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Abstract

Hepatocellular carcinoma (HCC) is a liver malignancy that has high rates of morbidity
and mortality, being the leading cause of mortality in the world associated to cancer. HCC is often
diagnosed in late stages of its development, due to the lack of symptoms and effective screening
strategies, stages in which an effective treatment is hard to achieve.

Currently there are some available treatment options to HCC. Sadly, these options are not
effective enough when the HCC stages of development are advanced, therefore, only a small
percentage of individuals who suffer from this disease can, in fact, receive an effective treatment.
As a result of this limitation, systemic chemotherapy with cytotoxic agents is often applied to the
patients, showing only a slight improvement. Given this, it is an urgent matter to develop new
antitumor approaches with high rates of HCC targeting and treatment effectiveness.

During hepatocarcinogenesis various molecular signaling pathways are dysregulated,
giving rise to favourable cellular processes in HCC development. Their study might provide novel
therapeutic strategies against hepatocellular carcinoma. Drugs like afatinib (BIBW2992), BMS-
777607 (BMS 817378) and XAV-939 (NVP-XAV939) have the ability to inhibit some of these
overexpressed or overactivated molecular targets (EGFR, c-MET and Wnt/Bcatenin respectively)
and, consequently, could attenuate the HCC progression and have an effective antitumor effect.
Unfortunately, using these drugs without a delivery system, most likely, will result in a limited
therapeutic effect and will cause negative side effects, since its delivery will not be a specific one,
not targeted to the HCC cells.

Recently, our group developed a hybrid nanosystem formulation that have the ability to
efficiently and specifically deliver drugs to the HCC cells. Its specificity is due to the presence of
the GalNAc ligand that specifically binds to the ASGP (asialoglycoprotein) receptors that are
overexpressed in the HCC cells surface. In this context, the main goals of this project were to
develop an effective antitumor strategy to HCC, through afatinib, BMS-777607 and XAV-939
drug combinations, and decrease possible side effects, reducing cytotoxicity to non-tumor cells,
through drug encapsulation in specific nanosystems to HCC cells.

In this work several studies have been performed in order to analyse whether the
combination of afatinib, BMS-777607 and XAV-939 has a synergistic antitumor effect and
whether their encapsulation in nanosystems constitutes an effective therapeutic approach against
hepatocellular carcinoma. Hepatocellular carcinoma cells (HepG2, Hep3B and Huh7 cells) were
incubated with different combinations of free drugs and their synergistic effect was evaluated.
Apoptosis/necrosis levels were evaluated in order to analyse the cellular death mechanisms
involved in the therapeutic effect promoted by the drugs. Afterwards, the drug combinations with

higher potential were encapsulated in hybrid nanosystems, in PLGA nanoparticles or in liposomes



and loading capacity and efficiency of the different nanocarriers were determined. Asialofetuin
(ASF), another specific ligand of the ASGP receptors, was attached to the PLGA nanoparticles,
as an alternative to the GalNAc ligand present in the liposomes, in order to maintain the specificity
to HCC cells. Then, the cellular uptake and internalization of these PLGA nanoparticles and
liposomes were analysed in the HCC cells. Moreover, the cytotoxicity of the individual and
combined free drugs and of those drugs encapsulated in the different nanocarriers was evaluated
in HCC cells.

The obtained results relatively to the assays performed with free drugs showed that some
combinations possess synergistic effect when used in pairs or the three altogether, meaning that
the new drug combinations are able to produce an effective antitumor effect against the HCC
cells. This synergy was demonstrated by apoptosis/necrosis assays, that confirmed cellular death,
which occurred mostly by apoptosis. Posterior encapsulation of the drugs in hybrid nanosystems
brough some challenges, given that afatinib and XAV-939 drugs presented low percentages of
encapsulation in PLGA nanoparticles. Thus, these drugs were consequently encapsulated in the
liposomes while BMS-777607 was encapsulated in PLGA nanoparticles. The mixture of
liposomes encapsulating afatinib and XAV-939 and PLGA nanoparticles encapsulating BMS-
777607 took place to create hybrid nanosystems. The cell viability levels of HCC cells after
incubation with hybrid nanosystems encapsulating the drug combinations were high for most of
the tested conditions, with the exception of HepG2 cells, incubated with the BMS 0.5uM/ AFT
0.5uM/ XAV 0.5uM drug combination, and the Hep3B cells, treated with the BMS 1uM/ AFT
0.25uM/ XAV 0.25uM combination, that presented a significant decrease of cell viability.

BMS-777607 drug was encapsulated in PLGA nanoparticles only coated with asialofetuin
(ASF) to maintain nanoparticles specificity to HCC cells. Different ASF concentrations were
tested in order to determine cellular internalization of the nanoparticles, and 125 ug ASF/mg NP
was chosen for further studies due to the high cell uptake registered. Cells were incubated with
produced empty PLGA nanoparticles and nanoparticles encapsulating BMS-777607 drug, both
coated with ASF or not. The obtained cell viability levels were substantially reduced after
incubation with nanoparticles encapsulating the drug.

In order to take advantage of the synergistic effect that resulted from the combination of
the drugs, liposomes were used to encapsulate the three drugs, afatinib, BMS-777607 and XAV-
939. Cellular internalization was evaluated and, once again, a high cell uptake of the nanosystems
by HCC cells was observed. Posteriorly, incubation of the cells with liposomes loaded with the
drugs was carried out. Although, the cell viability levels were not significantly affected for most
of the conditions, for Hep3B cells treated with the BMS 0.5uM/ AFT 0.5uM/ XAV 0.5uM and
BMS 1uM/ AFT 0.25uM/ XAV 0.25uM drug combinations a significant cytotoxicity was

observed.



Overall, the obtained results in this dissertation were promising, but further studies need
to take place in order to achieve final answers to the proposed hypotheses. The combination of
the free drugs Afatinib, BMS-777607 and XAV-939, resulted in an outstanding synergistic effect
in inducing cellular death to HCC cells, even greater results were obtained when the three drugs
were combined, although the two-by-two combinations also resulted in low cell viability
percentages. When the drug or its combinations were encapsulated in nanosystems, hybrid
nanosystems, PLGA nanoparticles and liposomes, in some cases it was possible to note that HCC
cell viability percentages dropped, raising hope as to the therapeutic effect of the produced
nanosystems. The antitumoral effect of the drugs to the HCC cells and the synergistic effect of
their combination alongside with the nanosystem formulations could be a promising tool to treat

hepatocellular carcinoma, improving the quality of life of the patients that suffer from this disease.

KEYWORDS: Hepatocellular carcinoma, hybrid nanosystems, molecular

signaling pathways, therapeutic agents, synergistic effect.
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Resumo

O carcinoma hepatocelular (HCC) é uma doenca maligna do figado que apresenta taxas
elevadas de morbidade e mortalidade, sendo atualmente a segunda causa de mortalidade no
mundo associada ao cancro. O HCC é frequentemente diagnosticado em estadios avancados do
seu desenvolvimento, devido a falta de sintomas e de estratégias de rastreio eficazes, sendo que
nesses estadios é muito dificil obter um tratamento eficaz.

Atualmente, existem algumas opcdes de tratamento disponiveis para o HCC. Contudo,
essas opg¢des ndo sao suficientemente eficazes quando os estadios de desenvolvimento do HCC
estdo numa fase avangada, portanto, apenas uma pequena percentagem de individuos que sofrem
desta doenca pode, de facto, receber um tratamento eficaz. Em decorréncia dessa limitacéo, a
quimioterapia sistémica com agentes citotoxicos € frequentemente aplicada aos pacientes,
apresentando apenas uma ligeira melhoria. Neste contexto, é urgente desenvolver novas
abordagens antitumorais que apresentem maior especificidade para HCC e maior eficacia.

Durante a hepatocarcinogénese Vvarias vias de sinalizacdo moleculares estdo desreguladas,
dando origem a processos celulares favoraveis ao desenvolvimento do HCC. O seu estudo podera
permitir o desenvolvimento de novas estratégias terapéuticas contra o carcinoma hepatocelular.
Féarmacos como afatinib, BMS-777607 e XAV-939 tém a capacidade de inibir alguns desses alvos
moleculares sobreexpressos ou sobreativos no HCC (EGFR, ¢-MET e Wnt/Bcatenina,
respetivamente) e, consequentemente, podem atenuar a progressao do HCC e aumentar o efeito
antitumoral. Contudo, a utilizagdo desses farmacos sem um sistema de entrega ird resultar,
possivelmente, num efeito terapéutico limitado e efeitos secundarios negativos, uma vez que a
sua entrega ndo sera especifica, isto é, direcionada para as células de HCC.

Recentemente, 0 nosso grupo desenvolveu uma formulacéo de nanossistema hibrido que
tem a capacidade de entregar farmacos de forma eficiente e especifica as células de HCC. A sua
especificidade deve-se a presenga do ligando GalNAc que se liga especificamente aos recetores
de ASGP (asialoglicoproteina) que estdo sobreexpressos na superficie das células de HCC. Neste
contexto, 0s principais objetivos deste projeto foram desenvolver uma estratégia antitumoral
eficaz para HCC, através da combinacdo dos farmacos afatinib, BMS-777607 e XAV-939, e
diminuir possiveis efeitos secundarios, reduzindo a citotoxicidade para as células ndo tumorais,
através da encapsulacdo dos farmacos em nanossistemas especificos para células de HCC.

Nesta dissertacdo foram realizados varios estudos com o propdésito de avaliar se a
combinacédo dos farmacos afatinib, BMS-777607 e XAV-939 resulta um efeito sinergistico, e se
a sua encapsulacdo em nanossistemas promove uma agdo terapéutica eficaz contra 0 HCC. As
células de carcinoma hepatocelular (HepG2, Hep3B e Huh7) foram incubadas com diferentes

combinacgdes dos farmacos livres, tendo sido avaliado o seu possivel efeito sinergistico. Foram
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realizados ensaios de apoptose/necrose para analisar os mecanismos de morte celular induzidos
pelos farmacos. Posteriormente, as combinacdes de farmacos com maior potencial foram
encapsuladas nos nanossistemas hibridos, em nanoparticulas de PLGA e em lipossomas, tendo
sido determinada a capacidade e a eficiéncia de carregamento das diferentes nanoparticulas. A
asialofetuina (ASF), outro excelente ligando para os recetores das ASGPs, foi associada as
nanoparticulas de PLGA, como alternativa ao ligando GalNAc presente nos lipossomas, com o
objetivo de manter a especificidade para as células de HCC. Neste sentido, foi avaliada a
internalizacdo celular das nanoparticulas de PLGA e dos lipossomas nestas células.
Adicionalmente, foi avaliada a citotoxicidade dos farmacos livres, usados individualmente e em
combinacdo, e dos farmacos encapsulados nas diferentes nanoparticulas em células de HCC.

