication cycles, that showed a negative
effect on the size of the nanoformulations, as verified through the RC value and plots. This
happens because a longer sonication time/ more sonication cycles releases higher sonication
energy, leading to rapid and uniform dispersion of the polymeric organic phase and lower

polydispersity, culminating in a smaller size of the NPs [107].

4.1.2. Effect on NPs’ PDI

Analogously to the analysis done previously for the size of the NPs, the PDI was also analyzed
through the RC value and equation (eq. 2, Appendix A2) obtained, as well as the contour and
surface plots represented in figure 8. PDI indicates the homogeneity of the sample, giving an
indication of the different sizes of the NPs. Thus, the smaller the difference between the size
of the NPs, the lower the PDI value will be, revealing, consequently, the monodispersity of the
sample. lIdeally, this value should be less than 0.1 for the sample to be considered

monodisperse. Through the nanoformulations obtained, the range of PDI values varied between
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0.026 (nanoformulation 12) and 0.333 (nanoformulation 17). Figure 8 contains the contour and

surface plots obtained for the independent variables and their effect on the PDI of the NPs.
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Figure 8 - (I)(Ill) Contour and (Il)(IV) surface plots of all independent variables on the NPs’ PDI.

By analyzing the RC value and the corresponding regression equation, the amount of PLGA
and PVA negatively affect the PDI value obtained. A larger amount of polymer used in the
formation of the nanoformulations can promote the formation of monodisperse samples,
decreasing the PDI value obtained [108]. Furthermore, the decrease in the percentage of PVA
can also influence the stability of the colloidal system, with a higher percentage showing
greater stability leading to a more homogenous sample, reflecting in a lower PDI value [109].
Conversely, the number of FA molecules per NP and the number of sonication cycles positively
affected this response. In addition, the greater the number of sonication cycles, the higher
turbulence and pressure, leading to agglomeration and melting of the nanodrugs in the
dispersed phase, which generates populations of various sizes, resulting in a higher value of PDI
[110].
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4.1.3. Effect on NPs’ Zeta Potential

Another parameter under analysis was the zeta potential of the NPs, a characteristic that
reveals the stability of the colloidal system. Through the nanoformulations produced along the
experimental design, the zeta potential always maintained negative values due to the negative
charge of the carboxyl group present in PLGA, presenting a range of values between -23.4 mV
(nanoformulation 8) and -6.6 mV (nanoformulation 1). In this analysis the RC values, the
corresponding equation (eq 3, Appendix A2) and the contour and surface plots, present in figure

9, were considered.
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Figure 9 - (A)(C) Contour and (B)(D) surface plots of all independent variables on the NPs’ Zeta Potential.

Through the analysis of the RC value and the corresponding regression equation, the amount
of PLGA negatively affects the zeta potential value obtained, since this compound has a
negatively charged carboxyl group, which translates into the negative value of this response
[111]. On the contrary, the % of PVA, the number of FA molecules per NP and the number of
sonication cycles affect positively this variable. Folic acid and PVA exhibit both neutral charge,

and it is expected that with increasing number of FA molecules per NP, the absolute value of
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the zeta potential would decrease, approaching neutrality. This can be explained by the fact
that increasing the sonication time/number of sonication cycles results in smaller particles with
better size distribution. Consequently, smaller particles have more surface area and higher
negative charge as a result [112]. By analyzing the graphs, it is possible to see that they

corroborate the conclusions from the previous statistical analysis.

4.1.4. Effect on GA EE

The encapsulation efficiency of the GA is a very important factor in the development of
nanoformulations, as it is important to achieve the highest yield in the production of the NPs,
to obtain a high percentage of drug successfully trapped in the nanoparticle. After preparation
of the nanoformulations a range of GA EE was obtained between 13.0% (formulation 9) and
62.2% (formulation 15). Figure 10 shows the contour and surface plots obtained for the

independent variables and what their influence is on EE.
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Figure 10 - (A) Contour and (B) surface plots of PLGA mass and % of PVA on the NPs’ EE of GA.

