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Abstract

Worldwide, hepatocellular carcinoma (HCC) is responsible for most liver cancer
diagnoses and deaths. Primary liver cancer is the seventh most occurring type of
cancer, and it is the fourth most responsible for mortal cases. In recent years,
nanotechnology has been used as a tool for fighting HCC, mainly its early diagnosis
and treatment of advanced forms, which has improved therapeutic agents aiming
future clinical practices. Curcumin is a polyphenol which has been shown to target
multiple signaling molecules, and proved to have antiangiogenic, anti-inflammatory,
antioxidant, and antitumor effects, which applies to HCC. However, it has some
limitations. Due to its hydrophobic characteristics result in poor solubility and
absorption, rapid metabolism and elimination, necessitating the development of a
safe delivery platform. Chitosan (CS), derived from a natural polysaccharide, the
chitin, has been utilized for preparing nanoparticles and loading into them small
pharmacologically active molecules. Chitosan has favorable properties such as good
biodegradability, low toxicity, and easy modifiability. More recently, it has been
discovered that CS itself possesses anti-carcinogenic and hepato-protective
properties. The modifiability of this polymer is particularly advantageous as it
allows to link some molecules for better targeting to specific cells. Specifically, by
expressing galactose, CS can effectively target the Asialoglycoprotein Receptor
(ASGPR) present on hepatocytes of human carcinoma cell lines. The objective of this
work was to develop, characterize and study curcumin encapsulated lactobionic
acid modified chitosan nanoparticles (NPs), which present a galactose moiety on
chitosan’s surface. These NPs were characterized for their cytotoxicity on
hepatocellular carcinoma cells and healthy immune cells, registering overall no
cytotoxicity at the tested concentrations. Additionally, their effect on oxidative
stress was also verified, which confirmed curcumin’s antioxidant potential. Their
immune response profile was also studied, with none of the nanoparticles
stimulating pro-inflammatory cytokines. These contributions could provide
significant insights for future studies using these NPs, as a part of potential cancer
therapy and immunomodulation.

Keywords: Curcumin; Chitosan nanoparticles; Asialoglycoprotein Receptor;
Hepatocellular Carcinoma; Liver targeting



Resumo

O carcinoma hepatocelular (HCC) é mundialmente responsavel pela maioria dos
diagnosticos e 6bitos de cancro do figado. O cancro do figado primario é o sétimo
tipo mais frequente de cancro e o quarto mais mortal. Nos ultimos anos, a
nanotecnologia tem sido usada como ferramenta para o combater, especialmente no
seu diagndstico precoce e tratamento nas formas avancadas, o que tem melhorado
os agentes terapéuticos com vista a futuras praticas clinicas. A curcumina é um
polifenol que se tem demonstrado eficaz em interagir com varias moléculas de
sinaliza¢do, possuindo efeitos antiangiogénicos, anti-inflamatorios, antioxidantes e
antitumorais, que se aplicam ao HCC. Contudo, apresenta algumas limitacdes.
Devido as suas caracteristicas hidrofébicas, a sua absor¢do é limitada, com
metabolismo e eliminacao rapidos, o que requer o desenvolvimento de uma
plataforma de entrega segura. O quitosano (CS), um polissacarideo natural, utilizado
para carregar pequenas moléculas devido a possuir propriedades como boa
biodegradabilidade, baixa toxicidade e facil modificacao. Mais recentemente, foi
descoberto que o prépria CS possui propriedades anti-cancerigenas e hepato-
protetoras. Esta modificabilidade é particularmente vantajosa, permitindo um
melhor direcionamento para células de HCC. Especificamente, ao expressar
galactose na sua superficie, pode-se direcionar eficazmente para o recetor de
Asialoglicoproteina (ASGPR) presente nos hepatdcitos de células do HCC. O objetivo
deste trabalho foi desenvolver, caracterizar e estudar nanoparticulas (NPs) de
quitosano modificadas com &cido lactobiénico e encapsulando curcumina, que
apresentam uma unidade de galactose na sua superficie. Estas NPs foram
caracterizadas quanto a sua citotoxicidade em células de carcinoma hepatocelular e
células imunitarias saudaveis, nao revelando toxicidade de um modo geral para as
concentracoes testadas. Adicionalmente, o seu efeito no stress oxidativo foi também
verificado, onde se confirmou o potencial antioxidante da curcumina. O perfil
imunolégico também foi estudado, nao se observando estimulac¢ao de citocinas pro-
inflamatorias por parte das nanoparticulas. Estas contribui¢des poderao fornecer
detalhes interessantes para futuros estudos utilizando estas nanoparticulas, tendo
como objetivo potenciais terapias do cancro e estudos imunolégicos.

Palavras-chave: Curcumina; Nanoparticulas de Quitosano; Recetor de
Asialoglicoproteina; Carcinoma Hepatocelular; Direcionado para o Figado.



Chapter 1 - Introduction




1. Introduction

1.1 Hepatocellular Carcinoma

Hepatocellular Carcinoma (HCC) is a very aggressive type of primary liver cancer,
which accounts for over 80 percent of all liver cancers, it is the seventh most
common tumors disease and the fourth in terms of mortality associated with cancer,

worldwide (Wen et al., 2022).

HCC can be originated by a wide variety of conditions, whether strictly cellular or
environmental-related issues, but it mostly develops in people that already have
liver problems (J. D. Yang et al., 2019). Most cases of HCC are derived from patients
with hepatitis B virus (HBV) or hepatitis C virus (HCV). However, hepatitis does not
pose as the single primary cause of HCC. High consumption of alcohol, which
translates to cirrhosis and liver damage caused by inflammation and fibrosis;
Moreover, other comorbidities like obesity and insulin resistance which can cause
nonalcoholic fatty liver disease (NAFLD) are frequently associated with HCC
diagnosis; Finally, smoking tobacco and the intake of food contaminants like the
mycotoxin aflatoxin B1, all together are factors that in the long run can originate
HCC. These causes are very geographic-dependent (J. D. Yang et al., 2019), for
example, in the United States of America 35 percent of HCC cases were heavily linked
to obesity and/or diabetes (J. D. Yang et al., 2019; Younossi et al., 2015), in Sub-
Saharan countries like Sudan, 60 percent of HCC patients have a connection to
aflatoxin B1 exposure (Magnussen & Parsi, 2013; Omer et al., 1998; ]. D. Yang et al,,
2019) and in the Asian continent, most cases are due to HCV or HBV infection and
by high alcohol consumption (Ashtari et al, 2015; J. D. Yang et al, 2019).
Understanding the multifaceted causes of HCC is crucial as it guides the selection of

effective treatment approaches.

As we dwell into ways of treating HCC, it becomes evident that the management of
this complex disease requires a comprehensive approach. The most common
surgical interventions involve the removal of the liver or excerpts of the liver, with
treatments like hepatic resection, liver transplantation and ablation techniques (Z.

Chen et al., 2020). Chemotherapy plays an extremely limited role (Deng et al., 2015)



as a standalone therapy, with very modest results, limited response rates and

overall survival benefits compared to other treatment approaches.

Nevertheless, these approaches are not as successful as desired, as reappearance of
tumors are highly common on HCC, and they are hardly effective on fighting this
phenomenon (Tsoulfas et al, 2014). In fact, only the resection and the
transplantation of the liver are potentially curative treatments, although only 15%
of patients are eligible for them and being only employed in the early stage of the

disease (Crissien & Frenette, 2014).

Having this in mind, in recent years, novel therapies, targeting specific cells or

pathways have been developed, particularly combining diverse types of therapies.

The first and standard FDA-approved drug for advanced HCC, which is considered a
first-line treatment option, improving overall survival and being capable of delaying
disease progression in clinical trials was sorafenib, a multikinase inhibitor. These
inhibitors are important for HCC treatment due to their ability to target multiple
signaling pathways involved in cancer progression, including angiogenesis, cell
proliferation, and survival, decreasing tumor growth, and inducing cell death.
Although providing just limited effectiveness due to the majority of patients not
benefiting from sorafenib due to the genetic heterogeneity of HCC (Pang et al., 2022).
Nowadays there are also other approved drugs for its treatment, namely other

multikinase inhibitors, but also monoclonal antibodies (Psilopatis et al., 2023).

However, these two types of drugs possess downsides, such as side effects from
different arrays, from immune-related adverse events to liver toxicity and
gastrointestinal disturbances (Baldo, 2013). As stated earlier, cancer cells can also
develop a resistance to these factors, leading to reduced treatment effectiveness
(Pangetal., 2022). In the more technical part, they are expensive (Wagle & Spencer,
2021), and some could only be directed to a certain subgroup of patients, as stated

before.

In recent studies, it has been proved that these and other effects can be reduced by
natural compounds as they can act as radiosensitizers and chemosensitizers (Nisar
etal, 2022), enhancing the sensitivity of cancer cells to radiation and chemotherapy

respectively. These natural extracts can also play the role of biological protectors of



healthy tissues, with many of them having documented hepatoprotective activity
(Madrigal-Santillan et al., 2014), as well as being able to alleviate treatment-related
side effects (Q. Y. Zhang et al., 2018) while they develop a synergistic role together

with conventional chemotherapy agents (Castafieda et al., 2022).

Nanotechnology offers a promising approach to reduce the toxicity of cancer
treatment by specifically targeting cancer cells while sparing healthy cells. Using
nanoparticles, drugs can be encapsulated and delivered directly to cancer cells,
minimizing exposure to healthy tissues and reducing the systemic toxicity of the
treatment. This targeted delivery approach allows for a more concentrated and
effective action at the site of the tumor, while minimizing the adverse effects on
healthy tissues. Furthermore, in addition to its therapeutic applications,
nanotechnology has also contributed to the development of advanced diagnostic
strategies for HCC. Techniques such as nano-CT, nano-MRI, and nano-fluorescence
imaging offer highly sensitive and precise detection of HCC at the nanoscale. These
diagnostic tools aid in early detection, accurate diagnosis, and monitoring of HCC,

enabling timely intervention and improved patient outcomes (Xu et al.,, 2022).

These two approaches - the use of natural compounds and nanotechnology - have
also been put together in recent years, with the co-delivery in nano formulations of
both natural compounds and chemotherapeutic agents proving to decrease the
chemotherapy dose, having a synergistic effect, as well as overcoming multidrug

resistance (B. Li etal., 2022).

In summary, the integration of nanotechnology in HCC treatment provides a dual
benefit. By enabling targeted drug delivery, nanotechnology reduces the toxicity of
treatment by selectively delivering drugs to cancer cells. Additionally, advanced
diagnostic technologies based on nanotechnology enhance early detection and
monitoring of HCC. This combination of therapeutic and diagnostic strategies holds

great promise for improving the effectiveness of HCC treatment (Xu et al., 2022).

1.1.1 The main actors

Hepatocytes are the main parenchymal liver cells, accounting for almost 80 percent
of the liver mass, and have a long-life cycle (Holczbauer et al., 2022). They are

involved in a series of activities, ranging from protein synthesis to detoxification, but



also playing a very important role in liver regeneration. Whenever this central
ability is compromised, mainly due to these cells becoming senescent, the Hepatic
Progenitor Cells (HPCs) are activated. Under normal conditions, HPCs are in a
separate compartment, the Canals of Hering, which plays out to be an important
location, due to the possibility of differentiating in hepatocytes or into
cholangiocytes, which will be important in the regenerative process. (Holczbauer et

al., 2022; Tummala et al., 2017)

In recent years, the tumor microenvironment (TME) has also been the target of
some studies (Sevic et al.,, 2019), in particular the Hepatic Stellate Cells (HSCs)
which, in normal conditions, store vitamin A and regulate sinusoidal circulation, but
when activated by external factors form Cancer-Associated Fibroblasts (CAFs),
which induce extracellular matrix (ECM) formation by synthesizing collagen and

fibronectin (Barry et al., 2020) contributing to tumor proliferation.