Os resultados obtidos com as novas combinagdes de farmacos, quando comparados com
o0s obtidos com os farmacos livres, mostraram que algumas das combinacgdes possuem um efeito
sinergistico substancial, resultando numa acdo antitumoral eficaz contra as células de HCC. A
observacéo desta sinergia foi reforcada pelos resultados obtidos nos ensaios de apoptose/necrose,
que confirmaram que a morte celular induzida por estas novas estratégias ocorreu principalmente
por apoptose. O encapsulamento posterior dos farmacos em nanossistemas hibridos trouxe alguns
desafios, visto que os farmacos afatinib e XAV-939 apresentaram baixas eficiéncias de
encapsulacdo em nanoparticulas de PLGA. Consequentemente, estes farmacos foram
encapsulados nos lipossomas enquanto 0 BMS-777607 foi encapsulado nas nanoparticulas de
PLGA. Procedeu-se a mistura dos lipossomas que encapsularam afatinib e XAV-939 e de
nanoparticulas de PLGA que encapsularam BMS-777607 para criar nanossistemas hibridos. Os
niveis de viabilidade celular registados apds a incubagdo com os nanossistemas hibridos contendo
os farmacos apresentaram-se elevados para as linhas celulares testadas, com excecgao das células
HepG2, para a combinacdo de farmacos BMS 0.5uM/ AFT 0.5uM/ XAV 0.5uM, e das células
Hep3B, para a combinacdo BMS 1uM/ AFT 0.25uM/ XAV 0.25uM, que apresentaram uma
diminuicdo significativa da viabilidade celular.

Numa abordagem diferente o farmaco BMS-777607 foi encapsulado em nanoparticulas
de PLGA apenas revestidas com asialofetuina (ASF), por forma a manter a especificidade das
nanoparticulas para as células de HCC. Foram testadas diferentes concentracdes de ASF, para
avaliar o seu efeito na internalizacdo celular das nanoparticulas, tendo sido escolhida a
concentragdo de 125 pg de ASF / mg de NP para estudos posteriores devido a elevada
internalizacdo celular registada. As células foram incubadas com nanoparticulas PLGA vazias e
nanoparticulas carregadas com o farmaco BMS-777607, revestidas ou ndo com ASF. Os niveis
de viabilidade celular registados foram substancialmente reduzidos ap6s incubacdo com as
nanoparticulas carregadas com o farmaco.

Afim de tirar partido do efeito sinergistico resultante da combinagdo dos trés farmacos,

afatinib, BMS-777607 e XAV-939, estes foram encapsulados em lipossomas. Os ensaios de
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internalizacdo celular mostraram novamente a ocorréncia de uma elevada internalizagcdo dos
nanossistemas nas células de HCC. Posteriormente, as células foram incubadas com os
lipossomas carregados com os farmacos, tendo-se verificado que os niveis de viabilidade celular
ndo foram significativamente afetados na maioria das condic@es testadas, com excec¢do das células
Hep3B tratadas com lipossomas contendo as combinacfes de farmacos BMS 0.5uM/ AFT
0.5uM/ XAV 0.5uM e BMS 1uM/ AFT 0.25uM/ XAV 0.25uM, onde se verificou uma
citotoxicidade significativa.

De uma forma geral, alguns dos resultados obtidos nesta dissertagdo mostraram ser
promissores, mas em alguns casos, estudos adicionais deverao ser realizados a fim de se obter
respostas finais as hipdteses propostas. A combinacéo dos farmacos livres Afatinib, BMS-777607
e XAV-939, resultou num excelente efeito sinérgico no que toca a indugdo de morte celular das
células de HCC, resultados ainda mais significativos foram obtidos quando os trés farmacos foram
combinados, embora as combina¢fes dos mesmos dois a dois também resultou numa baixa
percentagem de viabilidade celular. Quando os farmacos ou as suas combinacfes foram
encapsulados em nanossistemas, nanossistemas hibridos, nanoparticulas de PLGA e lipossomas,
em alguns casos foi possivel notar que as percentagens de viabilidade celular de HCC desceram,
aumentando assim a esperanca quanto ao efeito terapéutico dos nanossistemas produzidos. O
efeito anti tumoral dos farmacos nas células de HCC e o efeito sinergistico das suas combinagdes
juntamente com as formulacGes de nanossistemas podem ser uma ferramenta promissora para o
tratamento do carcinoma hepatocelular, melhorando a qualidade de vida dos pacientes que sofrem

desta doenca.

PALAVRAS-CHAVE: Carcinoma hepatocelular, nanossistemas hibridos, vias de

sinalizacdo moleculares, agentes terapéuticos, efeito sinergistico.
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1. Introduction

1.1. Hepatocellular carcinoma

Cancer is the second leading cause of human death, it causes approximately 7.6 million
deaths every year, which corresponds to 13% of total deaths worldwide. The number of people
suffering from cancer are expected to rise in the future as well as cancer-related mortality
(Chaturvedi et al., 2018). During carcinogenesis an uncontrolled cell multiplication and the
inhibition of the apoptotic processes occur. Cancer cells have the ability to invade other healthy
parts of the human body through metastasis, compromising the functioning of vital organs in the
organism (Azevedo et al., 2021). Advances in medicine and investigation fields have been
assisting in the treatment of cancer diseases and currently there are many therapeutic strategies
that are available and successful. Nonetheless, the development of new techniques and approaches
for precise diagnosis and treatment are still essential. To treat different types of cancers,
chemotherapy and radiotherapy are treatments that are currently most used, but these present a
great number of painful secondary effects that affect the patient’s quality of life (Azevedo et al.,
2021; Zhang et al., 2018).

Hepatocellular carcinoma (HCC) is the most common and prevalent liver malignancy,
and it occurs as a consequence of the hepatic disfunction and complex biological processes
(Algahtani et al., 2019; Pinto Marques et al., 2020). The percentage of occurrence of this
pathology has been increasing through the years, having high rates of morbidity and mortality.
Currently, HCC is the leading cause of death worldwide associated to cancer, with around 800.000
new diagnosticated cases and 750.000 deaths every year. Due to the lack of symptoms and
efficient screening strategies, around 80% of the patients are diagnosed with advanced HCC
stages of development to which an effective treatment is no longer available (Dimri et al., 2020).
It is estimated that around 85% of HCC clinical cases occur in low-resource or middle-resource
countries, located in Eastern Asia and sub-Saharan Africa, in which medical resources are sparse
(Yang et al., 2019).

There are many risk factors for the hepatocellular carcinoma development, these can be
genetic or environmental, among them are chronic liver diseases or cirrhosis, the abuse in the
alcohol consumption and/or tobacco, non-alcoholic fatty liver disease (NAFLD). Hepatitis B
virus (HBV) and Hepatitis C virus (HCV) are responsible for the origin of 80% of HCC cases,
therefore being the principal causes of HCC development. Aflatoxin, more precisely, Aflatoxin

B1 (AFB1), a food contaminant, might be involved in the pathological processes of HCC, since
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its consumption is able to trigger the HCC occurrence. Metabolic syndrome, such as obesity,
diabetes, genetic and hereditary factors are also considered as risk factors for the HCC
development as well as patient heterogeneity. Male individuals have a higher probability of HCC
occurrence, presumably due to a higher prevalence of HBV and HCV and alcohol consumption
in men, which can reflect into increased carcinogenesis (Algahtani et al., 2019; Fujiwara et al.,
2018; Hartke et al., 2017; Jindal et al., 2019; Kulik and El-Serag., 2019; Yang et al., 2019).

1.1.1. Available treatments

Currently, there are some available treatment options to cure hepatocellular carcinoma or,
at least, to reduce or delay its malignant effects. Surgical resection, radiofrequency/microwave
ablation, trans arterial chemoembolization and liver transplantation are the curative treatments
that can only be effective in early stages of HCC development (Algahtani et al., 2019). Once the
tumour progress into advanced stages, medical assistance become sparse and not cost-effective,
not to mention that in case of liver transplantation most of the time it is hard to find a suitable
donor. Hence, an early diagnosis and prevention of the HCC development and progression
becomes very important in patients at risk due to its health benefit (Algahtani et al., 2019;
Fujiwara et al.,2018).

Given the limitations of the effective treatment options, systemic chemotherapy is
frequently applied to HCC patients, specially to those that the above-mentioned treatments are no
longer an alternative. Sadly, hepatocellular carcinoma is resistant to conventional chemotherapy
treatment with cytotoxic agents (Dimri et al., 2020). Chemotherapy drugs slow down cancer cells
from their rapid-growing through different strategies and action mechanisms, these could be by
interfering with the cancer cells” DNA synthesis, its replication or transcription, and cell division
(Azevedo et al., 2021; Hossen et al., 2018). Given this, only 30%-40% of patients with HCC have
the chance to receive a proper treatment (Dimri et al., 2020; Pinto Marques et al., 2020).

Sorafenib is FDA approved drug and it is the first-line therapy for hepatocellular
carcinoma treatment. Sorafenib is a multikinase inhibitor, that blocks VEGFR, PDGFR, c-KIT,
RET receptors and Ras/Raf/MEK/ERK signaling pathway that are overexpressed in HCC
carcinogenesis. Sorafenib is usually used in patients with advanced and intermediate-stage of
HCC development (Dimri et al., 2020; Farinha et al., 2021). Although sorafenib exhibits a good
antitumor activity in HCC, its clinical application is still limited due to its side effects and low
targeting efficiency to the tumour. Furthermore, the long-term use of sorafenib lead to pERK up-
regulation, giving rise to cellular resistance and consequently to tumour resistance and toxic
reactions (Brunetti et al., 2019; Farinha et al. 2021; Tang et al., 2020; Zhang et al., 2020).
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1.2. Major HCC receptors and molecular signaling pathways

Hepatocellular carcinoma involves genetic and epigenetic alterations, such as mutations,
deletions and abnormal gene expression, that occur in the oncogenes and/or tumour suppressor
genes. During the hepatocarcinogenesis, several molecular signaling pathways are shown to
possess abnormalities that intervene in the carcinogenic process of HCC (Figure 1). Its
identification and study become very important since it might offer the development of a potential
novel therapeutic strategy through the new identified targets (Dimri et al., 2020). Several
signaling pathways and receptors that are overexpressed, dysregulated or overactivated in HCC
are already identified. These pathways contribute to HCC carcinogenesis development through
the transcription of genes involved in hepatocellular carcinoma events (Dimri et al., 2020;
Whittaker et al., 2010).

High expression of Vascular Endothelial growth factor (VEGF) and VEGF receptors have
been detected in hepatocarcinoma cell lines, tissues and even in the serum of patients with HCC.
This VEGF overexpression might be related to the hypoxic tumour environment, activation of
EGF receptor and cyclo-oxygenase-2 signaling (Muto et al., 2014). VEGF receptor acts on
angiogenesis processes and is a regulatory factor in the carcinogenesis of hepatocellular
carcinoma (Dimri et al., 2020; Semela and Dufour., 2004). There are 3 subtypes of VEGF receptor
and apparently the VEGFR-2 is the one that manages most of the cellular responses to VEGFs
(Muto et al., 2014). The induction of growth factors like hypoxia-inducible factors 1 and 2 (HIF
1 and 2) and insulin like growth factor 2 (IGF2) results from the severe hypoxia in HCC.
Posteriorly, HIF1 and IGF2 activate the VEGF receptor, stimulating its expression as well as other
growth factors, subsequently resulting in tumour angiogenesis, which in turn provokes tumour

progression and metastases (Dimri et al., 2020; Whittaker et al., 2010).