According to the RC values and the regression equation (eq. 3, Appendix A2), all parameters
positively affect the response variable. In other words, as the variables increase, the EE will
also tend to increase. By observing the graphs and the RC value, it is possible to see that the
amount of PVA is the most important factor in obtaining a higher EE, since for any value of the
amount of PLGA, when the PVA increases, the EE also increases. The use of the optimal PVA
concentration will affect the diffusion of the drug at the water/oil interface, with a higher
concentration of the surfactant generally being reflected in a better diffusion of the drug,
leading to an increase in EE [113]. Nevertheless, according to the equation obtained, the mass
of PLGA used also reflects an increase in this response. According to the literature, the
encapsulation efficiency generally increases with increasing relative amount of polymer
matrices. This is because increasing the polymer concentration increases the viscosity of the

organic phase. A higher viscosity of this phase provides greater resistance to mass transfer and
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prevents diffusion of the drugs towards the outer aqueous phase, resulting in a higher %EE
[114]. Also, a larger amount of PLGA is reflected in a larger matrix, thus obtaining more space
to accommodate more GA molecules. The positive effect of the sonication cycles can be
justified since increasing the sonication time is reflected in a faster evaporation of the oil
phase, causing a faster hardening of the PLGA. Thus, the diffusion of the drug in the aqueous
phase is lower, making it possible to obtain a higher EE [115]. Nevertheless, the graphs

presented in figure 10 corroborate the conclusions drawn through the statistical analysis.

4.2 Protocol Optimization and Model Validation

After performing the analysis in the software and realizing which model was the best fit for
each response, it was necessary to perform the optimization protocol, where the criteria for
obtaining the optimal formulation were as follows. The independent variables were kept within
the initial parameters. For the size of the NPs, a range of values between 140-200 nm was
established (Y4), the PDI value set to less than 0.09 (Y,), the range of zeta potential values was
maintained without any restriction, since all obtained nanoformulations were considered
acceptable (Ys), and the EE of GA was maximized up to 100% (Y4). According to the mentioned
parameters, the optimal values of the independent variables predicted by the software are
shown in table 7.

Table 7 - Optimal formulation prediction for GA loaded PLGA NPs.

Parameter Independent variable Units Optimal Value
A PLGA mass mg 40
B PVA % 4
C FA molecules/NP # 398
D Sonication Cycles # 4

To validate the model and the predicted protocol, five nhanoformulations with the optimal
characteristics were produced and their mean and standard deviation were calculated. Table
8 presents the comparison between the optimal responses predicted by the model and the
experimental results obtained.

Table 8 - Predicted versus experimental values. The experimental results are represented as mean + SD

(n=5).

Predicted Values Experimental Values

Size (nm) 140 (123-157) 153 + 9 (142-163)

PDI 0.05 (0.02-0.07) 0.05 £ 0.01 (0.03-0.06)
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Zeta Potential (mV) -21.9 (-32.7-[-18.9]) -27 + 2 (-25.4-[-29.5])

GA EE (%) 56.3 (48.3-64.4) 50.8 + 3.9 (46.3-54.6)

By analyzing the table, it is possible to notice that the average responses of the prepared
nanoformulations are within the range predicted by the software, revealing a good prediction
and mathematical adjustment of the model. Thus, the optimal nanoformulations produced
presented ideal characteristics for possible administration, namely: a size less than 200 nm that
facilitates the internalization of the drug in the target tissue and greater than 100 nm, which
reduces the possibility of eventual absorption by the body; PDI less than 0.1, indicating the
monodispersity of the sample; negative zeta potential due to the carboxyl group present in the
PLGA composition and the neutrality of the FA, with high absolute values, suggesting the
stability of the colloidal system. Furthermore, the EE value obtained proved to be reasonable,

translating to approximately half the mass of the drug being trapped inside the NPs.

4.3 FTIR Analysis

FTIR analysis allows understanding through its spectra which structural details exist in a
particle since they represent a unique chemical bond for each molecule [116]. FTIR analysis
was used to confirm the correct preparation of conjugation of GA-loaded PLGA NPs with FA.
PLGA can be divided into 5 main regions. At 3450-3500 cm™' peak corresponding to OH end
group; 2885-3010 cm™' corresponding to C-O stretching; around 1762.6 cm™ due to C=0
stretching; between 1450-850 cm™' due to C-H bends, and finally, at 1186-1089 cm* the C-O
stretching peak is represented [117]. As for GA, this compound presents in the FTIR spectrum
small bands corresponding to the O-H hydrogen bonds between 3060 cm™ and 3491 cm™'. The
C=0 group also appears represented through the bands 1307 cm™ and 1605 cmand also a
vibrational band at 1021 cm™ corresponding to the vibration of the benzene ring [118].For the
FA absorption spectrum, it is possible to find the following: 3100-3500 cm™ corresponding to
OH carboxylic of glutamic acid moiety and NH group of pterin ring stretching; 1693 cm™
corresponding to C=0 carboxylic group; 1604-1605 cm™' for N-H bending; and 1485-1519 cm'"
corresponding to phenyl and pterin ring. There are also other peaks like: 2362 cm™ that is
attributed to the N*-H stretching vibration band of C=N*-H - on the PT ring, 1650 cm™! for C=0
amide; 1639 cm™' corresponding to C=N, and 1619 cm™ related to C=C aromatic [119], [120].
Below, in figure 11, the FTIR spectrum of the GA-PLGA NPs without any functionalization