The TME of HCC is also composed of immune cells, like peripheral blood
mononuclear cells (lymphocytes and monocytes) and neutrophils. One of the most
common characteristics of cancer is chronic inflammation evaluated throughout
this type of cells. Tissue reprogramming is observed in many situations through the
upregulation of growth factors and cytokines in the inflammatory
microenvironment (Coussens et al., 2013). Different types of lymphocytes have
showed different outcomes cancer growth: whereas cytotoxic T lymphocytes (CTLs)
actually correlate with a positive prognostic (Zheng et al., 2021), regulatory T Cells
(Tregs) in particular have immunosuppressive properties, playing a crucial role on
the initiation of HCC carcinogenesis (H. Wang et al., 2021). Monocytes infiltrate the
tumor tissue and differentiate into tumor-associated macrophages (TAM)
(Arvanitakis et al., 2022). They can display the M1 or M2 phenotypes, depending on
the surrounding microenvironment: the M1 macrophages being associated with
good prospects in cancer fight, whereas the M2 support angiogenesis and express
immunosuppressive receptors (Jayasingam et al, 2019). Neutrophils can also
display both anti and protumorigenic phenotypes (the so called N1 and N2
phenotypes, respectively), with this differentiation depending on the surrounding

stimuli as well. For example, if there is a high concentration of TGF- 3 they will

follow the protumoural route and favor angiogenesis, tumor growth and



immunosuppression. With a blockade of TGF- or the presence of type I interferons
(IFNs) they will drive towards an antitumoural path with a more
immunostimulatory profile (Fridlender et al., 2009). The spleen also contributes to
the continuous proliferation of immune cells in the TME, by being a reservoir of
neutrophils and monocytes that can be mobilized in response to inflammation and
later turn into M2 TAM or N2 neutrophils(Cortez-Retamozo et al,, 2012; Jiang et al,,
2021). Not only this, but there have been reports that these tumor associated
neutrophils can in fact infiltrate tumor tissue in response to sorafenib treatment,
recruiting macrophages and subsets of lymphocytes (Treg cells) in order to promote

sorafenib resistance and enhancing HCC growth (S. L. Zhou et al.,, 2016).

Still regarding the influence of the immune and pro-inflammatory response in the
development of HCC, there are also several reports which can correlate them to its
evolution through various pathways. Interleukin-6 (IL-6) is one of the most
extensively studied pro-tumorigenic cytokines being even classified as a lynchpin
between inflammation and cancer. In recent years, it has been studied precisely due
to being a possible target to control tumor growth. As mentioned earlier,
macrophages in a cancer-related scenario, can undergo differentiation into M1 or
M2 macrophages, being the first ones anti and the second ones pro-tumorigenesis.
There are studies that relate the inhibition of IL6/STAT3 pathway to a better
prognostic of cancer development, as with the blockage of this pathway, there is a
significant increment on M1 differentiation, and consequent suppression of cell
invasion, metastasis formation and an increase on malignant cells’ apoptosis (L.
Chen et al., 2018). TNF-a also plays a critical role in immune regulation. While it is
essential for maintaining a balanced immune system, excessive or inappropriate
production of TNF-a can have detrimental effects and contribute to the development
of various diseases. On this line of thought, it has been documented as serving as a
key connecting inflammation and the formation of tumors, and, in the specific case
of HCC, to promote sorafenib-resistance (Tan et al,, 2019). There are also reports
suggesting that the inhibition of TNF-a can repress the formation of hepatocellular
carcinoma associated cell metastasis, through downregulation of the Erk1/2

pathway (Y. H. Zhang et al., 2015).



Liver Cancer Stem Cells (LCSCs) have intermediate characteristics of HPCs and
mature hepatocytes, which has led to studies regarding to their origin, which have
concluded that these types of cells can reprogram themselves and dedifferentiate
into LCSCs, when facing liver injury conditions. These cells, have somewhat known
roles in tumor initiation and growth, on the processes of metastization and
recurrence and provide the means for resisting therapy, however these mechanisms

are not fully understood (Nuozhou Wang et al.,, 2018).

1.1.2 Cell surface proteins on HCC

Cell surface proteins play crucial roles in various cellular processes, including cell
communication, adhesion, recognition, and signaling. Through these proteins the
cell interact with other types of cells and compounds present on the extracellular
environment. Siracusano et al, 2020 performed a comprehensive multi-omics
analysis to characterize the molecular profiles of HCC tissues, with a particular focus
on the cell surface proteome. This approach provided valuable insights into the
changes in protein expression and their implications in HCC progression. Similarly,
other researchers such as da Fonseca et al., 2020; Peng et al., 2018; Shi et al,, 2013;
Zhang et al.,, 2021 have also explored the cell surface proteome in HCC. This allowed
for an extensive comprehension of HCC markers, ranging from receptors, cell
adhesion molecules, transporters, and other cell surface associated proteins, which

has proved to be helpful in the development of new therapies.

1.1.2.1 Membrane Receptors
Tyrosine Kinase Receptors (TKRs) serve as key players in cell proliferation, due to

their abundance and significant influence on growth factor signaling within the
receptor family. The most common type of receptors are the Epidermal Growth
Factor Receptor (EGFR), expressed on 68% of HCC tissues and the Vascular
Endothelial Growth Factor Receptor (VEGFR) which is deeply important in
vascularization and angiogenesis (Mathonnet et al., 2006). When TKRs are activated
through the binding of specific molecules, such as growth factors, cytokines, or
hormones, a cascade of cellular events is triggered. Epidermal growth factor (EGF)
is a well-known ligand that binds to and activates TKRs, leading to the upregulation
of tumor cell proliferation, antiapoptotic effects, angiogenesis, and metastasis (da

Fonseca et al,, 2020; Huynh et al., 2012). This effect is mostly due to an activation of



certain pathways such as Ras-Raf-MEK-ERK (Y.-]. Guo et al., 2020), PI3K/Akt (Sun
et al, 2021) and the protein kinase C pathway (K. Guo et al., 2008). Certain
pharmaceuticals have been studied to precisely inhibit this activation of TKRs, and
Sorafenib is an example of a dual-action Raf kinase and VEGFR inhibition preventing
tumor cell proliferation and angiogenesis (S. Kim & Abou-Alfa, 2014), however it has
limited efficacy mostly due to its side effects, that can go from gastrointestinal
problems to hypertension (Zhu et al., 2017). It is important to note that the VEGF
receptor pathway and Raf kinase are critical for the normal physiological function
and homeostasis of various organs. Blocking these signaling pathways with
Sorafenib can lead to therapeutic benefits by inhibiting tumor growth, but it can also

result in significant toxicity profiles, hence these side effects (Ye Li etal., 2015).

G-Protein-Coupled Receptors (GPCRs) have been stated as having an important role
on metastization and HCC progression, by modulating diverse pathways, however
the mechanisms surrounding this are not yet clear (Peng et al., 2018). It is known
that pathways such as those involving Wingless-related integration site (Wnt),
Notch, Transforming Growth Factor Beta (TGF-B), as well as Phosphoinositide 3-
kinase (PI3K) and Mitogen-activated protein kinase (MAPK) downstream kinases
are triggered by these types of receptors. Dysregulations at the Wnt/[3-catenin
pathway lead to several cellular processes with consequences on the HCC
proliferation (initiation, growth, survival, motility, differentiation, and apoptosis)
(Khalaf et al., 2018). The Notch pathway is heavily associated with, metastasis
formation and with the tumor microenvironment (TME) regulation, being involved
in the recurrence of cancer stem cells (CSCs) (Huang et al., 2019). TGF-f signaling is
implied throughout all stages of cancer injury, from the initial fibrosis formation to
the development of HCC (Jin et al, 2022). Chemokine Receptors, Adrenergic
Receptors, and Estrogen Receptors represent the predominant classes of GPCRs,
with extensive research focusing on their clinical implications and potential
therapeutic interventions (Peng et al., 2018). However, these interventions have
some limitations, namely problems in their ligand identification (Usman et al,,

2020).

The Cluster of Differentiation 44 (CD44), is a hyaluronic acid receptor, and interacts

with ligands from the extracellular matrix (ECM), mediating cell adhesion and



migration (Z. Yang et al., 2018). It is highly expressed at first contact between
carcinogen agents and hepatocytes, and it has been shown to downregulate the
expression of p53, by activation of the Akt pathway, which will reduce programmed
cell death, and allow for the perpetuation of the mutations associated with the
tumorigenesis present on the cells (Dhar et al., 2018). It will also upregulates the
expression of Yes-Associated Protein (YAP), which will allow a quick activation of
oncogenes (Zhang et al., 2018). There have been some studies showing that high
cholesterol levels are capable of inhibiting metastasis formation by regulating
immune function, by sequestrating CD44 into lipid rafts (Z. Yang et al,, 2018).
However, it is noteworthy that excessive cholesterol levels can also activate
mechanisms that promote tumorigenesis (Zhou & Sun, 2021), so this form of

treatment has not proven to be a viable option due to these conflicting effects.

Asialoglycoprotein Receptor (ASGPR) is a lectin expressed on the surface of
hepatocytes. These receptors are responsible for the binding, endocytosis, and
degradation of extracellular glycoproteins with exposed, non-reducing terminal D-
galactose (Gal), lactose or N-acetyl-galactosamine (GalNac) residues (Shi et al,
2013). They have the particularity of being a highly expressed protein on the
membrane of hepatocytes and barely existing on other cells (D’Souza & Devarajan,
2015), with their expression levels increasing under cirrhotic conditions
(Roggenbuck et al., 2012). Remarkably, these receptors have been found to resist
degradation within lysosomes upon internalization of their ligand molecules, and
returning to the membrane (Tanabe et al., 1979), further highlighting their potential
as promising targets for active delivery strategies. During the last decade, these
characteristics inherent to ASPGRs have made them subject of various studies that
have as objective the active delivery of bioactive compounds to them (Alonso, 2018)
which have allowed for different positive outcomes, like enhanced adhesion,
delivery, functionality and higher efficacy and viability, with no toxicity. Clinical

trials have yet to provide a more profound understanding of these formulations.

These cell surface proteins, act as key mediators of cell communication and
signaling, intricately regulating vital cellular processes, and holding significant
implications for the development of novel therapies. By modulating the interactions

between cells and their environment, these proteins offer valuable insights into the



complex mechanisms underlying disease progression, including HCC, presenting

promising avenues for therapeutic interventions.

1.2. Curcumin - an antitumor compound

In recent years, there has been a revival of interest in studying the usage and
effectiveness of medicinal herbs to treat various diseases. Curcumin is an essential
ingredient of turmeric plants, such as curcuma longa, commonly known as saffron.
Geographically, curcuma longa is endemic in Southeast Asia, and has been present
in traditional medicine from this part of the globe for centuries. The molecular

formula of curcumin is C21H200e.

Figure 1. Chemical structure of curcumin.