Epidermal growth factor (EGF) receptor is often dysregulated in hepatocellular
carcinoma. It is responsible for the regulation of several cellular processes in HCC that include
proliferation, matility, angiogenesis and inhibition of the apoptosis. This signaling pathway is
activated when the IGF-1 and IGF-2 ligands bind to the receptor (Alexia et al., 2004). The binding
provokes an auto-phosphorylation and activation of the receptor that is followed by
phosphorylation of intracellular targets. In consequence, these processes result in the activation
of PIBK/IAKT/mTOR, MAPK, protein kinase B and RAF/MEK/ERK pathways. IGF-2 ligand is
overexpressed in patients with HCC, this will result in its high binding to the receptor and
consequently in an elevated receptor and signaling pathways activity (Dimri et al., 2020; Wecker
et al., 2018; Whittaker et al., 2010).
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The hepatocyte growth factor receptor (HGFR) is a tyrosine receptor encoded by the c-
MET proto-oncogene. It has been reported that c-MET might be involved in the development of
various types of cancer. When c-MET/HGF receptor is activated, it contributes to tissue
regeneration, cell proliferation, migration, survival, branch morphogenesis, and angiogenesis in
hepatocellular carcinoma cells (Dimri et al., 2020). The binding of the HGF ligand to the receptor
leads to its phosphorylation and further phosphorylation of adaptor proteins, hence activating
phospholipase C, PI3K and ERK signaling pathways (Dimri et al., 2020; Matsumoto et al., 1996;
Whittaker et al., 2010). Multiple molecular genetic factors are associated with c-MET
dysregulation, and its overexpression leads to a reduced survival in HCC patients (Ueki et al.,
1997).

In WNT/B-catenin signaling pathway, occurs an abnormal regulation of the B-catenin
transcription factor, which is responsible for the development of the hepatocellular carcinoma
early events (Apte et al., 2007; Avila et al., 2006). WNT ligands bind to the frizzled members of
the WNT/B-catenin signaling pathway receptor triggering the pathway’s phosphorylation and
posterior activation. Subsequently, the GSK3p (glycogen synthase kinase 3 P) is inhibited,
increasing the cytosolic B-catenin concentration. Consequently B-catenin is translocated to the
nucleus and activates the transcription of genes involved in cell proliferation, angiogenesis, anti-
apoptosis and the formation of extracellular matrix in HCC. An increase of B-catenin levels in the
nucleus and cytoplasm have been observed in around 50-70% of tumors in HCC, thus an increased
proliferation of tumor cells occurs. Given this, WNT plays an important role in the regulation of
liver regeneration and self-renewal of pluripotent stem cells and progenitor cells, presenting itself
as a promising target for HCC therapy (Dimri et al., 2020; Whittaker et al., 2010).
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Figure 1. Major molecular signaling pathways involved in hepatocellular carcinoma (adapted from Dimri et
al., 2020).
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1.3. Selected drugs for the new therapeutic strategy against

hepatocellular carcinoma

Given the complexity of hard-to-treat diseases like cancers, monotherapy is evolving to
combined therapies or multiple therapies, enhancing drug efficiencies and therapeutic
effectiveness through synergy (Farinha et al., 2021). In this context, the combination of the drugs
afatinib, BMS-777607 and XAV-939, which are responsible for the inhibition of EGFR, c-MET
and WNT/B-catenin receptors, respectively, could result in an effective therapeutic approach.
These drugs or its combination were not tested in HCC before, nevertheless the combination of
the three drugs might result in a positive synergistic effect, thus increasing their therapeutic
potential for HCC treatment.

1.3.1. Afatinib

Afatinib (BIBW 2992) is an adenosine triphosphate (ATP)-competitive anilino-
quinazoline derivative containing a reactive acrylamide group and a selective inhibitor of the
receptor tyrosine kinases that inhibits EGFR, also known as ErbB1, (IC50 = 0.5 nM) that belong
to the ErbB protein family (Ferraroto et al., 2014; Wecker and Waller., 2018).

Afatinib activity is irreversible and possesses a multi-receptor binding. It binds to
cysteine 797 of the EGFR, leading to reduced phosphorylation processes and consequent
inhibition of the downstream pathways (Wecker and Waller., 2018). Generally, according to
previous tests in different cell lines, afatinib has the ability to supress the EGFR, ErbB2, ErbB3,
ErbB4, HER2, ERK and AKT phosphorylations. As a result, apoptotic processes are activated
reducing carcinogenesis and tumour growth (Ferraroto et al., 2014; Li et al., 2008; Wecker and
Waller., 2018).

Overall, afatinib has already been tested as a treatment in various tumour types, like lung
cancer, non-small-cell lung carcinoma (NSCLC), head and neck squamous cell carcinoma
(HNSCC), breast cancer and brain metastases. A reduction in the tumour activity was detected in
xenograft and transgenic lung cancer mouse models after afatinib administration (Ferrarotto et
al., 2014; Li et al., 2008; Wecker and Waller., 2018), and in case of NSCLC patients, a significant
improvement occurred following chemotherapy with gefitinib and erlotinib after afatinib

administration (Harvey et al., 2020).
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1.3.2. BMS-777607

BMS-777607 (BMS 817378) is an ATP-competitive MET kinase inhibitor. It targets
several MET family members that include c-MET receptor, also known as HGFR, RON, Axl and
Tyro3. BMS-777607 provokes an inhibition of the c-MET receptor by inhibiting its auto-
phosphorylation and consequent activation of the downstream molecular signaling pathways (Dai
et al., 2012; Wu et al., 2019). BMS-777607 binds to the c-MET active site with an inhibitor
constant (Ki) value of 3.9 nmol/L. According to pre-clinical models, it exhibited an effective
blockage of c-MET autophosphorylation with an 1C50 of 20 nmol/L (Dai and Siemann., 2010).
Moreover, it has been reported that BMS-777607 have the ability to block Mer, Flt-3, Aurora B,
Lck and VEGF receptor 2 (Wu et al., 2019).

According to available literature, BMS-777607 has already been used to treat diseases
like breast cancer, ovarian cancer, prostate cancer and intra-hepatic cholangiocarcinoma. As to
breast cancer, BMS-777607 showed its therapeutic effect through the inhibition of the RON
receptor inducing breast cancer cell polyploidy (Sharma et al., 2013). BMS-777607 activity has
been used to inhibit HGF-independent c-MET auto-phosphorylation to supress ovarian
carcinogenesis activity (Wu et al., 2019). It was reported that BMS-777607 inhibits HGF-induced
prostate cancer cell scattering, and supresses HGF-induced cell migration, cell invasion and cell
proliferation (Dai and Siemann., 2010).

1.3.3. XAV-939

XAV-939 (NPV-XAV 939) is able to inhibit the WNT/B-catenin signalling pathway by
stabilising a scaffolding protein, AXIN. XAV-939 stabilises AXIN by inhibiting the poly-ADP-
ribosylating enzymes tankyrase 1 and tankyrase 2. When WNT/B-catenin pathway is active, an
abnormal regulation of the transcription factor, f-catenin, occurred. AXIN anchors proteins that
are involved in the degradation of the B-catenin complex; therefore, it is responsible for B-catenin
degradation and inactivation of the WNT/B-catenin signalling pathway (Dittfeld et al., 2018;
Huang et al., 2009). According to literature, XAV-939 is mainly used to treat diseases like
calcification of human valvular interstitial cells (Dittfeld et al., 2018), it ameliorates osteoarthritis
in murine model trough Wnt/B-catenin inhibition (Lietman et al., 2018), and enhances

osteoblastogenesis and mineralization of human skeletal stem cells (Almasoud et al., 2020).
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1.4. Asialoglycoprotein receptor and ligands

The asialoglycoprotein receptor (ASGPR) (Figure 2) is a highly conserved
transmembrane heteromeric glycoprotein, first identified by Ashwell and Harford (Geffen and
Spiess., 1993). It is a Ca**-dependent carbohydrate-binding protein, or C-type lectin. ASGPR is
expressed by parenchymal cells of the liver (hepatocytes) and it is minimally present in other
body tissues (Farinha et al., 2021; Khorev et al., 2008). The uptake of glycoproteins with terminal
N-acetylgalactoseamine (GalNAC) or galactose residues (asialoglycoproteins) by the liver cells is
facilitated by ASGPR. During this process, ASGPR binds and internalizes the molecules with
exposed galactose or N-acetylgalactoseamine residues, following the degradation of the terminal
sialic acid present in the glycoproteins by sialidase enzyme (lgdoura., 2017; Nair et al., 2014).

The human ASGPR consists of two homologous subunits, H1 and H2, which form a non-
covalent heterooligomeric complex with 2-5:1 ratio, respectively. Both are single-spanning
membrane proteins with a calcium-dependent galactose/GalNAc recognition domain. (Igdoura.,
2017; Khorev et al., 2008; Stokmaier et al., 2009). The expression of asialoglycoprotein receptors
is located on the sinusoidal and basolateral membrane of hepatocytes, but it can also be present
on the surface of the proliferating hepatocellular carcinoma cells. The presence of the ASGPR on
the HCC cells may offer an advantage in the treatment of this malignancy (Treré et al., 1998).

As ASGPR recognizes and exhibits specificity for the terminal galactose and GalNAc
residues of glycoproteins, this receptor and the asialoglycoproteins have the ability to bind with
each other (Igdoura., 2017; Nair et al., 2014). Therefore, ASGP receptors appear to be the key for
the specific drug delivery, mediated by the nanosystems containing the GalNAc ligand, to the
HCC cells.

Asialofetuin exhibits affinity to ASGPR, therefore it is also an excellent ligand to these
receptors. It is a negatively charged 48kDa glycoprotein and it possesses three asparagine-linked
triantennary complex carbohydrate chains with terminal N-acetylgalactosamine residues, which,
as mentioned above, are recognized by the ASGP receptors overexpressed in the HCC cells
(Farinha et al., 2014; Bider and Spiess., 1998; Wu et al., 1998). ASF is endocytosed by hepatocyte
cells and studies have showed that receptor-mediated endocytosis enhances liposome-associated

drug delivery into hepatocytes (Detampel et al., 2014; Wu et al., 1998).
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Figure 2. Schematical representation of ASGP receptor, with H1 and H2 subunits (adapted from Khorev et
al., 2018)

1.5. Nanotechnology and nanosystems

Stated the advances in the nanotechnology field, its application has been used in vast
biomedical fields, such as drug carrier and drug delivery, gene therapy, molecular imaging, target
therapy, biomarker mapping and detecting and diagnosis, thus nanomaterials possess high
flexibility and versatility (Azevedo et al., 2021; Chaturvedi et al., 2018). There are humerous
nanoscales materials, natural or synthetic, that can be used and combined such as nanoshells, gold
nanoparticles, lipid nanoparticles, polymeric nanoparticles, micelles, cyclodextrins, carbon
nanotubes, dendrimers and quantum dots (Figure 3) (Carthy et al., 2014; Chaturvedi et al., 2018).
“Nanotechnology is the engineering and manufacturing of materials at the atomic and molecular
scale” (Farokhzad et al., 2009).