process and the FA stock solution for the conjugation of the NPs are represented.
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Figure 11 - FTIR absorbance spectra of (A) GA-PLGA NPs and (B) Stock FA.

Analyzing the figure above it is possible to observe the main characteristic peaks/regions
of the PLGA, GA, and FA identified in the literature are also observed in the recorded spectra.

To study whether the FA conjugation process was successful, the FTIR spectra of the FA-
GA-loaded PLGA NPs were also recorded. Figure 12 shows the FTIR spectrum of GA-PLGA NPs
after conjugation with FA together with the spectrum of PLGA NPs before functionalization and
the FA stock spectrum.

As shown in figure 12, after conjugation with FA, it is possible to see that the FA-GA-PLGA
NPs present characteristic peaks of this compound, namely: 1508 cm™', 1652 cm™' zone, and

2359 cm’', thus revealing the success of this functionalization.
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Figure 12 - FTIR absorbance spectrum of FA-GA-PLGA NPs, PLGA NPs, and FA stock solution.
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4.4 TEM Analysis

Through TEM analysis it was possible to confirm the shape and dimensions corresponding to
the FA-GA-loaded NPs that were produced. Figure 13 reveals the result obtained after
performing this technique, where, from the observation of the same it is possible to realize
that the NPs present a spherical and regular shape, as expected for polymeric NPs. In addition,
it is possible to observe a darker line around the NPs corresponding to their coating, due to the
use of PVA. Finally, it is important mentioning that the size shown is smaller than the one
determined through the DLS technique, since the DLS shows the hydrodynamic size of the NPs,

constituted by the nanoparticle-electron ion layer assembly that surrounds it [121].

Figure 13 - Morphological characterization of FA-GA-loaded PLGA NPs by TEM.

4.5 Release Profile of GA

The release profile of the drug encapsulated in the nanoformulations was evaluated over
time by mimicking physiological conditions (37° C in PBS, 0.01 M) for two different pHs, 6.4 and
7.4. This in vitro profile is an important aspect to consider since it provides essential
information about the ability to modify drug release. Thus, it is an important parameter in the
evaluation of its safety and efficacy and can be correlated with in vivo behavior [122].

The drug release profile is dependent on a few factors, namely: solubility, drug diffusion,
diffusion agent, and encapsulation methods [123]. Figure 14 shows the release profiles of GA

under physiological conditions at pH 7.4 and 6.4, respectively.
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Figure 14 - Release profile of FA-GA-loaded PLGA NPs overtime for pH=7.4 and 6.4.

By analyzing figure 14, it is possible to see that the drug release profile in NPs for pH 7.4
conditions reveals an increasing character over 192 hours. A biphasic pattern emerges in this
release, with an initial release (in the first 4 hours) of 8%, followed by a slower and controlled
release over the following days, reaching a release of 20% after 8 days (192 hours). Regarding
the release profile of GA under physiological conditions at pH 6.4, a faster initial release was
also observed after 4 hours (5%), followed by a slower release over the remaining days, reaching
a 23% drug release percentage after 26 days (624 hours), also revealing a biphasic profile. In
general, there is always an initial burst release caused by de-adsorption of the compounds
adsorbed to the NPs’ surface [124]. After this initial phase, three forms of drug release arise,
namely: drug diffusion from the matrix of the PLGA NPs, erosion of the NPs, and hydrolysis
[125]. Furthermore, it is important to note that PLGA is useful for controlled release because
it degrades over several weeks by hydrolysis forming by-products that are easily metabolized
by the body [126]. Finally, it should be noted that the amount of GA that was released in both
physiological conditions over time was not as desired, given the percentages obtained. Despite

its slow and controlled release, ideally the amount of drug released should have been greater.