This compound has been studied due to its antioxidant, anti-inflammatory and anti-
cancer properties, which may help fighting against various diseases, such as cancer
(Mansouri et al., 2020) and some neurodegenerative diseases (S. Hu et al., 2015). Its
therapeutic characteristics have been widely exploited, and some of the proper
mechanisms that allow us to consider curcumin as a promising therapy have already

been described.

The curcumin is a polyphenol (Figure 1) with antioxidant activity (Chen et al., 2020),
which has been further analyzed with studies proving the increased activity of
antioxidant enzymes by curcumin (X. Lin et al,, 2019), and the attenuation of lipid

peroxidation (Nisari et al., 2017).

Regarding the anti-inflammatory property, a study (Kocaadam, 2017) has showed
curcumin to be capable of inhibiting NF-kB activation. According to Camacho-
Barquero et al., 2007, there is evidence suggesting reduced expression of enzymes
such as inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), which
is associated with a decrease in NF-kB activity. The curcumin can also suppress
Janus kinase-STAT inflammatory signaling, which will lead to an downregulation of

the expression of inflammatory cytokines. This decrease on the production of the
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pro-inflammatory cytokines, including TNF-q, IL-6, and IL-13, was documented by
G.-Y. Kim et al., 2005.

Moreover, there are studies that show that curcumin have the capacity of inducing
apoptosis, which will then prevent tumor growth and also the suppression of cell
cycle, regarding human lung, breast, prostate, colorectal, liver, carcinoma,
pancreatic, myeloma, and melanoma cancers (Karthikeyan et al., 2020). There is also
a study (Binion et al., 2008) that takes into account the antiangiogenic capacity of
curcumin by inhibiting VEGF. For cancer proliferation in general, cell migration and
invasion is an important factor, which is even more highlighted in HCC, as the
recurrence poses as one of the major obstacles for treatments, so it has also been
observed (Naizhi Wang et al., 2020) that curcumin can in fact inhibit these events

on small lung cancer cells.

Apart from these therapeutical effects, curcumin has another positive characteristic,
that is its safety profile, with little to no toxicity, and not displaying any mutagenic
effects or other pathological effects, even in high dosages (Chainani-Wu, 2004).
Nevertheless, it is far from being perfect as it has poor pharmacokinetics. One
consequence of this is that when we ingest food rich in curcumin, it doesn’t translate
into a higher uptake of curcumin, as it is easily and rapidly metabolized and
consequently excreted, leading to a poor absorption and bioavailability, highly due

to its hydrophobic profile (Cas & Ghidoni, 2019).

Consequently, one of the primary research goals entails surmounting the
aforementioned impediment and elucidating methodologies aimed at increasing
curcumin bioavailability. One hypothesis could be by directly conjugating curcumin
with other components to increase the solubility. Additionally, the desired outcome
is for curcumin to reach its intended target tissue, thereby facilitating the exertion
of its anticancer properties. This objective can be attained through the
encapsulation within delivery systems such as nanoemulsions, lipid, polymer, and
gel nanoparticles with the possibility. These encapsulation techniques, among other
characteristics afford an extended period of circulation in the body, fostering
prolonged contact with target cells and thereby enhancing the efficacy of its

anticarcinogenic activity.
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1.3. Chitosan and Chitosan Nanoparticles
Chitosan (CS) is a cationic polymer, consisting of glucosamine and N-

acetylglucosamine units (Figure 2), derived through partial deacetylation of the
chitin. The chitin is the second most abundant polysaccharide, following cellulose
and is present on the exoskeleton of various species of crustaceans and insects. The
term “chitosan” is used to refer to a wide array of similar polymers, whose
differences are the degree of deacetylation (DD) and molecular weight. The DD is
the ratio of glucosamine to N-acetylglucosamine units, and differences on it highly
influence physicochemical behavior and biological functionality of the polymer

(Szymanska & Winnicka, 2015).
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Figure 2. Chemical structure of chitosan.
Chitosan has been widely used on formulation of nanoparticles for targeted delivery,
because it has favorable characteristics such as nontoxicity, biodegradability and
biocompatibility, combined with very strong mucoadhesive properties, due to its
positive charge which enables it to efficiently attach to cells, increasing the
probability of cellular uptake (Garg et al., 2019). Chitosan also displays a very good
stability and shelf life, which allows it to be stored over relatively long periods of
time (Morris et al., 2011). This is important for the industry, particularly for logistic
and technical questions, such as transportation and storage in facilities with lower
budgets, for example, at countries with underdeveloped health care politics and
conditions. It has also been reported (Jhaveri et al., 2021) that this polymer can be
somewhat easily modified and functionalized, which opened the possibility to
express certain molecules on the surface of the nanoparticles prepared with

chitosan.

Together with these factors that make it already a valuable nanocarrier, chitosan
nanoparticles have been documented has having the capability of opening tight
junctions (Vllasaliu et al., 2010; Jian Zhang et al., 2014), a capacity that has been
associated with the activation of the Protein Kinase C pathway (Vllasaliu et al,,

2010), enhancing macromolecular permeability across epithelial cell lines and
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overcoming an obstacle regarding bioavailability of the compounds encapsulated
into chitosan particles in addition to enabling the molecular stability through the

gastrointestinal tract.

Lastly, there have been extensive reports (Sharan Adhikari & Nath Yadav, 2018) on
the last decades suggesting and explaining chitosan’s direct therapeutic effects,
meaning that chitosan on its own possesses characteristics that can make it a
candidate for possible therapies. It possesses an hepatoprotective effect (Mohamed
Zedan et al., 2021), as it is capable of displaying antioxidant mechanisms (Abd El-
Hack et al.,, 2020; Mo et al.,, 2022). There are also reports that claim chitosan’s
antiangiogenic potential on HCC (Xu et al.,, 2009) , and its’ capability of inducing
apoptosis by caspase activation and arrest of cell cycle in oral (Wimardhani et al.,
2014) and bladder (Hasegawa et al., 2001) cancer cells, as well as its antimicrobial
activity (Abd El-Hack et al.,, 2020). Not only this, but chitosan has long been reported
has having the potential to enhance immune response, by stimulating cells of the
immune system (Zaharoff et al, 2007) as well as to reduce inflammation

(Mohyuddin et al., 2021).

1.3.1 Chitosan Nanoparticles on Curcumin delivery

To overcome curcumin’s previously mentioned major obstacles of poor water-
solubility and subsequently low bioavailability, there have been several approaches,
and one of these possibilities is the encapsulation of the curcumin into chitosan
nanoparticles using different methods reviewed by Q. Hu & Luo, 2021.
Pharmacokinetic and dynamic properties of several formulations regarding

curcumin encapsulation into chitosan were discussed at Saheb et al., 2019.

Other researchers like Lopes et al., 2021 proved that there was in fact an
improvement of both in vitro and in vivo effects of the encapsulated curcumin, and
other studies have further proved that chitosan nanoparticles loaded with curcumin
do provide antitumor activity on breast (Abdel-Hakeem et al., 2021), pancreatic
(Arya et al,, 2018), oral (Mazzarino et al., 2015) and cervical (Khan et al,, 2016)
cancer cells. On these studies it was observed the antiproliferative capacity of the
curcumin loaded chitosan nanoparticles, by inhibiting NF- kB and consequent

inhibition of pro-inflammatory cytokines and by playing a role on Bcl-2
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downregulation (Abdel-Hakeem et al., 2021), and an upgrade compared to solely
curcumin on characteristics like cellular uptake, cytotoxicity, pro-apoptotic activity

(Aryaetal, 2018).

There are also some studies where the potential for a synergistic effect, concerning
both chitosan and curcumin inherent therapeutic effects previously mentioned, has
been examined. The administration of curcumin-chitosan nanoparticles
demonstrated a greater reduction in cadmium toxicity and associated oxidative
stress on the kidneys and liver compared to individual administration (Ahmad et al.,
2018). Furthermore, a synergistic effect against multidrug-resistant bacteria has
been demonstrated (Etemadi et al., 2021) as well as against skeletal muscle fibrosis
(Mahdy et al,, 2022), a condition that shares certain pathological characteristics
with HCC. In the latter article it was observed that the conjugation of both
components led to a greater decrease in collagen deposition and inflammatory
response compared to separate administration of the molecules, likely due to a

combined inhibition of TGF-B1 signaling.

1.3.2 Functionalizing Chitosan Nanoparticles

The drug delivery systems have yet some obstacles to a more effective delivery of
the drugs due to sometimes lacking specificity, which will culminate in low
bioavailability in tissues and organs where it will be needed, and chitosan is no

exception.

As previously mentioned, chitosan can be modified and functionalized primarily due
to the presence of its amino and hydroxyl groups. (Jhaveri et al, 2021). More
concisely, certain ligands, specific to a certain cell membrane receptor can be
chemically linked on chitosan nanoparticles. This approach allows the delivery
system to interact with the desired receptor and achieve a receptor-mediated
endocytosis. There have been several studies regarding chitosan functionalization
with different future prospects, ranging from the biomedical field to industrial and

environmental applications (Pokhrel & Yadav, 2019).

In the particular case of HCC, there have been some recent studies that evaluate the
potential enhancement of delivery of certain type of drugs, with functionalized

chitosan nanoparticles. Two examples of the ligands are lactobionic acid and
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glycyrrhetinic acid which have the ability to bind to surface receptors on
hepatocytes and were used to deliver doxorubicin (Hefnawy et al., 2020). A similar
approach was studied with hyaluronic acid modified chitosan to deliver paclitaxel
(Puluhulawa et al., 2022). There is also an early study (W. ]. Lin & Chen, 2007) that
covers the attachment of galactose on chitosan nanoparticles, which successfully
targeted ASGPR on hepatocytes, and another one (]J. Wang et al,, 2021) where the
addition of galactose is mediated by the conjugation with lactobionic acid for the
delivery of methotrexate to HepG2 cells” ASGPRs, which proved to have a higher
cellular uptake than without the lactobionic acid (LA) modification, translating in a

more effective antitumor activity.

Overall, this opens up a series of possibilities regarding active targeting of HCC using

modified and functionalized chitosan nanoparticles.

1.4. Aim of the thesis

Nanotechnology has emerged as a promising approach in the pharmaceutical field,
offering improved safety and efficacy of drug delivery systems. The objective of this
thesis is to enhance the understanding of the impact of nanoparticles in drug
delivery and immune response through the investigation of curcumin-encapsulated

chitosan NPs. The study has four main goals:

e Preparation and characterization of curcumin encapsulated LA modified
chitosan NPs.

e Investigation of the cytotoxicity of the NPs on both hepatocellular carcinoma
cells and healthy immune cells.

e Assessment of the NP impact on oxidative stress in cancer cells to elucidate
their antioxidant properties and potential therapeutic benefits.

e Evaluation of the immunomodulating capacity of the NPs to determine their
ability to modulate immune responses and potentially enhance anti-tumor

immunity.

Through these objectives, this study aims to contribute with valuable insights into
the design and application of curcumin-encapsulated chitosan NPs for targeted
therapy in hepatocellular carcinoma, paving the way for more effective and

personalized cancer treatments.
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Chapter 2 - Materials and Methods
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2. Materials and Methods

2.1 Materials

Chitosan was obtained from Primex BioChemicals AS (Avaldsnes, Norway).
Curcumin, lactobionic acid, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide), TPP (tripolyphosphate), Dulbecco’s modified Eagle
medium (DMEM), Roswell Park Memorial Institute (RPMI) 1640, Fetal Bovine
Serum (FBS), HEPES, Lipopolysaccharide (LPS), Concavalin A (ConA), were
purchased from Sigma Aldrich Corp.