They possess unique physical and chemical characteristics such as nanoscale size,
structure, chemistry and surface charge, that can be manipulated and changed to a certain purpose
(Wicki et al., 2015). The idea behind the different nanocarriers is to have a drug delivery system
with the ability to encapsulate different therapeutic agents, such as drugs, genetic material and
proteins, and promote a controlled and specific delivery of the same into the target cells.
Therapeutic agents can be adsorbed, dissolved, encapsulated covalently attached or
electrostatically bound to the nanoparticle (Azevedo et al., 2021; Mc Carthy et al., 2014). Thus,
the use of nanomaterials might be of help in overcoming the limitations associated to conventional
treatments and consequently increasing their efficacy and decreasing undesirable side-effects

(Azevedo et al., 2021; Bregoli et al., 2016; Hossen et al., 2019). Nanomaterials can facilitate
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tissue penetration and improve delivery efficiency and specificity by carrying the therapeutic
agents directly to the desired target. Furthermore, nanocarriers can encapsulate more than one
therapeutic agent, allowing the development and application of combined strategies and the
possible occurrence of a synergistic effect. Another important aspect of using nanomaterials is
that they enable the encapsulation and transport of poorly soluble molecules and ensure the
protection of the therapeutic agents, thus avoiding their degradation during transport/delivery,
therefore improving their bioavailability (Azevedo et al., 2021; Tran et al., 2017; Wicki et al.,
2015; Wolfram and Ferrari., 2009).

Nanotechnology can also assist in molecular diagnosis of cancer, using nanoscale systems
that can provide clear diagnostic clues of cancer, allowing an early detection of the malighancy
(Bregoli et al., 2016; Chaturvedi et al., 2018). Given this, it is expected that development and
further upgrade of nanotechnologies will play an important role in pharmaceutical industry and
that their therapeutic applications will change the clinical landscape. Nanotechnology is used in
the treatment of various diseases, including cancers. Cancer nanomedicine consists of using
nanoparticles or nanomaterials for cancer-related biomedical purposes due to their unique
characteristics and advantages (Azevedo et al., 2021; Farokhzad et al., 2009).

As many other drugs, the supra mentioned drugs, afatinib, BMS-777607 and XAV-939,
do not possess specificity on the tumour targeting, and as a consequence these can induce negative
side effects and healthy cells will also be affected, which would lead to undesired toxicity.
Moreover, a high dose of drugs will be required in order to reach the cells, (Azevedo et al., 2021;
Zhang et al., 2018). To solve these problems the drugs can be encapsulated in a hybrid nanosystem
that delivers the drugs specifically to the hepatocellular carcinoma cells, avoiding its precocious
release and spreading through the body, prolong their half-life in the systemic circulation,
therefore increasing the efficacy of the drug delivery and decreasing its side effects. Multi drug
resistance (MDR) has also been a problem in treating various types of cancer, due to the cells’
capacity of developing molecular mechanisms to overcome the potential effect of the drugs,
therefore, another important aspect to be retained is that nanosystems should have the ability to
overcome the MDR (Azevedo et al., 2021; Farinha et al., 2021; Hossen et al., 2018; Liu et al.,
2020; Yuan et al., 2017; Zhang et al., 2018).
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Figure 3. Different types of nanoparticles used for biomedical application (Mc Carthy et al., 2014).

1.5.1. PLGA nanoparticles and liposomes

Polymeric nanoparticles have been largely used since they possess high structural
integrity, stability during storage and a controlled release of the therapeutic agents. Polymeric
nanoparticles can be produced out of natural polymers or synthetic polymers that are
biocompatible and biodegradable, such as Poly(D,L-lactic-co-glycolic acid) (PLGA) polymer,
which is a synthetic thermoplastic aliphatic biocompatible polyester. Previous studies reported
that drugs that have been encapsulated in the PLGA nanoparticles had a controlled release, due
to the fact that this polymer encapsulates the drug and forms a matrix (Gentile et al., 2014;
Nigam., et al., 2019).

PLGA nanoparticles have the ability to encapsulate substances that possess different
physico-chemical characteristics, such as proteins and drugs. PLGA is FDA approved
biodegradable polymer that is commonly used as a carrier for drug delivery and as scaffolds for
tissue engineering. It is biocompatible and has an excellent safety profile (Ding and Zhu., 2018).
Usually, PLGA is produced by a catalysed ring-opening copolymerization of lactic acid (LA) and
glycolic acid (GA) (Rezvantalab et al., 2018). Therefore, PLGA chemical properties permit
hydrolytic degradation though de-esterification that leads to metabolite monomers, lactic acid and
glycolic acid. As the degradation occurs, the monomeric components of PLGA polymer are easily
metabolized via the Krebs cycle, thus, are removed from the body by natural pathways (Danhier
et al., 2012; Gentile et al., 2014).

11
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Liposomes have also a great popularity as delivery systems, since they are considered
ideal nanocarriers for drug delivery due to their high biocompatibility that is justified by the
presence of phospholipids in their constitution (Hadinoto et al., 2013). Natural phospholipids
that are present in its formulation, are biodegradable, biocompatible, non-toxic and non-
immunogenic. Liposomes have the ability to encapsulate different types of therapeutic molecules,
such as drugs. Incorporation of compounds like cholesterol may assist with membrane fluidity
and avoid premature drug leakage. Another important feature of liposomes is that they have the
potential of increasing bioavailability and reduce clearance of drugs by increasing circulation and
residence time in the body. In fact, they can prolong drugs half-life in the systemic circulation,
and protect them from biodegradation in vivo, thus, allowing drugs to reach the target site in the
desired concentration, avoiding the waste of the product and toxic effect in healthy tissues.
(Fouladi et al., 2017; Liu et al., 2020; Shah et al., 2020).

As to liposomes structure, these are self-assembled vesicles that have in their possession
a phospholipid bilayer (it can be more than one). Its lipid composition confer stability to the
liposomes and impact on their physicochemical and pharmacokinetic properties. Owing to the
fact that phospholipids have an amphiphilic nature, liposomes can be a nanocarrier both to
hydrophilic and lipophilic drugs. In this way, hydrophilic drugs are encapsulated in the aqueous
core or attached to the membrane surface, in turn, hydrophobic drugs are incorporated into the
lipid bilayer (Fouladi et al., 2017; Liu et al., 2020; Shah et al., 2020).

Furthermore, liposomes loaded with the drug might accumulate in tumours via the
enhanced permeability and retention (EPR) effect. In healthy tissues, the low-molecule-weight
drugs might extravase the blood vessels, while drug-loaded liposomes won’t, owing to their
bigger size. Tumours blood vessels possess abnormally wide fenestrations that allow the
extravasation of liposomes. Given this, along with the absence of lymphatic drainage, liposomes
are selectively accumulated in tumours, becoming relatively more effective (Fouladi et al., 2017;
Lietal., 2019)

1.5.2. Hybrid nanosystems

Hybrid nanosystems have been the centre of attention when it comes to biomedical
biotech research projects, these can be obtained through the coordinated combination of materials,
organic or inorganic, with different chemical composition (Figure 4) (Ferreira Soares et al., 2020).
Nanosystems can be used to transport and deliver different molecules, such as genetic material
and drugs, through different stimuli (Date et al., 2018; Hadinoto et al., 2013; Torchilin., 2009).
A combination between different organic and inorganic materials can be achieved to obtain a
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polymer-hybrid nanoparticle (Ferreira Soares et al., 2020; Peer et al., 2007). The constituents to
this purpose can be metal oxide nanoparticles, graphene, carbon nanotubes, silica and polymers.
The combination between organic materials, such as phospholipids, proteins and lipids, with
natural or synthetic polymers can give rise to hybrid-polymer nanosystems, in which hybrid-
polymer nanosystems (LPNs) are included (Ferreira Soares et al., 2020).

Among many others, lipids and polymers have been shown to be essential components to
acquire LPN, due to their unique features and the most common ones are the polymer-core/lipid-
shell systems. Polymer-core and lipid-shell nanosystems are constituted by a polymeric core in
which therapeutic substances can be encapsulated. The polymeric core is coated by a lipidic layer,
its main function is to confer biocompatibility and bioavailability to the nanosystem. It can also
create a molecular fence that minimizes leakage of the encapsulated content in the polymeric core
(Hadinoto et al., 2013; Liu et al., 2020). Therapeutic agents can also be encapsulated in the lipidic
layer (Farinha et al., 2021). By creating a LPN, the features, both of lipids and polymers are
combined, overcoming some of the disadvantages, thus, a more integral, stable and
multifunctional nanosystem can be obtained, with a more versatile usage (Liu et al., 2020).

The combination of the different nanomaterials might result in advantages such as
simultaneous transport of therapeutic agents with different properties, easier and longer
nanosystem circulation in the blood stream, prevention from anticipated and non-specific release
of the therapeutic agents, low encapsulation rate and unspecific release kinetics. Nanosystems can
be used to transport and deliver different molecules, such as genetic material and drugs, through
different stimuli (Hadinoto et al., 2013; Ferreira Soares et al., 2020; Wang et al., 2019).

Natural polymers
(e.g. Protein,
polysaccharides, etc)

Others
(e.g. Carbon nanotubs, Magnetic nanoparticles
bacterial polymers, etc) (e.g. Fe,0,)

Ceramics Sintetic polymers
(e.g: silica, (e.g. PEG,PLA others)
alumina, etc)

Figure 4. Different types of nanomaterials (organic or inorganic) used in the combination of hybrid
nanosystems (Ferreira Soares et al., 2020).
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1.5.3. Nanosystem formulation for this project

In our laboratory a drug delivery hybrid nanosystem formulation was recently developed,
being composed of a polymeric core and a lipidic shell containing the GalNAc ligand (Figure 5).
The GalNAc ligand binds specifically to the ASGP receptors that are overexpressed in
hepatocellular carcinoma cells (and almost absent in other tissues), making the nanosystem
specific to the HCC cells, thus improving the therapeutic responses. In these hybrid nanosystems,
drugs were encapsulated in the PLGA polymeric core and in the lipid bilayer (Farinha et al.,
2021).

The size of the nanosystems with the ligand GalNAc attached to the liposome, lightly
increased, having a medium size of 150 nm (Figure 5B). Their zeta potential was positive before
adding the GalNAc ligand and after its attaching it became negative, indicating that their
physicochemical properties are suitable for in vivo application. An increased cellular
internalization of the nanosystems prepared with the GalNAc ligand was observed, due to their
specific binding to the ASGPR, demonstrating the specificity of the nanosystems to the HCC cells
(Farinha et al., 2021).

* Lipid Bilayer

% DSPE-PEG

% DSPE-PEG-GalNac

; PLGA
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Figure 5. Representation of a hybrid nanosystem with polymeric core and lipidic shell (A) and its TEM image
(B) (Farinha et al., 2021).
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1.6. Objective

Hepatocellular carcinoma is a highly malignant neoplasia, being the second cause of death
in the world associated to cancer. Due to the absence of symptoms and effective screening
strategies, advanced HCC stages are often diagnosed in patients with this disease. The available
treatment to HCC is quite limited and with low rates of efficacy, therefore, the development of
new and more effective antitumor approaches for HCC treatment is urgent.

Nanotechnology is widely used in the treatment of several diseases including cancers.
Nanosystems possess unique characteristics with many advantages. These have the capacity of
encapsulating different therapeutic agents and deliver them in the desired target. Moreover,
nanosystems can provide protection to the encapsulated molecules, avoiding its leakage and
degradation. Additionally, a specific delivery of the therapeutic agents into the target cells can be
achieved through the nanosystems, resulting in a higher efficacy of the treatment and decreasing
undesirable side-effects.