4.6 NPs’ Stability in Storage Conditions

To evaluate the colloidal stability of the nanoformulations under storage conditions, the
physicochemical properties of the optimal NPs were measured over 6 weeks. Thus, the 5 batchs
(FA-GA-loaded PLGA NPs) were stored in storage conditions where, their stability was measured
using the DLS technique once a week. The results obtained are presented in table 9, showing

the mean size (nm), PDI and zeta potential (mV) obtained and their SD.

Table 9 - Optimal FA-GA-loaded PLGA NPs stability in storage conditions over 8 weeks (mean+SD, n=5).
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(\;::Ifs) Mean size (nm) PDI Zeta (r::\t/(;ntlal
pH7.0
0 1539 0.05+0.01 -27+2
1 1539 0.03+0.01 -22+3
2 1509 0.040 £ 0.005 -21+2
3 152+9 0.06 £ 0.03 -21+2
4 150+ 8 0.04 £0.01 -22+1
5 152 +7 0.04 £0.01 -22+1
6 151 +8 0.05+0.01 -21+2
7 152 +8 0.04 £0.02 -23+2
8 149+9 0.04 £0.01 -20+2

Through the analysis of the results, it can be inferred that over time the size (nm) and PDI

of the NPs did not change significantly, since no statistically significant changes were observed

in these properties (p>0.05), revealing stability in these two parameters. Regarding the zeta

potential (mV), the decrease in its value was significant (p<0.05), however this change does

not show instability of the NPs under storage conditions, since this decrease may occur by

successively applying an electric potential in the sample.

4.7 NPs’ Stability in Physiological Conditions

The colloidal stability of the nanoformulations under physiological conditions was also

evaluated. The size (nm), PDI and zeta potential (mV) of FA-GA-loaded PLGA NPs were

measured over several weeks in simulated physiological conditions (PBS 0.01 M, pH 6.4) and

(PBS 0.01 M, pH 7.4). The results obtained are summarized in table 10, present below.

Table 10 - Optimal FA-GA-loaded PLGA NPs stability in physiological conditions over 3 weeks at.

(:;Tfs) Mii:‘n‘;'ze PDI Zeta potential (mV)

PBS 0.01 M, pH 6.4

4 134 0.06 -1.2

24 134 0.03 -2.6

120 133 0.03 -0.9

216 146 0.08 -3.8

288 143 0.02 -4.3

456 134 0.05 2.4

624 150 0.08 -4.0
PBS 0.01 M, pH 7.4

143 0.03 -1.4

140 0.04 -14
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4 144 0.03 -1.0
24 144 0.02 -1.4
48 148 0.03 -2.5

120 141 0.06 -0.9
192 129 0.09 -3.0
288 139 0.03 -4.3
360 139 0.06 -1.8

The FA-GA-loaded PLGA NPs stored in simulated physiological conditions were stable over
3 weeks, for both studied pHs. Through the results it is possible to realize that for pH 7.4: the
largest size variation was 19 nm (size decreased from 148 nm at 48 hours to 129 nm at 192
hours), however, the remaining measured sizes are all in the range of 139 to 144 nm, a variation
of only approximately 5 nm. Over time the PDI showed some increase, however it always proved
to be optimal, i.e., below 0.1. Regarding the results obtained for pH 6.4: the largest size
variation was 17 nm, with the size increasing from 133 nm to 150 nm between 120h and 624h,
the other sizes being quite close. The PDI, as before, showed values less than 0.1, proving the
homogeneity and monodispersity of the sample over time. The zeta potential was always quite
close to neutral, showing its farthest value after 288 hours (-4.3 mV) for both pHs. As expected,
under physiological conditions, since the NPs were suspended in PBS, the zeta potential
obtained is very close to neutral by the charge neutralization effect [127]. When the NPs are
resuspended in PBS (buffer solution that helps to maintain a constant pH), the zeta potential
tends to approach neutrality. This is due to the free charges in the PBS interacting with the
chemical groups on the surface of the NPs, masking the negative sign of the NPs [128]. However,
it is possible to state that the stability of the NPs produced is maintained since this is promoted
by the steric stabilization of the PVA and also by the surface charges. This biocompatible
polymer promotes the monodispersity of the samples and their stabilization through its

adsorption on the surface, thus avoiding the agglomeration of the nanoformulations [129].