TNF-a and IL-6 ELISA kits were acquired from PeproTech (Rocky Hill, NJ, USA).

The human liver cancer cell line HepG2 was purchased from Sigma-Aldrich Corp. (St.
Louis, MO, USA). The macrophages cell line Raw 264.7 was purchased from ECACC
(Salisbury, UK).

Freshly drawn blood samples were kindly given by IPST IP (Coimbra, Portugal). The
study was conducted in accordance with the Declaration of Helsinki, and the
protocol was approved by the Ethics Committee of the Faculty of Medicine,
University of Coimbra, Portugal (approval number: 063-CE-2019; date of approval:
24/06/2019).

All other chemicals used were from analytical grade.

2.2 Methods
2.2.1 Obtainment of LPS-free chitosan

The chitosan was subjected to a purification process described by Lebre et al., 2019
before being used in the production of nanoparticles and before being chemically
modified with lactobionic acid. A mass of 1 g of medium molecular weight Chitosan
(MW-CS) was dissolved in 10 mL of NaOH solution 1 M. The solution was agitated
with a magnetic stirrer for 3 h at a temperature ranging between 40 2C to 50 °C.
Next, the solution was filtered using a Buchner funnel and a paper filter. The
chitosan was washed by adding 20 mL of Milli-Q water on top of the filter and then,
dried. The chitosan was removed and dissolved in 200 mL of an acetic acid solution
1 % (w/v), using magnetic stirring for 1 h, at room temperature. The solution was

again filtered by the same method, and the filtered solution was transferred to a
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beaker. The pH was adjusted to around 8, with a solution of NaOH 1 M. It was then
centrifuged for 30 min, at 4500 g. The supernatant was discarded, and the NPs were
washed with Milli-Q water. Next it was vortexed and homogenized. The precipitated
chitosan was centrifuged for 30 min at 4500 g, discarding again the supernatant and
doing the same centrifugation conditions. The last supernatant was also discarded.
The remaining pellet was frozen at -80 2C for 24 h and it was then freeze-dried for

48 h. Afterwards, it was stored in the desiccator.

The method used to produce every type of nanoparticles on the present study was
the inotropic gelation method. This method involves mixing the polymer solution
(chitosan solution) with a cross-linking agent (tripolyphosphate) that forms a gel-

like structure through ionic interactions.

2.2.2 Obtainment of LA-Chitosan

The production of the LA acid-chitosan polymer was done linking lactobionic acid
to the amino group, as described by Bahadur K.C. et al., 2009. Briefly, the LPS-free
Chitosan was mixed with Lactobionic acid (LA) in a ratio 10:10. The purified
chitosan (93 % DD) was previously dissolved in acetic acid 1 % (V/V), stirring with
a magnetic stirrer overnight. The pH was adjusted to around 4.7 usinga 10 M NaOH
solution. In order to activate the LA, 200 mg of it were dissolved, along with 128.5
mg of EDC (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide) and 77 mg of NHS (N-
hydroxysuccinimide) in 20 mL of Milli-Q water for 1 h, under magnetic stirring.
Then, 20 mL of LA solution were added dropwise to 10 mL of chitosan solution,
under slow magnetic stirring and incubated for 24 h, at room temperature. A dialysis
membrane was cut at 25 cm of length, and it hydrated for also 24 h, in 2 L of Milli-Q
water under magnetic stirring. The resulting solution was dialyzed in 3 L of Milli-Q
water, under magnetic stirring, for 72 h, with four replacements of the water (after
2.5 h, 18 h, 21 h and 26 h). The CS:LA solution was freeze-dried for 48 h twice,
allowing the modified chitosan to thaw in between. The resulting LACS was stored

in the desiccator.

2.2.3 Preparation of the nanoparticles

To produce the nanoparticles, two formulations were prepared: Chitosan

Nanoparticles (CSNPs) and Lactobionic Acid-Modified Chitosan Nanoparticles
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(LACSNPs). For both formulations, CS and LA-CS at 0.1% (w/v) were solubilized in
an acetic acid 1% (w/v) solution overnight with a magnetic stirrer at 1000 rpm. The
pH was adjusted by adding NaOH 10 M dropwise, until it reached values around 4.7.
With the solution under an UltraTurrax rotation at a speed of 24000 rpm, the
reagents were gradually added dropwise. First 200 pL of curcumin 0.25 % (w/v),
followed by the addition of 1750 pL of TPP for CSNPs and 1000 pL for LACSNPs. The
mixture was continuously rotated for 1 minute. Subsequently, magnetic stirring at
1000 rpm was employed for 30 minutes to facilitate the maturation of the
nanoparticles. Afterwards, a centrifugation at 10000 x g for 20 min was done, with
the supernatant being kept for encapsulation studies and the pellets resuspended in
Milli-Q water. Next, a new centrifugation was performed, to clear the pellet of any
undesirable substances, at 7000 x g for 15 min. The nanoparticles were stored in an

Eppendorf tube at 4 °C until used.

2.2.4 Characterization of nanoparticles’ size and zeta potential

With a concentration of 10 mg/mL the NPs’ suspensions were transferred to a
cuvette where they were diluted following a ratio of 1:10 with Milli-Q water. The
size was measured by dynamic light scattering (DLS) and the zeta potential was
measured by electrophoretic light scattering (ELS) using a Zetasizer Nano ZS

(Malvern Instruments, Ltd., Worcestershire, UK).

2.2.5 Evaluation of the degree of binding of lactobionic acid to the

amine groups of the chitosan
The degree of binding of lactobionic acid to the amine groups of the chitosan was
done by an indirect way, quantifying the free amine groups of chitosan before and

after modification. The modification of chitosan with lactobionic acid occurs
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Figure 3. The structural modification of Chitosan with Lactobionic Acid, through the addition of EDC
and NHS.
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through a chemical reaction known as amidation, which involves the reaction
between the primary amine groups (-NH2) of chitosan and the carboxylic groups (-

COOH) of lactobionic acid (Figure 3).
The quantification of the amine groups was done performing the ninhydrin assay.

Ninhydrin reacts with the a-amino group of primary amino acids producing
“Ruhemann’s purple”. The intensity of the color formed depends on the number and

chemical nature of the amino groups being analyzed.

Both chitosan and lactobionic acid modified chitosan were dissolved in a 25 mM
acetate buffer for 72 h at room temperature, under magnetic rotation and covered
with parafilm. Next, 1 mL of the samples were added to 1 mL of 0.2 M acetate buffer
and 1 mL of the ninhydrin solution on a 15 mL falcon, where they were mixed and
incubated in a water-bath at 100 2C for 20 min. Following this, the solutions were
diluted with 6 mL of ethanol solution 60 %, from where 100 pL of each solution in
triplicate was transferred to a non-sterile 96-well plate where the absorbance was

read at 570 nm.

Free amino group concentrations could be interpolated from a standard curve
prepared with glycine standards. However, assessing the evaluation of free amino
groups in the chitosan polymer using this methodology is difficult because some
amino groups may not be accessible for reaction and measurement. Due to this
limitation, it was decided to present the results as a ratio (Equation 1) between the
optical density (OD) of the LA modified chitosan and the OD of the original chitosan

after the reaction with the Ninhydrin reagent.

OD As;9(LA modified Chitosan) x 100
OD As;(Chitosan)

Free Amine Groups (%) =

(Equation 1)

2.2.6 Quantification of Curcumin

To calculate the efficiency of curcumin encapsulation into chitosan NPs, the
quantification of non-encapsulated curcumin present in the supernatant of each

suspension of the nanoparticles was done. The suspension was centrifuged at 7000

20



x g and the supernatant was separated from the pellet. The supernatant was

subjected to a new centrifugation at a higher speed (21000 x g) for another 10 min.

Due to its intrinsic yellow color, the measurement of curcumin was simply
performed using an UV-Vis spectrometer. The optical density (OD) of this second

supernatant was immediately measured at 426 nm wavelength, after its separation.

Curcumin concentrations were obtained by the interpolation from a calibration
curve prepared with the curcumin standards with concentrations ranging from 0

pug/mL to 4.18 pg/mlL.

2.2.7 Stability of Nanoparticles

All the different nanoparticles were stored, in triplicate, at three different
temperatures: 4 2C, 20 2C and 372C. During a month, their size, PDI and ZP were
measured using the Zetasizer Nano ZS (Malvern Instruments, Ltd., Worcestershire,
UK). From the same initial nanoparticle suspension, they were divided onto 3
Eppendorf stored at the temperatures mentioned. Measurements were performed

atdays 0, 1, 3, 10, 15 and 30.

2.2.8 Effect of nanoparticles on cytotoxicity and ROS production of

HepG2 Cell line
HepG2 cells were cultured with DMEM (Dulbecco's Modified Eagle Medium)
supplemented with 10 % FBS (fetal bovine serum), 1 % PenStrep, 10 mM HEPES, 12

mM sodium bicarbonate in a humidified atmosphere, with 5 % CO2, at 37 2C.

To evaluate the cytotoxicity of all nanoparticles on HepG2 cells, a protocol was
followed as described in the literature. Briefly, 100 pL of HepG2 cells were plated in
a 96-well plate at a density of 6 x 105 cells/mL and incubated overnight at 37 2C with
5 % COz. The cell culture medium was removed, and 150 puL. of DMEM and 50 pL of
our nanoparticles' formulation (table 1) were added to each well, accounting for a
negative control. The plate was then incubated for 24 h at 37 °C with 5 % CO..
Afterwards, the cell culture was removed and 200 pL of a resazurin solution with
serum-free DMEM (10 pL to 15 mL) was added to each well and incubated at 37 €C

for 2 h. The plate was read at 570 nm and 620 nm. The relative cell viability (%) was
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calculated in relation to the control (cells in culture medium), as described on the

following equation (Equation 2).

Cell Viability (% rol) = 0D sample (540 nm) — 0D (630 nm) % 100
ell Viability (% of control) = 0D control (540 nm) — 0D (630 nm)

(Equation 2)
While performing the cell viability assay, it was also possible to measure ROS
production. After the incubation with the nanoparticles and removal of the medium,
200 pL of a solution of dichlorofluorescein diacetate (DCFH-DA) in serum-free
DMEM (20 pL to 20 mL) would be added to each well, except for the negative control
without probe, which still received 200 pL of only serum-free DMEM. The plate was
then incubated for an additional 1 h at 37 ¢C and 5 % COz, in the absence of light.
Finally, the resulting fluorescence was read at 485/20 nm (excitation wavelength)
and 528/20 nm (emission wavelength). The calculations followed Equation 3, which

aimed to determine Fluorescence Increase Fold.

F sample — F Control without probe
Fluorescence Increase Fold =

F Control with probe — F Control without probe
(Equation 3)

Table 1. Concentrations of NPs and curcumin tested on HepG2 cells to determine cell toxicity.

[Chitosan] (ng/mL) [Curcumin] (uM)

CSNP CSCNP CSLANP CSCLANP CSCNP CSCLANP
187.5 187.5 187.5 187.5 0.184 0.184
375 375 375 375 0.368 0.368
750 750 750 750 0.736 0.736
1500 1500 1500 1500 1.47 1.47

CS: Empty Chitosan Nanoparticles; CSC: Curcumin-Encapsulated Chitosan Nanoparticles; CSLA: Empty Lactobionic Acid-
modified Chitosan Nanoparticles; CSCLA: Curcumin-Encapsulated Lactobionic Acid-modified Chitosan Nanoparticles

2.2.9 Effect of nanoparticles on cytotoxicity and ROS production of Raw

264.7 Cells

Raw 264.7 cells were cultured with DMEM (Dulbecco's Modified Eagle Medium)
supplemented with 10 % FBS (fetal bovine serum), 1 % PenStrep, 10 mM HEPES, 12
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mM sodium bicarbonate and 11 mg/mL sodium pyruvate in a humidified

atmosphere, with 5 % CO2, at 37 2C.