Afatinib, BMS-777607 and XAV-939 drugs are able to inhibit some of the major
molecular targets that are overexpressed in hepatocellular carcinoma cells, such as EGFR, c-MET
and WNT/B-catenin, respectively. Lipid- and polymer-based nanosystems are versatile and stable
nanocarriers capable of encapsulating drugs and delivering them safely and directly to the target.
In this way, the main objective of this dissertation was to develop a new combined therapeutic
strategy, involving afatinib, BMS-777607 and XAV-939 drugs, mediated by hybrid nanosystems,
in order to obtain a synergistic antitumor effect against hepatocellular carcinoma cells.

The synergistic effect of the drugs, afatinib, BMS-777607 and XAV-939, was evaluated,
that is, if the different combinations of the drugs are able to induce higher percentage levels of
cytotoxicity to the HCC cells when compared to the sum of the cytotoxicity percentages of
individual drugs applied in the same concentrations. Apoptosis/Necrosis assays were performed
in order to understand the cellular death mechanisms occurring in the cells when treated with the
drugs and drugs’ combinations. Afterwards drugs were encapsulated in the hybrid nanosystems,
PLGA nanoparticles and liposomes and the cell viability percentages of the HCC cells and their
therapeutical potential was evaluated when incubated with these different formulations.
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2. Materials and Methods
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2. Materials and Methods

2.1. Materials

Poly(d,lI-lactic-co-glycolic acid) (PLGA) 50:50 DL (24— 38kDa), polyvinyl alcohol
(PVA) (MW 9000-10,000, 80% hydrolyzed), ethyl acetate (Sigma Aldrich), acetone, coumarin-
6, Annexin V and propidium iodide were purchased from Sigma-Aldrich; 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC), cholesterol (Chol) and 1.2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG2000) were purchased
from Avanti PolarLipids, Afatinib, BMS-777607 and XAV-939 were purchased from
selleckchem, triantennary N-acetylgalactosamine (GalNAc) cluster was kindly offered by lonis
Pharmaceuticals, asialofetuin (Sigma Aldrich) and didecyldimethylammonium bromide (DMAB)
(Sigma Aldrich).
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2.2. Methods

2.2.1. Hybrid nanosystem production and drug encapsulation

In the experimental section, we produced the hybrid nanosystems, that consist of a two-
step method (Figure 6). Lipidic vesicles and PLGA nanoparticles are produced and the mixture
of both is followed, giving rise to the lipid-polymer hybrid nanosystems. During the nanosystem
production we proceeded to the drug (Afatinib, BMS-777607 and XAV-939) and coumarin-6
probe encapsulation in it. The encapsulation can occur in the core or the shell of the nanosystem.
After that, we followed up to the drug quantification to verify the quantity of the drug that can be
encapsulated in the nanosystem. A physical characterization of the nanosystems was repeated, its
size and zeta potential were measured.

Drug quantification was performed through absorbance using a Spectofotometer
Spectramax plus 384. First, the absorbance of each drug in dimethyl sulfoxide (DMSO) was
determined through an absorbance spectre. Afatinib is 370nm, BMS-777607 is 340nm and XAV-
939 is 350nm. After the nanoparticle production and drug encapsulation (with an initial amount
of 1 mg of each drug), drug quantification was performed. To achieve this task, nanoparticles
were freeze dried and briefly DMSO was added to the freeze-dried nanoparticles to disrupt them,
in order to free the drug and read its absorbance. A standard curve of each drug was performed

and the absorbance of the drug curve and drugs in the nanoparticle was read.
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Figure 6. Schematic representation of the hybrid lipid-polymer nanosystem preparation with GalNac ligand
and drug encapsulation in the polymeric core or the lipidic shell (adapted from Farinha et al., 2021).

2.2.1.1. PLGA nanoparticle production

First PLGA nanoparticles were produced by solvent emulsification and diffusion-
evaporation method. PLGA 3% in ethyl acetate was poured in aqueous phase containing PVA
5%. This solution was stirred for 1 minute, using a sonication probe, with a 50% amplitude of
sonication, in order to obtain an emulsion. When the drugs or coumarin-6 probe were
encapsulated in the core of the nanoparticles, PLGA 3% in ethyl acetate and 20 ul of each drug
or 20 pl of coumarin-6 (1 mg of drug/1 ml ethyl acetate and 1mg of coumarin-6/1 ml ethyl acetate)
mixture was first stirred (300 rpm) for 30 minutes in room temperature and subsequently poured
in agueous phase containing PVA 5% and stirred (following the same steps described above). The
resulting emulsion was diluted with water at 50 °C and stirred overnight to evaporate the organic
solvent, ethyl acetate. In the next day the nanoparticles were centrifuged at 170000g and 25 °C
for 25 minutes and resuspended with water (Figure 7).

Coated asialofetuin PLGA nanoparticles with PVA 5% and DMAB 2% surfactant were
also produced, and the production method and drug and coumarin-6 encapsulation were similar
to the described above. In this case DMAB surfactant was added to the mixture alongside with
PLGA and PVA surfactant, a homogenizer (T 10 basic, Ultra Turrax, 1KA) (20000
rotations/minute) was used, in order to obtain an emulsion, for 30 minutes (5 minutes stirring and
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5 minutes in rest until reaching 30 minutes). Asialofetuin was added after the nanoparticle
production (and drug or coumarin-6 encapsulation). In order to achieve a load complexation
between the DMAB, with positive charge, and ASF, with a negative charge, we waited at least

20 minutes before using the nanoparticles.

Drug

\ Water

—» Agitation —» _—

PLGA in Ethil Acetate PLGA + Drug + PVA Ultra turrax Evaporation overnight
homogenizer

Cp—a i

—+= Resuspend with water —» [ASF additon) —s

Centrifugation NP ready to use

Figure 7. Schematic representation of the PLGA nanopatrticle production.

2.2.1.2. Liposome production

Large unilamellar liposomes were prepared by extrusion of multilamellar liposomes
composed of 1:1 (molar ratio) mixtures of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and cholesterol. POPC, cholesterol, DSPE-PEG2000 lipids were dissolved in chloroform
and dried with nitrogen. Posteriorly, the originating lipidic film was hydrated with deionized
water and sonicated for 5 min (Figure 8). Liposomes that were produced with the GalNAc ligand
underwent a postinsertion method. The method of DSPE-PEG2000-GalNAc production consisted
with the GalNAc PFP ester dissolved in acetone was coupled to DESPE-PEG2000-amine micelles
that were prepared in sodium tetraborate buffer at pH 8.5. To obtain a couple reaction of these
two components these were stirred overnight. Afterwards, GaINAc O-acetyl groups were
removed by the addition of aqueous ammonia and micelles were purified by size exclusion
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chromatography using water as running buffer to remove unreacted GalNAc. The insertion of
DESPE-PEG-GalNac conjugates or DESPE-PEG-amine onto the liposomes was performed (at
2% ml relative to the total lipid amount) through micelles incubation with liposomes in a water
bath at 40 °C for 16 hours under agitation. The drugs and coumarin-6 probe were encapsulated in
the lipidic bilayer during the process of the liposomes production. 0.2mg of each drug in 5.34 mg
of lipids (with a 30ug of drug/mg of liposome loading capacity), and 40ul of coumarin (1mg/ml

of chloroform) in 2.67 mg of lipid (15ul of coumarin-6/mg of liposome of loading capacity).

Cholesterol
POPC
DESPE-PEG

Drug

. n, o
Evaporation Hydration * 0

0
with nitrogen with water I:l D

Sonication

Figure 8. Schematic representation of the liposome production.

2.2.1.3. Hybrid nanosystems production
Hybrid nanosystems were originated by the addition of the PLGA nanoparticles to the

performed liposomes (Figure 6) containing the DESPE-PEG-GalNAc or DESPE-PEG-amine,
with a 4/1 PLGA/lipid ratio. The mixture of both was vortexed for 1 hour at 50 °C and 300 rpm.

2.2.2. Characterization of nanoparticles

After the production of PLGA nanoparticles and addition of ASF in case of ASF-coated

PLGA nanoparticles, the nanoparticles were diluted in water and its size were measured.
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Characterization of the nanoparticles was performed in order to come across of its average
hydrodynamic diameter, polydispersity index and zeta potential. As to the dynamic light
scattering (DLS) measurements of the nanoparticles these were performed using a Zetasizer
Nano-ZS (Malvern Instruments Ldt., UK). With the assistance of the software Zetasizer 7.02
nanoparticles measurements were converted into average hydrodynamic diameter and
polydispersity index. Characterization of the nanoparticle’s zeta potential was also performed
using Zetasizer Nano-ZS (Malvern Instruments Ldt, UK), which is able to measure
electrophoretic and zeta mobility potential distribution using a method of light scattering by phase
analysis. These tests were performed under 25°C, in water, and a backward scattering angle of
173°.

2.2.3. Cell culture

Hepatocellular carcinoma cells, HepG2, Hep3B and Huh7 were kept in culture in
Dulbecco’s modified Eagle’s medium (DMEM) under 37° and 5% CO-. The culture medium
consists of 10% (v/v) heat-inactivated fetal bovine serum (FBS), penicillin (100 U/ml) and
streptomycin (100 U/ml). The HepG2, Huh7 and Hep3B cells were seeded at a density of 60 x
103 cells/cm?, 60 x 10%cells/cm? and 30 x 10° cells/cm? respectively.

2.2.4. Cell viability

Different combinations of free drugs and nanosystems loaded drugs were tested. These
combinations were administered to the hepatocellular carcinoma cell lines, HepG2, Hep3B and
Huh7. Drug concentrations were defined according to the IC50 of each drug. Subsequently, we
proceeded to the evaluation of the drug combination and chose the better ones, the ones with
higher efficiency of HCC cells cytotoxicity and better synergistic effect. For this purpose, viability
tests, Alamar Blue viability assays were performed.

To verify the levels of cytotoxicity of the free drugs (Afatinib, BMS-777607 and XAV-
939), nanosystems/nanoparticles or liposome loaded with drugs on the HCC cells, Alamar Blue
assays were performed. In this assay it is possible to measure the redox capacity of the cells, due
to the production of metabolites that results from the cell growth. Resazurin is an active ingredient
of the Alamar Blue reagent, as it enters the living cells, resazurin is reduced to resorufin, which
emits high red fluorescence. Cells were seeded in 96-well culture plates and after 24h these were

incubated with different conditions of drugs for 72h. After 72h of incubation the medium was
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vacuumed. Alamar blue dye 10% (v/v) that was previously prepared (from a 0.1 mg/mL stock
solution of alamar blue), was added to the cells and left for 1h under 37 °C and 5% CO..
Subsequently, the absorbance was read, using a SPECTRAmax PLUS 384 spectrophotometer at
570 and 600 nm length after, approximately, 1h of incubation at 37 °C. Cell viability was
calculated using the formula: (A570- A600) of treated cells x 100/(A570-A600) of control cells.

2.2.5. Cellular uptake and Internalization of the nanoparticles

HepG2 cells were seeded in the 12-well culture plates, after 24h each well was incubated
with previously prepared nanoparticles (with ASF or not) and liposomes loaded with a fluorescent
probe, coumarin-6. Coumarin-6 is a dye that can be used to label and visualise nanoparticles. It
has an excitation peak at 457 nm and an emission peak at 501 nm. A 4-hour incubation at 37 °C
was followed and subsequently the cells were washed with PBS, detached and resuspended with
trypsin. Afterwards, the cell medium was added and the cells were homogenised. Briefly, the cells
were transferred to cytometry tubes and centrifuged at 950rpm for 5 minutes at 4 °C. The
supernatant was removed. PBS was added and another centrifugation (with the same conditions)
took place, this procedure must be repeated twice in order to remove all of the medium.
Subsequently, the analysation of the samples was performed through flow cytometry
(FACSCalibur flow cytometer, Becton Dickinson, NJ, USA) and data was analysed with the

assistance of the CellQuest software.