4.8 NPs’ Antiproliferative Activity

As mentioned in the methodology section regarding cell cultures (3.11 and 3.12), two human
cell lines, U251 referring to GBM and NHA referring to healthy brain cells, were used to evaluate
the antiproliferative activity of FA-GA-loaded PLGA NPs in in vitro conditions. To compare the
antiproliferative effect of free GA and GA encapsulated in FA-PLGA NPs, increasing
concentrations of free drug and FA-GA-loaded-PLGA NPs were tested. Figure 15 shows the
survival inhibition curves for each of the cell lines for both forms of administered natural

compound.
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Figure 15 - Cell survival curve after 72-hour treatment with free GA and FA-GA-NPs for (A) NHA cell line
(B) U251 cell line.

Through the results obtained it is possible to see that cell survival in both cell lines under
study present a decrease with increasing GA concentration. The cell survival profile for free GA
presents a well-defined curve for both cell lines, with the survival rate being practically null
starting at 200 pM of GA. Regarding the antiproliferative ability of FA-GA-loaded NPs in both
cell lines, it is possible to see that a much higher concentration of drug is required to obtain
the same result of inhibition of cell survival caused by free GA.

The half-maximal inhibitory concentration (ICs) is a determining factor to consider in cell
tests, since it is representative of the amount of drug that is required to inhibit the biological
process, in this case cell survival, by half [130]. ICso values were obtained from the cell survival

plots and are shown in table 11 below.

Table 11 - ICso after 72 hours using free GA and FA-GA-NPs for both cell lines.

ICs0 (LM)
Free GA FA-GA-NPs
U251 60+ 10 1073 £ 231
NHA 877 1099 * 466

Comparing the obtained ICs, values, it can be concluded that free GA therapy inhibited cell
proliferation more efficiently when compared to NPs therapy. Thus, the ICsy values for the free
compound were lower since much higher concentrations of NPs are required to obtain the same
therapeutic effect. This can be explained by the slow release of GA, resulting in an inability to
produce the same intensity of antiproliferative activity that the free drug is capable of [42].
Through the release results presented in section 4.5, it is possible to see that after 72 hours,
only approximately 12% of GA was released from the NPs. Considering that the cell experiments
were performed in this period, it is expected that there is a reduced amount of GA in contact
with the cells, which reveals that the total concentration of GA is not available during this

time, resulting in a lower antiproliferative capacity of the NPs. However, it is expected that
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the GA encapsulation in FA-PLGA NPs will be able to improve its efficacy in vivo, by increasing
GA accumulation by directing the NPs to the tumor brain tissue overexpressing FA receptors.

It is also important to mention that since GA is a natural compound with antioxidant
properties, the NHA cell line was used to compare the survival rate of these cells with a cancer
cell line. According to the literature, it would be expected that the survival rate of the NHA
line would be higher compared to U251, for the same concentration of drug used [131]. The
results obtained show that the difference between the effect of free GA on the two lines is
significant, demonstrating that indeed the natural compound has more antiproliferative effect
on the tumor line than on the healthy line. Regarding the difference in the effect of NPs
between the two cell lines, this proved to be non-significant, as evidenced by the close ICs
values presented.

Finally, the biocompatibility of FA-PLGA NPs without GA was also evaluated, in order to
prove that the NPs are safe for administration, and that the antiproliferative effect comes from
the continuous release of GA and not from the PLGA NPs. Figure 16 presents the results of the

biocompatibility tests of the FA-PLGA NPs obtained for both cell lines.
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Figure 16 - Cell survival rate of FA-PLGA NPs for U251 and NHA cell lines.

From the results, it can be concluded that the NPs are biocompatible as they do not cause
toxicity in the tested range of concentrations, thus indicating that the effect that is observed
in FA-GA-loaded PLGA NPs is due to the use of GA, and not due to PLGA NPs. A concentration
range of PLGA NPs between 0.18-0.72 mg/mL was chosen for this assay. These were chosen to
match the concentration range of 500-2000 pM of GA, which represents the concentrations at

which cell survival began to decrease for the NPs in both cell lines.
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Chapter 5

Conclusions and Future Perspectives

Cancer has been, in the last decades, a disease that affects a huge number of people all
over the world and for which treatment solutions are continuously being tried. One of the
deadliest types of cancer is GBM. In this sense, nanomedicine has emerged as a major weapon
in the fight against this disease, both in its diagnosis and treatment.

The therapeutic properties of natural compounds have been the subject of constant studies,
due to their antioxidant and anti-carcinogenic properties. GA is one of these compounds that
has interesting properties for fighting GBM. Nevertheless, due to its low solubility, it is
necessary to resort to nanomedicine, namely the production of NPs, to make the use of this
natural compound a viable solution.