To evaluate the cytotoxic effects of CSNPs, RAW 264.7 cells were seeded at a density
of 2 x 10 cells/mL in a 96-well plate and incubated for 24 h. The culture medium
was then removed, and 150 pL. DMEM was added to the cells which were treated
with the addition of 50 pL of our nanoparticles diluted in water, following

concentrations displayed on table 1, for a set time period.

Some controls were included to account for any effects of the solvent or vehicle used.
After treatment, the medium was removed, and 200 pL of serum-free DMEM was
added to the cells, which were incubated with 20 pL more of an MTT solution for 1
h and 30 min. The resulting formazan crystals were dissolved in 200 pL. DMSO and
25 pL of glycine buffer, and the absorbance was measured at 540 nm and 630 nm.
The relative cell viability was calculated as a percentage of the control cells

incubated in medium only, as described on Equation 2.

As to assess ROS production, the same conditions were followed, but after the
incubation with the nanoparticles and removal of the medium, 200 pL of 50 uM
dichlorofluorescein diacetate (DCFH-DA) probe in serum-free DMEM was added to
each well (except for the negative control without probe, which received 200 pL of
serum-free DMEM). The plate was then incubated for 2 h at 37 ¢C and 5 % COz2. The
resulting fluorescence was read at 485/20 nm (excitation wavelength) and 528/20
nm (emission wavelength) using a microplate reader. The calculations followed

Equation 3.

2.2.10 Effect of nanoparticles on splenocytes’ cytotoxicity

Splenocytes were isolated from spleens that were removed from CD1 mice. The
splenocytes were cultured with RPMI 1640 (Roswell Park Memorial Institute) cell
culture medium supplemented with 10 % (v/v) FBS, 2 mM glutamine, 1 % (v/v)
PenStrep and 20 mM HEPES buffer.

Mice were sacrificed by cervical dislocation 2and their spleens were aseptically
removed. Next, they were transferred to 15 mL centrifuge tubes with 5 mL of T cell
media (RPMI 1640 R6504). The spleens were dissociated with cell strainers (70 pm)

into a 50 mL tube followed by the addition of 3 mL of T cell media to wash the cell
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strained. Spleen cells were spun at 220 x g for 10 min in at 4 2C and their supernatant
was removed. The pellet was then resuspended, and 0,5 mL of ACK lysing buffer
were added. For 2 min the tube was placed on ice. Then, it was filled with 10 mL of
T cell media and the cells were mixed. A centrifugation at 220 x g for 10 min at 4 2C
was followed, where the supernatant was discarded, and the pellet resuspended in
10 mL of T cell media with serum (10 % FBS). The cells were once again centrifuged
at the previous conditions and resuspended in 4 mL of T cell media with serum and

cell count was followed.

A volume of 50 uL of spleen cells were plated at a concentration of 1x107 cells/mL.
Next, 125 pL of media were added as well as 25 pL of our NPs, following
concentrations displayed at table 2. Following 96 h of incubation the supernatants
were removed and 200 pL of resazurin in media (15 pL to 20 mL) were added for an
overnight incubation at 37 2C. The plate was then read at 570 nm and 620 nm. The
relative cell viability was calculated as a percentage of the control cells incubated in

medium only, as described on Equation 4.

Table 2. Concentrations of NPs and curcumin tested on splenocytes to determine cell toxicity.

[Chitosan] (ng/mL) [Curcumin] (nM)

CS CsC CSLA CSCLA CsC CSCLA
5 5 5 5 0.0049 0.0049
40 40 40 40 0.0392 0.0392

CS: Empty Chitosan Nanoparticles; CSC: Curcumin-Encapsulated Chitosan Nanoparticles; CSLA: Empty Lactobionic Acid-
modified Chitosan Nanoparticles; CSCLA: Curcumin-Encapsulated Lactobionic Acid-modified Chitosan Nanoparticles

Cell Viability (o rol) = 0D sample (570 nm) — 0D (620 nm) % 100
ell Viability (% of control) = 0D control (570 nm) — 0D (620 nm)

(Equation 4)
2.2.11 Effect of nanoparticles on cytotoxicity on PBMCs

PBMCs were isolated from freshly drawn blood, which was kindly given by IPST IP
(Coimbra, Portugal) and isolated on a density gradient with Lymphoprep™ (Axis-
Shield, Dundee, Scotland).

Starting from the PBMCs tube that were extracted from the neutrophil isolation, the

cells were washed by adding an excess of HBSS and centrifuging for 10 min at 400 x

24



g, at 20 2C. The volume of HBSS used was approximately three times the volume of
the mononuclear layer. The supernatant was discarded, and the wash step was
repeated once more. Finally, the cells were resuspended in complete RPMI-1640

medium.

First, the cell concentration was adjusted to 1 x 106 cells/mL using complete RPMI
medium. Then, a volume of 100 pL of both the control samples and the nanoparticle
samples were dispensed into each well of a 96-well plate, following NPs’
concentrations displayed at table 2. To ensure proper mixing, 100 pL of the cell
suspension or cell culture medium (for cell-free controls) was added to each well,
followed by gentle shaking of the plate. The plate was then incubated in a humidified
37 °C, 5 % COz incubator for 24 + 2 h.

After incubation, the plate was centrifuged at 700 x g for 5 min, and the medium was
carefully aspirated, leaving the cells behind. 100 pL of fresh medium was added to
each well, and the plate was gently tapped to mix the components. Subsequently,
100 pL of PHA-M working solution was added to the original plate containing 100
uL of cell suspension, except for the wells with untreated cells. The plate was
covered and incubated for 72 h + 2 h in a humidified 37 2C, 5 % COz incubator. After
the incubation period, the plate was centrifuged again at 800 x g for 20 min, and the
medium was aspirated. Fresh medium (150 pL) was added to each well, and the
plate was gently tapped to mix the components. To assess cell viability further, 50
uL of MTT solution was added to all wells. The plate was covered with aluminum foil
and incubated in a humidified 37 2C, 5 % CO2 incubator for 4 h. Following incubation,
the plate was removed from the incubator and spun at 800 x g for 20 min. The media
and MTT solution were aspirated, and 200 pL of DMSO was added to all wells.
Additionally, 25 pL of glycine buffer was added to each well to ensure solubilization
of formazan crystals. For measurement purposes, 200 pL of the plate contents were
transferred to a 96-well flat bottom plate. If the plate reader allowed for round
bottom plates, this transfer step could be skipped. Finally, the plate was read at 570
nm and 620 nm on a plate reader to evaluate cell viability, which was calculated

following Equation 4.
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2.2.12 Effect of nanoparticles on neutrophils’ cytotoxicity and ROS

production

Neutrophils were isolated from freshly drawn blood, which was kindly given by IPST
[P (Coimbra, Portugal) and isolated on a density gradient with Lymphoprep™ (Axis-
Shield, Dundee, Scotland).

With the buffy coat sterilized, the blood was divided into 50 mL tubes, with 30-35
mL of blood in each tube. An initial centrifugation at 1100 x g for 10 min was done,
with no break, from where the upper layer was discarded. Next, PBS 1x was added
until a final volume of 50 mL, and the mixture was homogenized by inversion. Next,
10 mL of Lymphoprep™ were added, dropwise, beneath the blood layer, keeping the
density gradient medium and remaining buffy coat separate. The tubes were
centrifuged at 1100 x g for 20 min without brake, allowing the formation of distinct
layers: a top layer of serum/plasma, a middle white ring of Peripheral Blood
Mononuclear Cells (PBMCs), a cloudy density gradient medium layer, and a bottom
pellet consisting of a white, thin band of neutrophils on top of the Red Blood Cells
(RBCs). The top layer was discarded, and the PBMCs were transferred to a new tube,

while the neutrophil/RBC layer was transferred to another clean tube.

The erythrocyte sedimentation process involved transferring the neutrophil/ RBC
pellet into a clean tube. To this, 5 % FBS/HBSS solution was added to achieve a final
volume of 25 mL. Another 25 mL of a prewarmed (37 2C) solution containing 3 %
dextran/0.9 % NaCl in water was directly added to the tube and gently mixed by
inversion. The tube was then placed on a leveled and non-vibrating surface for 15
min. After returning the tube to the hood, approximately 30 mL of the top layer was
collected by slightly immersing the pipette in the liquid and following the liquid
surface downwards. Afterwards, it was spun in order to obtain a red pellet without

floating particles in the media.

To lyse residual RBCs, the supernatant was gently aspirated without disturbing the
pellet, and 25 mL of sterile ultrapure water were added to the tube, followed by
gentle mixing for 28 seconds. Immediately after, 25 mL of sterile 1.8 % NaCl solution
prepared in water were added to restore isotonic conditions through gentle mixing.
The tube was spun at 200 x g for 3 to 5 min with a low brake to minimize the
sedimentation of RBCs and platelets with neutrophils. To resuspend the white
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neutrophil pellet, culture medium was directly added without pipetting up and

down, and the tube was gently rocked horizontally to minimize cell activation.

In case of observed cell aggregation or clumping, the cell suspension was filtered

through a 70 pm mesh to remove clumped neutrophils.

A volume of 100 pL of neutrophils at a concentration of 2x10”6 cells/mL were
plated in 96 well plates and incubated for 2 h. Following this, 50 pL of RPMI medium
and 50 pL of nanoparticle solutions were added, following concentrations displayed
at table 2, including both positive and negative controls. The cells were then
incubated for an additional 2 h and the supernatant were discarded. To assess cell
viability, 200 pL of resazurin in media (prepared by adding 15 pL of resazurin to 20
mL of media) were added, and the plate was incubated overnight at 37 2C. Finally,
the plate was read at 570 nm and 620 nm, and the relative cell viability (%) was
calculated by comparing the results to the control group of cells cultured in the

medium alone, as described on Equation 4.

To evaluate ROS production, 20 pL of ROS probe in medium were previously added
to the cells, resulting in a final concentration of 30 pg/mL, and they were incubated
for another 1 h. Following this, 50 pL of medium and 50 pL of nanoparticle solutions
were added. A positive control was included using LPS at a concentration of 2
pug/mL, and a negative one with and without the probe. The cells were then
incubated for an additional 2 h. Subsequently, the cells were centrifuged at 200 x g
for 10 min, and the supernatant was transferred to a black plate to measure ROS
production, following the same measurements as for HepG2 and Raw264.7, and

using Equation 3.

2.2.13 Effect of the formulations on the production of TNF-a and IL-6
by splenocytes
The samples used to perform this experiment were the supernatants previously

separated from spleen cells, during viability assay, and kept at -80 2C.

A volume of 50 pL of spleen cells had been incubated with 40 pg/mL and 5 pg/mL
of chitosan, corresponding to 0.049 and 0.0049 puM of curcumin respectively, at a
concentration of 1x107 cells/mL, with 125 pL of media and 25 pL of the NPs.

Following 96 h of incubation the supernatants were extracted and freeze at -80 2C.