2.2.6. Cellular death mechanisms

Cellular death of the hepatocellular carcinoma cells after the drug administration was
established and it was evaluated whether cellular death occurs via apoptosis or necrosis. The
combination of two probes, FITC-Annexin V and Pl (propidium iodate) allow us to verify the
way that the cellular death proceeds. The cells were seeded at the 24-well culture plates and after
24h the cells were incubated with the free drugs combinations. After a 72h incubation, cell media
and cells that were washed with PBS and detached with trypsin were harvested and transferred to
the cytometry tubes. Posteriorly, the cells were centrifuged at 300g for 5 minutes at 4 °C. The
supernatant was removed and the cells were resuspended in 1ml of binding buffer (10mM HEPES
(pH 7.4), 2.5mM CaCl2, 140Mm NacCl) and centrifuged once more. The supernatant was removed
and cells were resuspended in 100l of binding buffer containing 2ul of FITC annexin V (0.05

mg/ml) and 1pl of PI (0.05 mg/ml). Samples were incubated for 15 minutes in the dark at room
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temperature and centrifuged, 200ul of binding buffer was added and the cells were finally
analysed in the FACSCalibur flow cytometer (Becton Dickinson NJ, USA). The fluorescence of

FITC was evaluated in the FL-1 channel and PI florescence was evaluated in the FL-3 channel.
Afterwards, the data was analysed using CellQuest software.
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3. Results
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3. Results

3.1. Incubation of HCC cell lines with different combinations of free
drugs

Hepatocellular carcinoma cell lines, HepG2, Hep3B and Huh7, were treated with the
different drug combinations and concentrations (1pM, 0.5uM and 0.25uM), below the 1C50 of
the drugs, and after 72h of incubation cell viability was measured using Alamar Blue assay, in
order to evaluate the antitumor potential of the different drug combinations, by comparing them
with the cell viability levels obtained after cells incubation with the individual drugs.

3.1.1. Afatinib and XAV-939 combination in HepG2, Hep3B and Huh?7

cells

The effect on the cell viability of the free drugs afatinib (AFT) and XAV-939 (XAV),
both individually or in combination, was firstly evaluated in HepG2 cells (Figure 9A). The
obtained results show that the lower concentrations of the individual drugs did not result in a
significant cytotoxicity, only the concentration of 1uM of the isolated drugs promoted a
significant reduction on the cell viability, approximately 44% of cytotoxicity. Regarding the drug
combinations, when AFT and XAV were combined at the smaller concentrations only a slight
decrease in the cell viability was observed, as compared to that registered after HepG2 cells
treatment with the same amount of each individual drug. However, when the drugs were
combined with, at least, one them at the highest tested concentration (AFT 0.25uM/XAV 1uM;
AFT 0.5uM/XAV 1uM; AFT 1uM/XAV 0.25uM; AFT 1uM/XAV 0.5uM; and AFT 1uM/XAV
1uM), a strong reduction on cell viability levels (43.11%; 39.16%; 42.74%; 37.56%; 20.48%,
respectively) was observed. The cytotoxicity induced by these combinations was slightly higher
than the sum of the cytotoxicity obtained with the same amount of the isolated drugs, indicating
that most of these drug combinations resulted in a small synergistic effect in HepG2 cells.

In Hep3B cells (Figure 9B), isolated AFT and XAV presented reduced cytotoxicity when
their concentrations were low. A slight reduction on cell viability (approximately 60% and 78%)
occurred when the concentrations reached 1uM. When AFT and XAV were combined, overall,
there was no significant reduction in the cell viability. AFT 0.25uM/XAV 0.25uM, AFT
0.25uM/XAV 0.5uM, AFT 0.25uM/XAV 1uM, AFT 0.5uM/XAV 0.25uM, AFT 0.5uM/XAV
0.5uM and AFT 0.5uM/XAV 1uM combinations presented low synergistic effect for different
cell viability percentages (82.33%, 84,03%, 65.19%, 78.71%, 74.08% and 54.33% respectively).
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Combinations like AFT 1uM/XAV 0.25uM, AFT 1pM/XAV 0.5uM and AFT 1uM/XAV 1uM
induced lower cell viability level, but no synergistic effect was detected, given that the sum of the
levels of cell cytotoxicity of isolated drugs is higher than in these combinations.

As to Huh7 cell line (Figure 9C), a more proportional decrease on the cell viability
occurred, given to the fact that a proportional decrease of cell viability levels was observed as the
concentrations of each drug increase. Once more, lower percentages of individual drugs did not
result in high levels of cytotoxicity and slightly increased with 1uM. As the drugs were combined
a reduction in the cell viability was also proportional to the concentration of the drugs.
Combinations of AFT 0.25uM/XAV 0.25uM, AFT 0.25uM/XAYV 0.5uM, AFT 0.25uM/XAV
1uM, AFT 0.5uM /XAV 0.25uM, AFT 0.5uM /XAV 0.5uM, AFT 0.5uM / XAV 1uM, AFT 1uM
IXAV 0.25uM, AFT 1uM /XAV 0.5uM and AFT 1uM /XAV 1uM vyielded cell viability
percentages of 97.18%, 79.02%, 39.00%, 67.87%, 56.90%, 24.57%, 42.32%, 30.29% and
10.88%, respectively. Combinations like AFT 0.25uM/XAV 1uM and AFT 0.5uM/XAV-939
1uM exhibited a significant synergistic effect, since these combinations presented a difference of
cytotoxic of 18.75% and 17.87%, respectively, when compared with the sum of the cytotoxicity
of isolated drugs in these concentrations.
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Figure 9. Therapeutic potential of the different combinations and concentrations of Afatinib (AFT) and XAV-
939 (XAV) drugs. HepG2 (A), Hep3B (B) and Huh7 (C) cells were treated with different concentrations
(0.25uM, 0.5uM and 1pM) and combinations of free drugs (with individual drugs as controls). The cells were
incubated for 72h and subsequently viability of the same were analysed using the Alamar blue assay in the

three independent assays.
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3.1.2. BMS-777607 and Afatinib combination in HepG2, Hep3B and
Huh7 cells

Another combination was made with afatinib and BMS-777607 (BMS) in the same
concentrations as in previous study with AFT and XAV, 1uM, 0.5uM and 0.25uM. In HepG2
cells (Figure 10A), the same profile was observed as to isolated drugs, lower concentrations
yielded higher cell viability levels and lower when the drugs’ concentrations were higher. Positive
results came when these two drugs were combined, all of the combinations possess synergy.
Combination of BMS 0.25uM/AFT 0.25uM, BMS 0.25uM/AFT 0.5uM, BMS 0.25uM/AFT
1uM, BMS 0.5uM/AFT 0.25uM, BMS 0.5uM/AFT 0.5uM, BMS 0.5uM/AFT 1uM, BMS
1UM/AFT 0.25uM, BMS 1uM/AFT 0.5uM and BMS 1uM/AFT 1uM resulted in cell viability
percentages of 77.76%, 79.17%, 42.80%, 72.36%, 52.06%, 38.42%, 54.19%, 36.69% and 6.06%,
respectively. Most of the conditions had an approximate 20% difference in cytotoxicity between
the combinations and the sum of cytotoxicity of the corresponding isolated drugs. The
combination BMS 0.5uM/AFT 0.5uM resulted in a difference of 45,87% in cell viability, when
compared to the corresponding isolated drugs.

In Hep3B cells (Figure 10B), most of the combinations presented synergistic effect,
which are BMS 0.25uM/AFT 0.25uM, BMS 0.25uM/AFT 1uM, BMS 0.5uM/AFT 0.25uM,
BMS 0.5uM/AFT 1uM, BMS 1uM/AFT 0.25uM and BMS 1uM/AFT 1puM with BMS
0.25uM/AFT 0.5uM, BMS 0.5uM/AFT 0.5uM and BMS 1uM/AFT 0.5uM as the exceptions.
The best combinations were BMS 0.5uM/AFT 1uM and BMS 1uM /AFT 1uM that resulted in
39.55% and 9.59% of cell viability, respectively.

Comparing to HepG2 and Hep3B cells, Huh7 (Figure 10C) was the cell line that exhibited
less combinations with synergistic effect. Only four of the tested combinations presented
synergistic effect, these were BMS 0.25uM/AFT 1uM, BMS 0.5uM/AFT 0.5uM, BMS
0.5uM/AFT 1uM and BMS 1uM/AFT 1uM that resulted in 45.43%, 57.13%, 29.48% and 5.47%
of cell viability, respectively. Although these percentages are low, there was no such evident
synergistic effect when compared to the cytotoxicity induced by isolated drugs. The most
effective synergy was obtained with the BMS 0.25uM/AFT 1uM combination, in which the
registered cytotoxicity was 54.57% and the difference of cytotoxicity between the combination
and the sum of cytotoxicity for isolated drugs in these concentrations was 28.55%. BMS
1uM/AFT 1uM condition presented a very high toxicity, but the difference between the induced

cytotoxicity of the combination and the isolated drugs was only 13.47%.
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Figure 10. Therapeutic potential of the different combinations and concentrations of BMS-777607 (BMS)
and Afatinib (AFT) drugs. HepG2 (A), Hep3B (B) and Huh7 (C) cells were treated with different
concentrations (0.25uM, 0.5uM and 1pM) and combinations of free drugs (with individual drugs as controls).
The cells were incubated for 72h and subsequently viability of the same were analysed using the Alamar

blue assay in the three independent assays.
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3.1.3. BMS-777607 and XAV-939 combination in HepG2, Hep3B and
Huh7 cells

Further on, combination between BMS-777607 (BMS) and XAV-939 (XAV) was
evaluated the same way previous combinations were, following the same profile of combinations
and concentrations. All the cell lines, HepG2, Hep3B and Huh7, presented high cell viability
levels when treated with low concentrations of isolated drugs, and slightly lower with higher
concentrations. Similarly, to what happened in afatinib and BMS-777607 combination, in HepG2
cell line the combination between BMS and XAV (Figure 11A) resulted in synergy in all of the
combinations, and in some cases, pretty notable ones. The two best combination in this assay
were BMS 1uM/XAV 0.5uM and BMS 1uM/XAV 1uM, since these resulted in very low cell
viability levels 34.59% and 3.83%, respectively. Moreover, the synergy observed in these
combinations was very effective. The difference between the percentages of cytotoxicity of the
combinations and isolated drugs was 29.74% and 26.77%, thus these conditions increase the
cellular death by ~30% compared to isolated drugs. Another great synergistic effect was obtained
with BMS 0.5puM/XAV 0.5uM combination. Although the cell viability associated to this
combination was 60%, it possesses a notable synergy, since toxicity of this condition compared
to the sum of isolated drugs was 30.84% higher.