The main objective of this work was, therefore, to use PLGA NPs to effectively encapsulate
this drug. In addition, the surface of this nanosystem was successfully conjugated with FA. It is
also important that this nanoformulation has a set of characteristics - such as size, PDI, zeta
potential, and EE - ideal for its effective internalization in the tumor tissue, without
compromising the cell viability of normal cells. In this way, the DoE was used to understand the
impact of the variables used in the production of nanformulations. Thus, a central composite
design was implemented to optimize the nanosystem, through which 30 formulations were
produced, subsequently creating a mathematical model correlating the independent variables
with the responses to be studied (size, PDI, zeta potential, and EE). Finally, an optimal model
was obtained, predicted by the software: 40 mg PLGA, 4% PVA, 398 molecules of FA/ NP, and
4 sonication cycles. The optimal formulation was then produced, meeting the software
predictions, verifying NPs with size less than 200 nm, PDI less than 0.01, negative zeta

potential, and EE% close to 50%.
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In addition, the drug was released over 15 days for different characteristics of the
physiological medium (pH 6.4 and pH 7.4). The results obtained showed a slow and controlled
release of GA, however a low percentage of released compound (approximately 20%) was
achieved. The stability of the optimal NPs under storage and physiological conditions was also
evaluated, and in both cases the physicochemical properties of the nanoformulations remained
stable.

The antiproliferative effect of the NPs was studied, and compared with free GA, in the two
cell lines U251 and NHA, through in vitro studies. For the free GA and the FA-GA-loaded PLGA
NPs, it was confirmed that the cell survival rate shows a decrease with increasing drug
concentration. However, free GA therapy inhibited cell proliferation more efficiently when
compared to FA-GA NPs therapy. These results can be explained due to the slow release of GA
over time, as verified in release tests. Furthermore, the difference between the effect of free
GA in the two lines was shown to be significant, revealing that GA exhibits greater
antiproliferative effect in the tumor line than in the healthy line. Further toxicity tests with
control unloaded FA-NPs also allowed proving that the FA-PLGA NPs are biocompatible and that
the observed antiproliferative effect of NPs comes from the continuous release of GA.

As future perspectives, it will be necessary to extend the work performed so far in order to
evaluate the efficacy of the nanosystem. In this sense, it is important to evaluate the
cytotoxicity of the produced NPs and the free drug in more GBM cell lines. Pharmokinetics and

biodistribution studies using in vivo animal models may also be a test option.
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Appendix

A1. Calibration Curve
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Figure A1. 1- Absorbance calibration curve of GA in PVA 1% to determine the EE of GA.



A2. Experimental Design

Table A2. 1 - ANOVA analysis for the response variable Size (Y1) applying a quartic model.

Size (Y1)
Source Sum of d Mean F- p-
Squares Square value value
Model 56949,58 24 2372,90 34,99 0,0004 significant
A-PLGA 435,13 1 435,13 6,42 0,0523
B-PVA 26865,62 1 26865,62 396,14 -
0.0001
C-FA 14,58 1 14,58 0,2150 0,6624
D-Sonication 406,13 1 406,13 5,99 0,0581
AB 842,45 1 842,45 12,42 0,0168
AC 133,98 1 133,98 1,98 0,2188
AD 28,89 1 28,89 0,4260 0,5428
BC 1077,48 1 1077,48 15,89 0,0105
BD 956,36 1 956,36 14,10 0,0132
CcD 95,55 1 95,55 1,41 0,2886
A? 1085,42 1 1085,42 16,00 0,0103
B2 16364,70 1 16364,70 241,30 -
0.0001
C2 120,15 1 120,15 1,77 0,2406
D? 50,46 1 50,46 0,7440 0,4278
ABC 40,64 1 40,64 0,5993 0,4739
ABD 52,93 1 52,93 0,7804 0,4175
ACD 144,60 1 144,60 2,13 0,2041
BCD 22,33 1 22,33 0,3292 0,5910
A2B 13337,89 1 13337,89 196,67 )
0.0001
A2C 2,30 1 2,30 0,0338 0,8613
A2D 0,2177 1 0,2177 0,0032 0,9570
AB? 1043,28 1 1043,28 15,38 0,0112
ABCD 7,43 1 7,43 0,1095 0,7541
A2B2 4767,22 1 4767,22 70,29 0,0004
Pure Error 339,09 5 67,82
Cor Total 57288,68 29




Table A2. 2 - ANOVA analysis for the response variable PDI (Y2) applying a quartic model.