27



For the cytokine quantification, sandwich ELISAs were performed according to the

kits’ vendor’s protocols (PeproTech®).

2.8 Statistical Analysis

The data were analyzed using GraphPad Prism 8 software (GraphPad Software, Inc.,
La Jolla, CA, USA). To determine significant differences between the samples,
Student's t-tests were performed. This allows for comparison between the means of

two groups to identify any statistically significant differences between them.
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3. Results and Discussion

3.1 Production and Characterization of Nanoparticles

The first goal of this thesis work was to produce different types of curcumin-loaded
nanoparticles, to use in various cellular assays. These nanoparticles were divided

into four types:

e (Chitosan Nanoparticles (CSNPs).

e (Chitosan Nanoparticles encapsulated with Curcumin (CSCNPs).

e Lactobionic Acid-Modified Chitosan Nanoparticles (LACSNPs).

e Lactobionic Acid-Modified Chitosan Nanoparticles encapsulated with

Curcumin (LACSCNPs).

Biological studies using these different formulations allowed us to determine
whether the observed effects were due to the encapsulation of curcumin. The use of
empty nanoparticles enabled a comparison of the effects of chitosan nanoparticles
alone with those resulting from the combination of both compounds. The same
logical approach was applied to the modified chitosan, as it was important to assess
any possible variations that could arise from the association of lactobionic acid to

chitosan to obtain a chitosan derivative.

The preparation method underwent several adjustments to ensure reproducibility
between batches and to obtain particles with a small size and low polydispersity
index (PDI). The characteristics of the final nanoparticle formulation, such as size,

polydispersity index (PDI), and zeta potential (ZP), were measured and discussed.

The effective modification of the chitosan, as well as the proper encapsulation of

curcumin were also evaluated.

3.1.1 Chitosan and LA-modified chitosan nanoparticles were

successfully produced and characterized

The chemical modification of chitosan involved the introduction of lactobionic acid
(LA) into the polymer. This modification was achieved by the reaction between the
carboxyl group of LA and the free amine groups of chitosan, resulting in the
formation of an amide bond and reducing the availability of free amine groups

(Bahadur K.C. et al.,, 2009). The degree of deacetylation of chitosan is an important
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parameter, as it influences the physical, chemical, and biological properties of the
polymer. Additionally, this modification through lactobionic acid conjugation leads
to a decrease in the percentage of free amine groups. To assess the success of this
chemical modification, the ninhydrin assay was employed to quantify the remaining

free amine groups in chitosan after the linkage with lactobionic acid.

Considering the original polymer as having 100 % of predicted amine groups and
making a comparison with the modified chitosan, it is observed that there was a
decrease in free amine groups and the value found was 63.72 % * 1.71 % (* SEM)
(Figure 4A). This value demonstrates that some amine groups were used to link to
LA and proves by an indirect way that the chitosan was modified. The values
recorded are similar to the ones documented by Wei et al.,, 2017, where it was

observed a decrease of 40.1 % of free amine groups.

The results of curcumin encapsulation efficiency (EE), in both types of chitosan
nanoparticles were depicted in figure 4B: chitosan NPs registered a mean curcumin
encapsulation efficiency of 86.98 % + 1.9 % (* SEM) and the lactobionic acid-
modified chitosan NPs had EE of 86.67 % * 3.0 % (+ SEM).

Physicochemical properties of nanoparticles have direct influence on the desired
biological effects. The mean diameter of the different types of particles were
resumed in figure 4C. The CSNP registered a size of 368.92 + 39.24 nm, CSCNP with
400.88 + 46.09 nm, LACSNP had 399.95 + 11.64 nm and for LACSCNP the size was
408.8 £ 27.69 nm. The increase in size when comparing curcumin-loaded with
empty CS and LACS nanoparticles was expected due to the introduction of curcumin

in the production of NPs.

The polydispersity index (PDI), a representation of the distribution of size
populations within a given sample was described in figure 4C. The values were
considerably high. Although there weren’t significant differences between three of
the four nanoparticles (CSNP registered a PDI of 0.436 + 0.042, CSCNP of 0.429 *
0,033, and LACSCNP 0of 0.421 + 0.04). Nevertheless, the PDI value used as a guideline
is below 0.07 (International Organization for Standardization [ISO], 2017,
22412:2017), indicating a monodisperse sample with a narrow size distribution.

These high values of PDI might have coursed due to particle aggregation. To try to
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avoid this, the NPs suspensions underwent ultrasound bath treatment, for different
time periods (3, 5 and 12 min) before measuring the size during tryouts for
optimization, but the results produced with sonication didn't show any

improvement.

The Zeta Potential (ZP) of the different nanoparticles were similar: CSNP with
+43.06 + 0.64 mV, CSCNP had +42.03 + 0.62 mV, LACSNP had +43.81 + 1.06 mV and
LACSCNPs +43.5 + 1.78 mV. All these values indicate a relatively high positive
surface charge. Although having very small differences, the small increase in voltage,
comparing CS and LACS nanoparticles was not expected. Lactobionic acid binds to
free amine groups which are positively charged, through amide bonds, which should
decrease the overall ZP (J. Wang et al,, 2021). There is also a pattern regarding the
addition of curcumin, that shows a small decrease in ZP value of nanoparticles

containing it, when comparing that measurement with the empty ones.

Considering the best possible outcome of this work, which is the use of these
nanoparticles in future in vivo experiments, it becomes crucial to explore their
storage options. Long-term storage may be necessary to avoid frequent production,
and in an optimistic scenario, transportation and extended storage periods might be
involved. Therefore, understanding the optimal conditions for achieving the best
shelf-life is essential. To assess the stability of the formulations, a 30-day stability
test was conducted, subjecting the nanoparticles to different temperatures.
Throughout this test, measurements of nanoparticle size, Polydispersity Index
(PDI), and Zeta Potential (ZP) were taken over time. The goal was to determine the
most suitable temperature for storing the nanoparticle suspensions until they are
used in subsequent biological studies. The results obtained can be observed in figure
4D, regarding the particles’ diameter, figure 4E, for the final PDI and figure 4F for
the final ZP. Within a month, we can see that, overall, nanoparticles that were stored
at 4°C didn’t have any significant variations to its size. Meanwhile, those that had
been stored either at room temperature (20 2C) or at 37 2C had significant changes
in their diameter. This goes along to what was expected, according to literature
(Morris et al., 2011) about hollow chitosan nanoparticles. Also, there didn’t seem to
be an accentuated difference on size, when comparing simple chitosan NPs or

lactobionic acid-modified chitosan NPs with the curcumin loaded chitosan NPs with
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LA associated or not to the particles. However, particles with LA showed a tendency
to possibly aggregate more at 20 2C and 37 2C temperatures, having a higher final
PDI value.
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Figure 4. Physicochemical description of hollow and curcumin containing nanoparticles. (A) Estimated
percentage of free amine groups, calculated using Equation 1, in a chitosan solution (CS) and
lactobionic acid modified chitosan solution (LACS). The data were presented as the mean + SEM, n = 3
(three independent experiments, each in triplicate). (B) Percentage of curcumin encapsulated into
chitosan and LA-chitosan nanoparticles (CSCNP and LACSCNP, respectively). The data were presented
as the mean + SEM, n = 3 (three independent experiments, each in triplicate). (C) Values of the mean #
SD regarding size distribution, polydispersity index (PDI), and zeta potential (ZP), n = 5 (five
independent experiments, each in triplicate). (D) Influence of different temperatures during storage
on NPs’ size stability for 30 days - 4 2C (left), 20 °C (middle) and 37 °C (right). Data were presented as
the mean, n = 3 (three independent experiments, each in triplicate). (E) NPs’ PDI values after 30 days
of conservation at 4 °C, 20 °C and 37 °C. The data were presented as the mean + SEM, n = 3 (three
independent experiments, each in triplicate). (F) NPs’ ZP values after 30 days of conservation at 4 °C,
20 °C and 37 °C. The data were presented as the mean + SEM, n = 3 (three independent experiments,
each in triplicate).
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3.2 Biological assays

The scientific community tends to believe that curcumin has a high therapeutic
potential. However, its low solubility and consequent bioavailability have prevented
this naturally occurring molecule from being more widely used. A strategy to

increase its bioavailability is its encapsulation in nanoparticles.

The thesis aimed to investigate the effect of the encapsulation of the curcumin into
LA modified chitosan NPs and chitosan NPs on cells. To this purpose the cell viability
was studied with two cell lines, HepG2 cells, which is an epithelial hepatocellular
carcinoma human cells, and RAW 264.7 which is a macrophage cell line extracted
from a tumor in a male mouse. Apart from these two cell lines, three other primary
cells were used: spleen cells from mice, human PBMCs (Peripheral Blood
Mononuclear Cells) and human neutrophils, that were extracted from blood of a

human donor (buffy coat).

The choice of HepG2 cells is essential since the study focuses on determining the
effect of NPs on hepatocellular carcinoma cells. Substituting Kupffer cells, which
form a dense population of macrophages in the liver and play a vital role in
maintaining liver functions (Nguyen-Lefebvre & Horuzsko, 2015), with RAW 264.7
cells was crucial for this study's experimental design. Although the use of Kupffer
cells in this research was not feasible, RAW 264.7 cells served as a suitable
substitute for investigating macrophage-related processes. The splenocytes were
chosen because the spleen is an organ of the immune system and constitutes a good
representative of the cells of the immune system, easy, simple, and cost-effective to
obtain. Finally, human cells were used too, in order to be able to have data closer to

what could happen in terms of safety in clinical trials.

In this regard was used the Peripheral Blood Mononuclear Cells (PBMCs), a key
component of the immune system, that includes various types of immune cells such
as lymphocytes (70 % - 90 %), monocytes (10 % - 20 %) or dendritic cells (1 % - 2
%) (Kleiveland, 2015), responsible for recognizing and eliminating cancer cells.
Finally, the neutrophils were used too to test formulations since they are a type of
white blood cells that play a critical role in the body's immune response to infection

and inflammation (S. L. Zhou et al., 2016).
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Firstly, cell viability tests were carried out with each of the cell lines to ensure that
a concentration of nanoparticles considered cytotoxic would not be used in the
following tests. After evaluating the cell viability, the investigation shifted towards
examining the impact of the curcumin encapsulated into NPs on oxidative stress of
HepG2, RAW 264.7 cells and neutrophils. In this respect, it is also important to
mention that studies exploring the inhibitory capacities of the NPs were not
performed, as it would imply a combined LPS and NPs incubation. LPS would
stimulate ROS production and NPs could show the ability to counterbalance this
effect. However, the results coming from this hypothesis wouldn’t be truthful as
chitosan binds LPS through electrostatic interactions (Yang et al,, 2021), which

wouldn’t allow for LPS to proper stimulate the cells.

3.2.1 The encapsulation of the curcumin maintains the high cellular

viability in HepG2 cells and decreases ROS production

HepG2 cells were incubated for 24 h in 96 well microplates with the four types of
nanoparticles, as well as free curcumin and a negative control, in order to have their
cell viability measured through the resazurin assay. The results were depicted in
figure 5A. None of the tested nanoformulations showed a decrease of cell viability
using HepG2 cells, independently of the range of concentrations of both curcumin

and chitosan that were used.

There wasn’t any significant difference. With this result, the assay to verify ROS

stimulation by cells could be tested with any of the previously tested concentrations.

The evaluation of ROS production by cells, in this case HepG2 cells, is important due

to its direct correlation with oxidative stress.