In Hep3B cell line (Figure 11B) only in two combinations synergistic effect did not occur,
but the synergy existing in the other combinations was not as outstanding as in HepG2 line.
Conditions with relatively notable synergy were BMS 0.25uM/XAV 1uM, BMS 0.5uM/XAV
0.25uM and BMS 0.5uM/XAV 1uM in which the difference of these combinations and the sum
of percentage of toxicity of isolated drugs were 15.48%, 11.79% and 13.25%, respectively.
Conditions that did not possess synergy were BMS 0.5uM/XAV 0.5uM and BMS 1uM/XAV
0.25uM.

In Huh7 cells (Figure 11C), likewise in HepG2, all of the conditions hold synergy. The
condition that resulted in a better synergistic effect was BMS 0.5uM/XAV 1uM, the cellular death
induced by this combination was high, 69.94%, and it was 20.48% higher than that obtained with
the sum of the isolated drugs. The combinations BMS 0.25puM/XAV 1uM, BMS 0.5uM/XAV
0.5uM and BMS 1pM/XAV 1M were the next ones in line regarding their synergistic potential.
The latter combination, BMS 1pM/XAV 1uM, resulted in a high cytotoxicity, 87.77%, but its

synergy is not as striking.
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Figure 11. Therapeutic potential of the different combinations and concentrations of BMS-777607 (BMS)
and XAV-939 (XAV) drugs. HepG2 (A), Hep3B (B) and Huh7 (C) cells were treated with different
concentrations (0.25uM, 0.5uM and 1uM) and combinations of free drugs (with individual drugs as controls).
The cells were incubated for 72h and subsequently viability of the same were analysed using the Alamar

blue assay in the three independent assays.
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3.1.4. BMS-777607, afatinib and XAV-939 combination in HepG2 and
Hep3B

Given the positive results regarding drug combination in pairs, combinations with the
three drugs were tested in HepG2 and Hep3B cells. Concentrations of the drugs were chosen
accordingly to the results achieved with previous combinations, in order to obtain new
combinations of three drugs that work positively together and reach a more outstanding synergy.
In HepG2 cell line (Figure 12A), some of the combinations of the three drugs resulted in a
remarkable synergy. Surely, some combinations were better than others in this matter.

According to the obtained results in HepG2 cells with isolated drugs, it was observed high
cell viability when the drugs were used at 0.25 uM and 0.5uM, followed by a decrease when the
concentration was 1uM. Different combinations were tested, the ones with a striking synergistic
effect were: BMS 0.5uM/AFT 0.5uM/XAV 0.5uM, BMS 0.5uM/AFT 0.5uM/XAV 0.25uM,
BMS 1uM/AFT 0.25uM/XAV 0.25uM, BMS 1uM/AFT 0.5uM/XAV 0.25uM; BMS
0.25uM/AFT 1uM/XAV 0.5uM, BMS 0.25uM/AFT 1uM/XAV 0.25uM and BMS 0.5uM/AFT
0.5uM/XAV 1uM, since these combinations induced high cellular death, 72.62%, 56.08%,
46.19%, 58, 08%, 62.27%, 50.69% and 48.62%, respectively, when compared to that registered
with the sum of the cytotoxicity promoted by the equivalent isolated drugs.

In Hep3B cell line (Figure 12B), after incubation with 1uM afatinib, an unusual drop to
30.52% in cell viability occurred, even though all the combination conditions, except two,
presented a synergistic effect. The best combinations were: BMS 0.5uM/AFT 0.5uM/XAV
0.5uM, BMS 0.5uM/AFT 0.25uM/XAV 0.25uM, BMS 0.5uM/AFT 0.5uM/XAV 0.25uM, BMS
1UM/AFT 0.5uM/XAV 0.25uM and BMS 0.5uM/AFT 0.5uM/XAV 1uM. These combinations
resulted in low cell viability percentages, 24.70%, 46.07%, 34.89%, 12.69% and 7.50%,

respectively.

After the analysis of the results of the cellular viability, it is possible to infer that some of
the conditions, in which the drugs are combined, either in pairs or the three altogether, show a
strong synergistic effect and that their antitumor potential could be effective to hepatocellular

carcinoma treatment.
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Figure 12. Therapeutic potential of the different combinations and concentrations of Afatinib (AFT), BMS-
777607 (BMS) and XAV-939 (XAV) drugs. HepG2 (A) and Hep3B (B) cells were treated with different
concentrations (0.25uM, 0.5uM and 1uM) and combinations of free drugs (with individual drugs as controls).
The cells were incubated for 72h and subsequently viability of the same were analysed using the Alamar

blue assay in the three independent assays.
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3.2. Apoptosis/necrosis of HCC cells treated with the combination of

free drugs

The cellular membrane is composed of a lipid bilayer, and phosphatidylserine (PS) in one
of the lipids that can be found in the inner leaflet of the plasma membrane, and consequently it is
only exposed to the cell cytoplasm. During early apoptosis PS is exposed on the outer leaflet of
the plasma membrane, and the fluorescent probe Annexin V binds to it emitting fluorescence.
This way, Annexin V can be used to detect early apoptotic cells. On the other hand, Annexin V
can also stain necrotic or late apoptotic cells, since during necrosis and late apoptosis the cell
membrane ruptures exposing PS, Annexin V can have access to the entire plasma membrane, as
well as PI. Propidium iodide is unable to enter early apoptotic cells as these haven’t reached the
phase of the membrane integrity loss. As soon as the cellular membrane disintegrate, which
happens during late apoptosis and necrosis, PI is now able to enter the cells. Subsequently it binds
to the DNA of the cells and emits fluorescence.

After verifying the efficacy of the free drugs to induce cytotoxicity to HCC cells, Pl and
Annexin V were used in order to determine if cellular death occurs through apoptosis and/or
necrosis. To this study, we chose some of the most promising drug combinations presented above
(BMS 1uM/ AFT 1uM; BMS 1uM/ XAV 1uM; BMS 0.5uM/ AFT 0.5uM/ XAV 0.5uM; BMS
1uM/ AFT 0.25uM/ XAV 0.25uM; BMS 0.25uM/ AFT 1uM/ XAV 0.5uM), and incubated
HepG2 cells with them for 72h, before performing Annexin V and PI staining. The obtained
results, show that these drug combinations induce cellular death mostly through apoptosis (Figure
13, 14 and 15). Our control condition, consisting of untreated HepG2 cells (Figure 13), presented
83.46% of living cells, 11.98% of cells in early apoptosis and 3.04% of cells in late
apoptosis/necrosis. The conditions corresponding to treatment with individual drugs (Table 1 and
Figure 14A) have a similar profile to the control cells, being the living cells the predominant ones,
followed by cells undergoing early apoptosis and a lesser percentage of cells in late apoptosis
and/or necrosis. When cells were incubated with the combinations of the drugs (Table 2 and
Figure 14B) the scenario changed, the percentage of living cells decreased, and the percentages
of early apoptotic cells and cells in late apoptosis and/or necrosis rose. All combinations, except
for BMS 1uM/AFT 1uM, were associated to early apoptosis as the leading cellular death
mechanism, nevertheless percentages of cells in late apoptosis or necrosis were also present. The
combination in which early apoptosis corresponded to the higher percentages was BMS
0.25uM/AFT 1uM/XAV 0.5uM. In this condition the percentage of living cells was 1.065%, the
percentage of cells in early apoptosis was 65.13% and in late apoptosis and/or necrosis was
33.78%. BMS 1uM/XAV 1uM and BMS 0.5uM/AFT 0.5uM/ XAV 0.5uM were also conditions
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that yielded high percentages of apoptosis with 50.26% and 52.84% respectively (all of the values

represented are mean values).

Table 1. Percentages of living, apoptotic and necrotic HepG2 cells after 72h of incubation with different drug

concentrations.

Condition Living cells
BMS-777607 0.25uM 89.97%
BMS-777607 0.5uM 81.72%
BMS-777607 1uM 72.14%
Afatinib 0.25uM 87.97%
Afatinib 0.5uM 79.81%
Afatinib 1uM 59.17%
XAV-939 0.25uM 85.01%
XAV-939 0.5uM 79.75%
XAV-939 1uM 72.01%

Early apoptotic
cells
6.68%
14.95%
16.81%
10.03%
16.96%
34.37%
9.90%
14.23%
22.36%

Late apoptotic or

necrotic cells
2.59%
2.98%
9.04%
1.82%
2.94%
6.39%
3.40%
5.00%
5.12%

Table 2. Percentages of living, apoptotic and necrotic HepG2 cells after 72h of incubation with different drug

combinations and concentrations.

Condition

BMS 1uM/AFT 1uM

BMS 1uM/XAV 1uM

BMS 0.5uM/AFT 0.5uM/XAV
0.5uM
BMS 1uM/AFT 0.25uM/XAV
0.25uM
BMS 0.25uM/AFT 1uM/XAV
0.5uM

Living
cells
3.93%
2.93%
24.22%

45.78%

1.06%

Early apoptotic
cells
45.62%
50.26%
52.84%

39.09%

65.13%

Late apoptotic or

necrotic cells
50.03%

46.49%

22.71%

14.48%

33.78%
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Figure 13. Apoptosis levels in untreated HepG2 cells after 72h of being plated. Annexin V and Pl were used

to detect cell in early apoptosis and late apoptosis/necrosis. The apoptosis levels of cells were analysed by
flow cytometry. Two independent assays were performed.

37

Combined antitumor strategies mediated by hybrid polymeric and lipid-based nanosystems to hepatocellular carcinoma



Pl

10°

10!

10°
FLIH

B Annexin V
1 B1AL B1X1

104

103

A3H
102

104

B0,5 A0,5 X0,5

108

FL3H
102
el

; T T T
10! 10% 10t 102 10! 10 10°
FLI-

Pl
w
=3
>
=
N
&
x
2
N
v

B0,25 A1 X0,5

.
10%

Annexin V

Figure 14. Apoptosis levels promoted by free drugs (Afatinib (AFT), BMS-777607 (BMS) and XAV-939
(XAV)) (A) and drugs combinations (BMS 1uM/ AFT 1uM; BMS 1uM/ XAV 1uM; BMS 0.5uM/ AFT 0.5uM/
XAV 0.5pM; BMS 1uM/ AFT 0.25uM/ XAV 0.25uM; BMS 0.25uM/ AFT 1M/ XAV 0.5uM) (B) in different
concentrations (0.25uM, 0.5uM and 1uM) in HepG2 cells that were stained with Annexin V and PI double-
staining for 15 min after being treated, for 72 hours, with the drugs and drugs combinations. The apoptosis

levels of cells were analysed by flow cytometry. Two independent assays were performed.
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Figure 15. Graphical representation of living cells and apoptosis/necrosis percentages promoted by different
drug concentrations (0.25pM, 0.5 pM and 1 pM) of isolated drugs and different drug combinations (BMS
1uM/ AFT 1uM; BMS 1uM/ XAV 1uM; BMS 0.5uM/ AFT 0.5uM/ XAV 0.5uM; BMS 1uM/ AFT 0.25uM/ XAV
0.25pM; BMS 0.25uM/ AFT 1puM/ XAV 0.5uM) in HepG2 cells after 72h of incubation. The percentages of
live cells, cells in early apoptosis and cells in late apoptosis/necrosis were presented in bar graphs. Annexin
V and propidium iodide probes were used to detect early apoptotic cells and late apoptotic/necrotic cells.
The apoptosis levels of cells were analysed by flow cytometry. Two independent assays were performed.