PDI (Y2)
Source Sum of d Mean F- p-
Squares Square value value
Model 0,0890 24 0,0037 31,76 0,0006 significant
<
A-PLGA 0,0300 1 0,0300 256,96
0.0001
B-PVA 0,0001 1 0,0001 1,24 0,3166
5,000E- 5,000E-
C-FA 1 0,0043 0,9504
07 07
D-
0,0011 1 0,0011 9,46 0,0276
Sonication
AB 0,0010 1 0,0010 8,63 0,0323
AC 0,0008 1 0,0008 6,59 0,0502
AD 0,0000 1 0,0000 0,3344 0,5881
BC 0,0005 1 0,0005 3,87 0,1064
BD 0,0002 1 0,0002 2,12 0,2048
7,563E- 7,563E-
CcD 1 0,0647 0,8093
06 06
<
A? 0,0416 1 0,0416 356,02
0.0001
B2 0,0059 1 0,0059 50,17 0,0009
C? 0,0003 1 0,0003 2,34 0,1866
D2 0,0001 1 0,0001 0,7224 0,4342
1,562E- 1,562E-
ABC 1 0,0134 0,9124
06 06
ABD 0,0005 1 0,0005 4,43 0,0892
ACD 0,0008 1 0,0008 6,59 0,0502
BCD 0,0003 1 0,0003 2,85 0,1521
AZB 0,0000 1 0,0000 0,1336 0,7297
A2C 0,0003 1 0,0003 2,91 0,1485
AZD 0,0003 1 0,0003 2,22 0,1968
<
AB2 0,0202 1 0,0202 172,74
0.0001
ABCD 0,0002 1 0,0002 1,50 0,2748
<
A2B? 0,0180 1 0,0180 154,24
0.0001
Pure Error 0,0006 5 0,0001
Cor Total 0,0896 29




Table A2. 3 - ANOVA analysis for the response variable Zeta Potential (Y3) applying a quartic model.

Zeta (Y3)
Source Sum of df Mean F- p-
Squares Square value value
Model 638,18 24 26,59 11,42 0,0065 significant
A-PLGA 1,62 1 1,62 0,6955 0,4423
B-PVA 9,95 1 9,95 4,27 0,0937
C-FA 1,08 1 1,08 0,4639 0,5261
Soni:tion 4,12 1 4,12 1,77 0,2410
AB 6,88 1 6,88 2,95 0,1464
AC 13,52 1 13,52 5,81 0,0609
AD 0,0977 1 0,0977 0,0419 0,8458
BC 117,34 1 117,34 50,38 0,0009
BD 5,65 1 5,65 2,43 0,1800
CcD 1,02 1 1,02 0,4358 0,5383
A? 0,8702 1 0,8702 0,3736 0,5678
B2 3,66 1 3,66 1,57 0,2655
C? 1,90 1 1,90 0,8175 0,4074
D2 1,58 1 1,58 0,6788 0,4475
ABC 2,90 1 2,90 1,24 0,3153
ABD 0,0086 1 0,0086 0,0037 0,9540
ACD 0,0001 1 0,0001 0,0000 0,9963
BCD 0,8327 1 0,8327 0,3575 0,5759
A2B 76,29 1 76,29 32,75 0,0023
A2C 14,34 1 14,34 6,16 0,0557
A2D 0,0853 1 0,0853 0,0366 0,8558
AB? 14,11 1 14,11 6,06 0,0571
ABCD 5,63 1 5,63 2,42 0,1808
A2B? 70,21 1 70,21 30,15 0,0027
Pure Error 11,65 5 2,33

Cor Total 649,83 29




Table A2. 4 - ANOVA analysis for the response variable GA EE (Y4) applying a linear model.

GA EE (Y,4)
Source Sum of d Mean F- p-
Squares f Square value value
<0.00 signific
Model 3824.88 4 956.22 11.17
01 ant
0.500 0.485
A-PLGA Mass 42.88 1 42.88
8 7
<0.00
B-%PVA 3739.55 1 3739.55 43.68 o1
C-Fa 0.203 0.656
17.40 1 17.40
molecules/NP 2 0
D-Sonication 0.292 0.593
25.06 1 25.06
Cycles 7 3
2
Residual 2140.25 s 85.61
2 0.540 not
Lack of Fit 1722.24 86.11 1.03
0 9 significant
Pure Error 418.01 5 83.60
2
Cor Total 5965.14 9
A2.1 NPs Size
Size = 151.45 -9.54 (PLGA mass) - 74.93 * (%PVA) - 1.75 (FA (1)

molecules/NP) - 9.21 (Sonication Cycles) - 7.26 (PLGA mass) (%PVA)
- 8.21 (%PVA) (FA molecules/NP) - 7.73 (%PVA) (Sonication Cycles) + 11.24 (PLGA
mass)® + 43.66 (%PVA)* + 60.18 (PLGA mass)* (%PVA) + 16.83 (PLGA mass) (%PVA)? -