The ROS evaluation assays were conducted using the same formulation
concentrations and incubation period of 24 h as previous observed with cell
viability. By performing the ROS measurements after assessing cell viability, it
allows for a sequential evaluation of cellular responses and provides insights into
the potential role of oxidative stress in the observed effects of NPs on HepG2 cells.
So, cells were incubated with a DCFH-DA probe for 1 h, after previously being

incubated for 24 h with the formulations.
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The results illustrated in figure 5, showed differences between particles loaded with

curcumin and without curcumin.

When looking at the non-encapsulated curcumin results, we see that the four tested
concentrations make up the four groups with the highest decrease in ROS
production, with this decrease being clearly concentration-dependent, with the
highest recorded value of decrease being the non-encapsulated curcumin at 1.47
uM. This information confirms that curcumin is indeed able to decrease ROS

production, conforming its antioxidant role, as suggested by literature (Chen et al.,

2020).
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Figure 5. Results regarding the effect of the nanoformulations on HepGZ2 cell viability and ROS
production. CSNP: Empty Chitosan Nanoparticles; CSCNP: Curcumin-Encapsulated Chitosan
Nanoparticles; LACSNP: Empty Lactobionic Acid-modified Chitosan Nanoparticles; LACSCNP:
Curcumin-Encapsulated Lactobionic Acid-modified Chitosan Nanoparticles; CUR: Free, non-
encapsulated curcumin (A) Evaluation of cell viability displayed by the HepG2 cell line, after a 24 h
incubation with all nanoparticles and free curcumin. (B) Induction of ROS production by HepG2 cells
after 24 h of incubation with all nanoparticles and free curcumin. Error bars represent SEM. (N=6; six
independent assays, each in triplicate). (*=p < 0.05).
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By comparing both figure 5A and figure 5B, there seems to be no relation between
ROS inhibition or production and the viability observed on the HepG2 cell culture,

meaning that the encapsulation of curcumin did not affect cell viability.

Both types of nanoparticles containing curcumin (CSCNP and LACSCNP), have a
downgrade regarding ROS production. This indicates that curcumin didn'’t lose its
antioxidant effect, even though being constricted within chitosan. When
encapsulated, the values of ROS production don’t directly look like being
concentration dependent. There is a clear difference on ROS production when
comparing free, non-encapsulated curcumin, and NPs containing it. The latter do not
provoke such strong decrease on ROS production, despite the concentration of
curcumin being the same. Hollow chitosan nanoparticles (CSNP and LACSNP) don't
seem to induce nor reduce ROS production, as the values of fluorescence are similar
to the untreated control, despite having some spikes above 1.0 threshold. With this
being said, the differences observed between ROS production of free curcumin and
encapsulated-curcumin nanoparticles may be due to different factors, like a slow

release of curcumin or even a small incapacity of fully delivering the compound.

It is also visible that expressing lactobionic acid on chitosan’s surface, didn’t directly
translate to a more significant or noticeable effect in any of the assays. CSNPs and
CSCNPs have very close results to LACSNPs and LACSCNPs on cell viability,

respectively, which could have not been the case.

3.2.2 Nanoparticles achieved good values of viability in Raw 264.7 cells

and a disparity on its effects regarding ROS production

Raw 264.7 cells were incubated for 24 h in 96 well microplates with the four types
of nanoparticles, as well as free curcumin and a negative control, in order to have
their cell viability measured through the MTT assay. The results are displayed in
figure 6A.

When comparing the results observed in figure 5A to the ones displayed on figure
6A, there are some aspects that allow for a more effective characterization of the

graphs.

There is a small decrease in cell viability, despite not going under 70 % in any of the

cases. Although not having statistically significant differences, LACSNPs achieved
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the lowest values of viability and there also seems to exist some influence of
curcumin on cell viability, as both types of NPs containing curcumin have higher

viability than their hollow counterparts.
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Figure 6. Results regarding the effect of the nanoformulations on Raw 264.7 cell viability and ROS
production. CSNP: Empty Chitosan Nanoparticles; CSCNP: Curcumin-Encapsulated Chitosan
Nanoparticles; LACSNP: Empty Lactobionic Acid-modified Chitosan Nanoparticles; LACSCNP:
Curcumin-Encapsulated Lactobionic Acid-modified Chitosan Nanoparticles; CUR: Free, non-
encapsulated curcumin. (A) Evaluation of cell viability displayed by the Raw 264.7 cell line, after
incubation with all nanoparticles and free curcumin. (B) Induction of ROS production by Raw 264.7
cells after 24 h of incubation with all nanoparticles and free curcumin. (N=4; four independent assays,
each in triplicate). Error bars represent SEM. (* = p < 0.05)

Even though the highest concentration of free curcumin shows the highest values of
cell viability, the same doesn’t apply to the encapsulated curcumin, independently
of the type of nanoparticle used. This can be due to the fact that, in order to
administrate the same amount of encapsulated curcumin as free curcumin to Raw
264.7 cell line, we need to increase the amount of chitosan - 1.5 mg/mL despite not
having any natural toxic effects, chitosan can still be an obstacle to cell viability on
the conditions described, as at higher concentrations it may induce some cytotoxic
effects on RAW 264.7 cells, due to possible sedimentation on the medium, not

allowing for cell proliferation.

Oxidative stress in macrophages plays a dual role in cancer, especially in the tumor
microenvironment: if we can have controlled values of ROS it is possible to inhibit

tumor growth, while excessive ROS production can promote tumor progression, so
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its highly important to control this balance in macrophages for effective cancer

therapy.

With this in mind, the following step was to assess ROS production in Raw 264.7
cells, as it has a direct connection to oxidative stress. Cells were incubated with a
DCFH-DA probe for 2 h, after previously being incubated for 24 h with the

formulations.

The results on figure 6B have some coincidences with the ones registered for HepG2
cells on figure 5B, regarding the roles of chitosan and curcumin. Free curcumin,
which previously had a significant impact on the decrease of ROS production, here
doesn’t seem to be as effective, although it still shows a decrease to some extent at
its highest concentration. With this being said, at the tested concentrations,

curcumin is not closely as effective in this regard as it was for HepG2 cells.

When curcumin is encapsulated, it achieves very close values to the ones registered
for the free curcumin. Despite not being able to decrease ROS production, it can
influence it and bring it down to around control-levels. All four curcumin
concentrations produce closely the same effect on ROS production, whether its
encapsulated on chitosan or in modified chitosan nanoparticles, with no significant
differences observed. The empty chitosan nanoparticles (CSNP) also have the
highest production of ROS, being followed by LACSNP, which is not as high. This
might indicate a stimuli of ROS production, induced by chitosan. This same effect is
not observed on the curcumin-containing NPs, meaning that curcumin can
counterbalance the effect of chitosan. On Raw 264.7 cells, these hollow
nanoparticles proved to have a more impacting effect, with its increase in ROS

production being more significant than the small peaks observed on HepG2.

By comparing both figure 6A and figure 6B, we can see a tendency. CSNP and
LACSNP groups, corresponding to the hollow nanoparticles, which have a significant
increase in ROS production also show a decrease in cell viability. Knowing this effect
on ROS production, the decrease in cell viability is expected, as while ROS are
essential signaling molecules involved in various cellular processes, excessive ROS

production can have detrimental effects on cells. Meanwhile, in the nanoparticles
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where we had the encapsulation of curcumin (CSCNP and LACSCNP), as well as for

free non-encapsulated curcumin, cell viability levels were seemingly higher.

These results are aligned with the ones observed by X. Lin et al., 2019, where at
higher levels of curcumin than the ones used on the present study, they could in fact
see cell proliferation as well as an higher decrease in ROS production, by elevating
the levels of enzymes like superoxide dismutase. This goes along with the results
observed on figure 6A and 6B where on the highest concentration of free curcumin

itis noticeable some degree of cell proliferation and a reduction on ROS production.

3.2.3 Nanoparticles show promising results on splenocytes

The spleen cells were incubated for 96 h with the nanoformulations, with cell
viability being assessed according to the resazurin assay. To verify the effects of
these curcumin loaded NPs on the inflammatory response, the capacity of
production of the cytokines TNF- « and IL-6 by spleen cells was assessed after the
said incubation period of 96 h with the different types of formulations. As stated
before, there is a highly relevant connection between immune and inflammatory
response and cancer progression, and both TNF- « and IL-6 have been the subject

of several studies due to their key involvement on this intertwined dynamic.

From figure 74, it is evident that neither of the four formulations show any kind of
toxicity to splenocytes. It is even possible to observe an apparent proliferation on
spleen cells in all cases, which was an effect also documented by Mustafa &

Blumenthal, 2017.

Although not statistically significant, there are some variations in viability,
depending on the concentration used - higher concentration of nanoparticles, which
correspond to higher concentration of chitosan and curcumin, seem to have a
decrease on cell viability. Even though these differences are not significant, some
suppositions can be made as for the reason of this apparent decrease. Chitosan is
known for being considered safe and non-toxic, however if chitosan nanoparticles
are not well-dispersed or if they settle at the bottom of the culture, they may

physically interfere with cell attachment, which can indirectly affect cell viability.

According to the results displayed on figure 7B and figure 7C, it appears that all the

nanoparticles tested induced a small production of TNF-a. However, when looking
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to the free curcumin, there doesn’t seem to exist a as strong induction of this
cytokine as for either curcumin-encapsulated nanoparticles or the empty ones. This
suggests that the chitosan could solely be responsible for the induction of TNF-q,
and the encapsulation of curcumin into these particles did not modify their ability

to stimulate the secretion of TNF-a.

In fact, free curcumin shows some sort of unexpected and undocumented
production of this cytokine. Curcumin has for long been described as a blocker of
TNF-a production, so this could perhaps be explained through the following
hypothesis. To explain it first, one must have into account that the results registered
for the negative control and the effect of free curcumin on the 4 mice have very
similar values in some of the individuals, with free curcumin having a considerably
high SEM value. So perhaps, this could in fact not be truly a stimulus in production,
but just not having any expressive effect. To clear this doubt and comprehend this it
is recommended to do more trials. It's a fact that the concentration of curcumin,
being 0.049 pM, could fail to provide an immune response, as it could be considered

almost residual.

This conveys the idea that chitosan nanoparticles can have a pro inflammatory
effects in part due to their ability to induce the production of TNF-a. This can be
intertwined with the production of ROS that is displayed on figures 5B and 6B. TNF-
a can stimulate the production of ROS through multiple mechanisms, such as with
the upregulation of NADPH oxidase, an enzyme complex responsible for generating
ROS, which will lead to its increased production. On the other hand, ROS can act as
signaling molecules to activate intracellular pathways involved in the synthesis and

release of TNF-q, for example, through NF-kB (Morgan et al., 2008).