48.19 (PLGA mass)? (%PVA)?
A2.2 NPs PDI

PDI = 0.0440 - 0.0792 (PLGA mass) - 0.0055 (%PVA) (2)
+ 0.0003 (FA molecules/NP) + 0.0152 (Sonication Cycles) - 0.0079 (PLGA mass)

(%PVA) + 0.0696 (PLGA mass)? + 0.0261 (%PVA) + 0.0740 (PLGA mass) (%PVA)?



- 0.0937 (PLGA mass)? (%PVA)?

A2.3 NPs Zeta Potential

Zeta Potential = -19.54 -0.5819 (PLGA mass) + 1.44 (%PVA) (3)
+ 0.4752 (FA molecules/NP) + 0.9278 (Sonication Cycles)
- 7.26 (%PVA) (FA molecules/NP)

- 8.21 (PLGA mass)? (%PVA) - 7.73 (PLGA mass)® (%PVA)?

A2.4 NPs EE

GA EE = 40.91 + 1.44 (PLGA mass) + 13.41 (%PVA)

+0.9149 (FA molecules/NP) + 1.10 (Sonication Cycles)

A3. GA Solubility and Stability Studies

Solubility studies of GA were performed for ethyal acetate (EA) and dimethyl sulfoxide
(DMSO), and the solubility limit tested was 2 mg/mL. The prepared solution containing each
organic solvent was subjected to mechanical agitation using a vortex (Heidolph Reax Top Vortex
Mixer, Heidolph instruments GmbH & Co., Schwabach, Germany) for 5 min, and at the end of
this period, the drug appeared visually diluted. To confirm it, the UV-vis absorbance spectra
between 200-700 nm of the sample was measured using a microplate reader (Synergy 2
Microplate Reader, BioTek, UK). Both steps were performed cyclically until constant
absorbance values were obtained between two consecutive measurements. The obtained

results are presented in figures A3.1 and A3.2.
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Figure A3. 1- Solubility of GA in ethyl acetate.
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Figure A3. 2- Solubility of GA in DMSO.

For both organic solvents, it was necessary to submit the solution to three 5 min cycles of
mechanical agitation to maintain the absorbance value. GA in EA showed the following
absorbance values for the maximum absorbance wavelength (265 nm): 0.677 after 10 min of
agitation, and 0.719 after 15 min of agitation. Thus, it was possible to conclude that the
absorbance value didn’t change significantly. For GA in DMSO, the absorbance values were
recorded for the peak at 274 nm, obtaining: 1.37, and 1.40 in the two consecutive
measurements. As the peak absorbance results didn"t change significantly, this suggests that
GA was completely soluble in the organic solvent.

Since GA was soluble in both studied organic solvents after 15 min of agitation, both could
be used for NPs preparation. EA was chosen since is the most suitable for a single-emulsion

evaporation method. PLGA NPs can be prepared by a single-emulsion or double emulsion-



evaporation method depending on the hydrophobicity of the compound to encapsulate [80]. As
GA is a hydrophobic molecule, EA was chosen for the procedure of single-emulsion. Thus, the
GA stability in EA under the experimental conditions of NPs preparation was studied.

The conditions were mechanical agitation by vortex for 30 sec, followed by 2 rounds of 3
sonication cycles of 10-sec on/off with an amplitude of 70% and a frequency of 24 kHz (probe
sonicator, UP400S, Hielscher, Berlin, Germany). The absorbance of the sample was measured
before and after the stability tests and Figure A3.3, shown below, represents the absorbance

presents the obtained results.
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Figure A3. 3- Stability of GA in ethyl acetate.

The results show that the absorbance obtained between the measurements of the organic
solution was different. This may be because EA is a solvent that evaporates very easily, and by
performing the sonication of the solution, part of the solvent may have evaporated. Thus, the
sample may have become more concentrated and hence there was an increase in the
absorbance of the solution. Despite this result, ethyl acetate was used as the organic solvent

in the NPs production protocol since the literature confirms the stability of GA in this solvent.