The results observed regarding the production of these cytokines can be
corroborated by Abdel-Hakeem et al., 2021, where breast cancer cells with an even
higher concentration of curcumin and chitosan they observed no production of IL-
6 nor TNF-a. In vivo studies with mice have also indicated that curcumin
encapsulated on chitosan nanoparticles display a non-toxic profile for spleen cells
while also verifying a decrease on IL-6 and TNF-a production, although higher

concentrations of curcumin were used (Teng et al., 2023).
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Figure 7. In vitro biological assays on spleen cells, after incubation with the different formulations for 96
h. ELISAs performed to assess cytokine production were solely conducted with the supernatants of NPs
which were given 40 ug/mL of chitosan, with CSCNP and LACSCNP also having curcumin at 0.0392 uM, the
same concentration as for Free CUR. (A) Cell viability evaluated through the resazurin assay, displayed by
splenocytes, after incubation with all nanoparticles and free curcumin. (B) Graphic description of TNF-a
concentration with different stimulus. (C) Quantitative description of TNF-a production with different
stimulus. (D) Graphic description of IL-6 concentration with different stimulus. (E) Quantitative description
of IL-6 production with different stimulus. (N=4; four independent assays, each in triplicate). Error bars
represent SEM. (*=p < 0.05).
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3.2.4 Nanoparticles at a lower concentration show better viability on

PBMCs

Following a 96 h period of incubation with the nanoformulations, cell viability was

measured using the MTT assay. The results are depicted on figure 8.
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Figure 8. Evaluation of cell viability displayed by PBMCs, after incubation with all nanoparticles and
free curcumin (N=3; three independent assays, each in triplicate). Error bars represent SEM. (* = p <
0.05).

On figure 8 we can observe that free curcumin is able to maintain cell viability values
clearly above 70 %, despite of the different concentrations used. Looking at the NPs
results, there is a clear decrease on cell viability when we pass from the lowest to

the highest concentration.

Like the effects registered on splenocytes, higher concentrations of the
nanoformulations (40 pg/mL of chitosan, corresponding to 0.0392 uM of curcumin)
resulted on lower viability of PBMCS, while the lower values (5 pg/mL of chitosan,
corresponding to 0.0049 pM of curcumin) had considerably good viability results.
However, the results have a higher discrepancy than before, while using the same
concentrations. It is worth mentioning that in Deka et al., 2016 they also verified a
significant decrease on PBMCs’ viability when using curcumin encapsulated with
chitosan. They justify this as perhaps being due to high surface activity of the

nanoparticle.

As for the difference in viability when comparing the two concentrations, this could
be, again, associated to the fact that, despite not being toxic, if chitosan nanoparticles

are not well-dispersed and instead settle at the bottom of the wells, they can
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interfere with cell attachment, leading to and indirect impairment of cell viability by

compromising the ability of cells to adhere and thrive.

From analyzing the figure 6, it is also noticeable that, for 5 pg/mL of lactobionic acid
modified-chitosan particles containing 0.0049 pM of curcumin, there seems to be an
increase in cell viability. This increase is visible when comparing its results to the
same type of nanoparticles without curcumin, to non-modified chitosan containing
curcumin and also to non-encapsulated curcumin. Having this unexpected variation
could indicate a possible synergy between the modified chitosan and curcumin. In
PBMCs, there are no known receptors of lactobionic acid, which is expressed on the
surface of modified chitosan nanoparticles, nor any described mechanism involving
the phagocytosis of lactobionic acid and cell proliferation. A possible explanation
could be reliant on the alteration of the physicochemical properties of chitosan,
when modified with lactobionic acid, which could, somehow, facilitate its uptake or
degradation by PBMCs, thereby leading to improved values of cell viability. So, even
though the only difference between the nanoparticles which obtained the highest
cell viability results (LACSCNPs) and CSCNPs is the addition of lactobionic acid to

chitosan’s surface, there is no documented explanation for this.

3.2.5 Higher concentrations of nanoparticles lead to a small decrease in
viability in neutrophils

After a 24 h period of incubation with the nanoformulations, cell viability was
measured using the resazurin assay. The results are displayed on figure 9. The same
observations that were previously made regarding splenocytes and PBMCs can also

be done to the results extracted from the neutrophils’ experiments.

Free non encapsulated curcumin seems to have higher cell viability for both
concentrations, as well as also being able to reduce ROS production. There is a
reduced viability when using the higher concentrations of all nanoparticles as it was

already extensively described and hypothesized for both splenocytes and PBMCs.

Typically, neutrophils produce reactive oxygen species as a regular part of their

immune responsibilities. Nevertheless, excessive ROS production can lead to DNA
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damage, chronic inflammation, and promotion of tumor growth, which is why it is

important to verify oxidative stress levels in neutrophils.

Cells were incubated with a DCFH-DA probe for 2 h, after previously being incubated

for 24 h with the formulations.
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Figure 9. Results regarding the effect of the nanoformulations on neutrophils’ viability and ROS
production. CSNP: Empty Chitosan Nanoparticles; CSCNP: Curcumin-Encapsulated Chitosan
Nanoparticles; LACSNP: Empty Lactobionic Acid-modified Chitosan Nanoparticles; LACSCNP:
Curcumin-Encapsulated Lactobionic Acid-modified Chitosan Nanoparticles; CUR: Free, non-
encapsulated curcumin. (A) Evaluation of cell viability displayed by neutrophils, after incubation with
all nanoparticles and free curcumin. (B) Induction of ROS production by neutrophils after 24 h of
incubation with all nanoparticles and free curcumin. Error bars represent SEM. (N=3; three
independent assays, each in triplicate). (* = p < 0.05).

Similar to what was also verified in figure 7B and 8B, in figure 9B we can also verify
the discrepancy between having hollow and curcumin-containing nanoparticles, for
ROS production. The encapsulation of curcumin on both CSCNP and LACSCNP does
produce a visible difference when compared to their hollow nanoparticles, with a
slight decrease on ROS production. This proves that curcumin can maintain its
antioxidative effect despite being encapsulated, so it means that is correctly
delivered. Looking at the higher concentrations (40 ug/mL of chitosan) of CSNP and
LACSNP we can see an increase in ROS production, while 5 pg/mL of chitosan in

these particles does not produce any significant alteration. However, even at the
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higher concentrations of chitosan, when we introduce curcumin, ROS production is

significantly decreased.

By comparing both figure 9A and figure 9B, despite not existing expressively
significant differences in cell viability between high and low concentrations, it is
clear that higher concentrations of the nanoparticles tend to have a somewhat lower
percentage of viability. This coincides with the fact that particles with 40 pg/mL of
chitosan also achieve higher values of ROS production, existing a significant

difference in ROS production when encapsulating curcumin.

On a similar study (Cho et al., 2020), it has also been stated that curcumin can in fact
play a protective role of neutrophils, reducing TNF-a and IL-6 production when it
had previously been stimulated, which is some evidence that is currently lacking on
the present report. Like the results observed here, free curcumin also didn’t directly
affect neutrophils apoptosis. There are also studies corroborating that there is a
wide range of curcumin concentrations that can reduce ROS production with also no

toxicity displayed by free curcumin on neutrophils (Disbanchong et al., 2021).
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Chapter 4 - Conclusions and Future

Perspectives
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4. Conclusions and Future Perspectives

In recent years, scientific and financial investments have been made in the areas
surrounding nanotechnology, due to a high increase of interest of the industry sector
on this field of study. Nonetheless, these investments are profoundly justified, as
nanomedicine has continuously proved its importance on the development of more,
better, and safer options regarding multiple types of preventions, diagnostics, and

treatments to a wide variety of medical conditions.

The aim of this thesis, was to study chitosan and lactobionic acid-modified chitosan
nanoparticles, encapsulated with curcumin. This choice was due to both curcumin
and chitosan having documented beneficial effects. On one hand, curcumin is a
natural polyphenol, which has been extensively studied for its potential health
benefits, including anti-inflammatory, antioxidant, and anticancer properties. On
the other hand, chitosan has been studied for its potential benefits such as wound
healing, antimicrobial activity, and as a vehicle for targeted delivery of therapeutic
agents. This last part has made chitosan gain attention in various fields, due to its
biocompatibility, biodegradability, and low toxicity. These characteristics make it a
perfect partner for the delivery of curcumin, which despite its helpful effects,
unfortunately has poor bioavailability and is also hydrophobic, making it undergo

rapid metabolism and elimination of the body, which limits its therapeutic efficacy.

The main objectives were not only to produce and characterize these said
nanoparticles, but also to evaluate its cytotoxicity, influence on oxidative stress and
immunomodulation on different cell types, present on the tumor

microenvironment.

Empty and curcumin-containing nanoparticles were produced following the
ionotropic gelation method. Its characterization and biological effects were
compared throughout the works. Both types of nanoparticles were successfully
produced, achieving good results overall, namely on curcumin encapsulation. The
particle diameter, PDI and zeta potential were measured by DLS and ELS
respectively. Dynamic light scattering (DLS) analysis confirmed the successful
generation of nanoparticles with accurate and similar sizes. Furthermore,

electrophoretic light scattering (ELS) provided valuable insights into the influence
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of production variables on the surface charges of the nanoparticles. These surface
charges play a crucial role in particle aggregation, emphasizing the need to carefully

control the production parameters to optimize the nanoparticles' properties.

Concentrations to study cytotoxicity were identical for both HepG2 and Raw 264.7
cell lines as well for PBMCs, neutrophils and splenocytes with similar results: little
to no toxicity in the tested concentration ranges. As for the ROS production, it was
clear that while empty chitosan nanoparticles could in some cases increase this
production, curcumin would stabilize it to normal values observed in the negative
control or even reduce its production. From the cytokine production assay, it was
verified an inability of curcumin to over impose its anti-inflammatory effects over

chitosan, with a small increase in TNF-a production being of notice.

However, there are still several assays that could and should be performed in order
to achieve a more profound understanding of the effect of these particles on the

tumor microenvironment.

Starting with the particles themselves, it could be interesting studying the release
rate of curcumin, as it could provide some more insights regarding
pharmacokinetics and bioavailability of curcumin, namely, to understand if the
release is controlled over time, with a constant release rate, enabling researchers to
design more efficient and targeted drug delivery strategies and dosages. Cellular
uptake studies could also be relevant, for the same reasons - having a better

understanding of dosages, to have more optimized results.

As for the anti-cancer properties more precisely, bearing in mind the metastatic
profile of hepatocellular carcinoma, it could be of use performing migration assays.
The use of in vitro 3D tumor models, such as spheroids, could also provide a more
representative environment to study the effects of the nanoparticles on a more

realistic scenario.

Regarding the inflammatory response, there is still a lot to be understood, namely
the production of cytokines by other types of cells, such as macrophages and
neutrophils, as well as RANTES quantification assays which needs to be performed

in HepG2 cells. These protocols can and should be even more optimized and
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additional chitosan and curcumin concentrations need to be tested, to provide more

information on the true effects of these nanoparticles.

To end my analysis, this work sat a few initial stones regarding the relation of these
nano formulations with the tumor microenvironment, as well as giving some
insights to its usage regarding the treatment of hepatocellular carcinoma.
Nevertheless, there is still work left unfinished as I stated earlier and there is still
more knowledge to be acquired regarding the interaction of these nanoparticles
with the different cell lines before following the natural progression of this study

which would be in vivo studies.
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Annex 1. Calibration curve to calculate curcumin concentration, necessary to determine NPs'
encapsulation efficiency of curcumin. Reference concentrations (mg/mL) are 0.0041841, 0.003682008,
0.003012552, 0.00209205, 0.001004184, 0.000502092, 0.000334728 and 0.000167364.
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Annex 2. Calibration curve to determine TNF-a production by spleen cells when incubated with the NPs.
Reference concentrations (pg/mL) are 1000, 500, 250, 125, 62.5, 31.25, 15.625 and 0.
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Annex 3. Calibration curve to determine IL-6 production by spleen cells when incubated with the NPs.
Reference concentrations (pg/mL) are 2000, 1000, 500, 250, 125, 62.5, 31.25 and 0.
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