3.3. Production of hybrid nanosystems

3.3.1. Optimization of the PLGA nanoparticles using a sonication probe

Production of PLGA nanoparticles was optimized using a sonication probe. Different
strategies were tested to obtain the best nanoparticle formulation, the one capable of encapsulating
a good amount of drugs and presenting suitable physicochemical properties. Time and amplitude
of the sonication were tested as well as the PLGA percentage. After the nanoparticles size
measurement, it was determined that the preparation conditions used to encapsulate the drugs
would be: 1 minute of sonication, with a 50% of amplitude, and PLGA 3 % (Table 3).

The first formulation was prepared with three minutes of sonication, 60% sonication
amplitude and PLGA at 2 %. The size of the resulting nanoparticles was 99,3 + 0,48 nm. In the

subsequent preparation the amplitude of the sonication was increased to 90 % and the time was
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decreased from three minutes to one minute, resulting in an increase of the nanoparticles size to
110.7 + 1.42 nm. As this size was not a favourable one according to our goal, we kept altering
and testing sonication time and the percentage of sonication amplitude. The condition in which
sonication time was one minute and the amplitude was 50 % resulted in 113.8 £ 0.49 nm
nanoparticle size. To obtain a slightly bigger nanoparticle formulation, PLGA percentage was
altered from 2% to 3%, and the obtained size was 118.6 + 0.36 nm, with a low polydispersity
index (0.060 + 0.012). This formulation was the chosen one to encapsulate the drugs. There
seems to be a small tendency in the nanoparticles size increase when the sonication time is
decreased. The same goes to sonication amplitude, as the amplitude is reduced, nanoparticles size
increases. However, statistically, these results don’t seem to be significant. More notable
differences were observed when PLGA percentage was increased, when the percentage of PLGA

was increased from two to three percent, nanoparticles size was bigger.

Table 3. Influence of the different PLGA nanoparticle preparation conditions in their size (mean(nm)) and
Polydisperse index (P.l.).

Nanoparticle Mean (nm) P.l.

3 min/ 60% amp PLGA 2% 99.3+0.48 0.108 + 0.030
1 min/90% amp PLGA 2% 110.7 +1.42 0.046 + 0.018
1 min/70% amp PLGA 2% 109.7 £ 2.03 0.081 +0.033
1 min/50% amp PLGA 2% 113.8 +0.49 0.038 + 0.026
1 min/50% amp PLGA 3% 118.6 + 0.36 0.060 + 0.012

3.3.2. Production of hybrid nanoparticles, encapsulation of the drugs

and evaluation of their therapeutic potential

Given the positive results regarding drug combinations in terms of therapeutic potential,
we proceeded to the encapsulation of the 3 drugs, Afatinib (AFT), BMS-777607 (BMS) and
XAV-939 (XAV), in the PLGA nanoparticles (Table 4). We started off with 1 mg of each drug
and after that proceeded with its quantification.

As the drugs were encapsulated in PLGA nanoparticles, the ones encapsulating AFT and
XAV maintained its size 116 + 2.05 nm and 117 + 4.89 nm. Nanoparticles encapsulating BMS

increased their size to 125.1 £ 3.63 nm. Polydisperse index is under 0.2 thus the resulted
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nanoparticles were not polydisperse (Table 4). Afterwards, as the encapsulation of the drugs in
the nanoparticles was achieved, quantification assays of the drugs were accomplished to
determine the loading efficiency and loading capacity of each drug in the nanoparticles (Table 5).
AFT and XAV had a low loading efficiency, 7.9% and 7.7% respectively. The loading capacity
also presented low values, 3.9 ug of drug/mg of NP and 2.3 ug of drug/mg of NP for AFT and
XAV, respectively. In contrast, BMS presented a high loading efficiency, 67.9%, and 19.53 ug
of drug/mg of NP of loading capacity.

Table 4. Size and Polydisperse index of drug-loaded PLGA nanopatrticles.

Nanoparticle/Drug Mean (nm) P.1.

Empty 118.6 + 0.36 0.060 + 0.012
Afatinib 116.5 £ 2.05 0.093 + 0.026
BMS-777607 125.1 + 3.63 0.148 £ 0.030
XAV-939 117 +4.89 0.069 + 0.056

Table 5. Loading capacity e loading efficiency of the PLGA nanopatrticles.

Loading capacity Loading efficiency
Drug (ug of drug/mg of NP) (% of encapsulated drug)
Afatinib 3.9 7.9%
XAV-939 2.3 7.7%
BMS-777607 19.53 67.9%

Considering that the loading efficiencies of AFT and XAV in PLGA nanoparticles were
low, these drugs were encapsulated in the liposomes, in order to improve those levels. Therefore,
we proceeded with the encapsulation of 0.2 mg of each drug in 5.34 mg of lipids, which means
that the loading capacity is of 37.4 ug/mg of liposome.

As PLGA nanoparticles encapsulating BMS and liposomes encapsulating AFT and XAV
were produced, we carried on to the hybrid nanosystems preparation and obtained four different

hybrid nanosystems (Empty NP + empty liposomes (NPV); Empty NP + AFT liposomes (A);
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Empty NP + XAV liposomes (X); BMS NP + empty liposomes (B)). Subsequently, hepatocellular
carcinoma cells were incubated with the resulted hybrid nanosystem. Two different drug
combinations, that were already tested with free drugs (BMS 0.5uM/AFT 0.5uM/XAV 0.5uM
and BMS 1uM/AFT 0.25uM/XAV 0.25uM), were also tested in hybrid nanosystems. Then, cell
viability was evaluated after incubation with the different hybrid nanosystems encapsulating the
drugs (Figure 16 and 17).

First, the BMS 0.5uM/AFT 0.5uM/XAV 0.5uM condition was tested in HCC cells lines.
HepG2, Hep3B and Huh7 cells were incubated with the produced hybrid nanosystems and the
obtained cell viability results are illustrated in Figure 16. According to the results, in HepG2 cell
line (Figure 16A\), it was observed that this condition (represented by BAX) resulted in a 27.18%
of cytotoxicity. Free drugs induced higher cytotoxicity, the viability of the cells registered in the
presence of free drugs was 21.85%. In Hep3B (Figure 16B) and Huh7 (Figure 16C) cells, the
cytotoxicity induced by the drug combination, mediated by the hybrid nanosystems, was lower in
comparison to that obtained in HepG2 cell line, being not significant. In these cell lines, the free
drugs combination promoted cell viability levels of 25 %.

The drug combination consisting of BMS 1uM/AFT 0.25uM/XAV 0.25uM, mediated by
the hybrid nanosystems followed the high cell viability level profile for HepG2 and Huh7 cell
line (Figure 17). Contrary to the first condition, in which HepG2 cells showed lesser cell viability,
in this case, Hep3B (Figure 17B) was the cell line that presented the lower levels of cell viability,
63.56%. HepG2 and Huh7 cell lines presented similar levels of cell viability (Figure 17A and
17C), with 92.41% for HepG2 cells and 92.42% for Huh7. The free drugs combination promoted
low cell viability levels, 23.51%, 13.27% and 24.22% to HepG2, Hep3B and Huh7, respectively.
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Figure 16. Therapeutic potential of the different hybrid nanosystems encapsulating Afatinib, BMS-777607
and XAV-939 drugs and free drugs in BMS 0.5uM/ AFT 0.5uM/ XAV 0.5uM combination. HepG2 (A), Hep3B
(B) and Huh7 (C) cells were treated with hybrid nanosystems and free drugs. The cells were incubated for
72h and subsequently cell viability were analysed using the Alamar blue assay in three independent assays.
NPV is for empty NP + empty liposome, B is for BMS-777607 NP + empty liposome, A is for empty NP +

Afatinib liposome, and X is for empty NP + XAV liposome.

43

Combined antitumor strategies mediated by hybrid polymeric and lipid-based nanosystems to hepatocellular carcinoma



A HepG2 72h
BMS 1/AFT 0,25/XAV 0,25

— 150+
g
%S 100
z
3 50 H H
g 0 1 1 1 1 1 1 1 1 IIII
&
B Hep3B 72h
BMS 1/AFT 0,25/XAV 0,25
= 150
g
S T l - —
s 100 -
&
Pl
S 504
w
>
=
o D 1 1 1 1 1 1 1 1 ITI
F o F o O+ v A e
&
C Huh?7 72h
BMS 1/AFT 0,25/XAV 0,25
= 150+
£
5 T
-;100— - = ]
2
S 50
©
3 0 1 1 1 1 1 1 1 1 |I‘I
=3
FEFTF o r rS
&

Figure 17. Therapeutic potential of the different hybrid nanosystems encapsulating Afatinib, BMS-777607
and XAV-939 drugs and free drugs in BMS 1uM/ AFT 0.25uM/ XAV 0.25uM combination. HepG2 (A), Hep3B
(B) and Huh7 (C) cells were treated with hybrid nanosystems and free drugs. The cells were incubated for
72h and subsequently cell viability were analysed using the Alamar blue assay in three independent assays.
NPV is for empty NP + empty liposome, B is for BMS-777607 NP + empty liposome, A is for empty NP +
Afatinib liposome and X is for empty NP + XAV liposome.

44

Combined antitumor strategies mediated by hybrid polymeric and lipid-based nanosystems to hepatocellular carcinoma



3.4. Production of Asialofetuin-coated PLGA nanoparticles loaded with

BMS-777607 and evaluation of their therapeutic potential

Considering the previous results regarding hybrid nanosystems and given the fact that
only BMS-777607 drug had a good encapsulation in the PLGA nanoparticles, we prepared
isolated PLGA nanoparticles encapsulating BMS-777607, 1 mg of the drug. Ultra turrax
homogenizer was used to stir the mixture. Afterwards, Asialofetuin (ASF), which is a ligand of
the ASGPR that is overexpressed in the HCC cells, was added in different concentrations to the
nanoparticles in order to coat them, since the positive charge of the DMAB, at the nanoparticles
surface, allows the establishment of electrostatic interactions with the negative charge of the ASF.
Subsequently, an extra wash of the particles was performed in order to remove the excess of
DMAB to prevent toxicity of the same to the cells by bursting their lipidic bilayer.

First, we tested different concentrations of ASF to cover the nanoparticle surface
(0/25/50/75/100/125/150 pug ASF/mg NP), in order to identify the ASF concentration that could
allow the high level of cellular binding and internalization of the PLGA nanoparticles (Figure 18).
Flow cytometry assays were performed with nanoparticles loaded with a fluorescent probe,
coumarin-6, to determine the internalization of the nanoparticles with different ASF concentration
in HepG2 cells. Overall, all of the nanoparticles prepared with the different ASF concentrations
were internalized by the cells, independently of the ASF concentration. Nevertheless, the
formulation consisting of 125 ug ASF/mg NP was chosen to mediate the drug delivery process
since it presented a slightly higher level of cellular internalization (94.50 of Geo Mean) (Figure
18 and 19).
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Figure 18. Effect of different asialofetuin concentrations on the cellular internalization of PLGA nanoparticles
in HepG2 cells evaluated by flow cytometry. Coumarin-6 probe was previously encapsulated in the
nanoparticles in order to perform this assay. ASF concentration was of 0, 25, 50, 75, 100, 125, 150 pg
ASF/mg NP
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Figure 19. Effect of asialofetuin concentration on the cellular internalization of PLGA nanopatrticles in HepG2
cells evaluated by flow cytometry. M1 is for untreated cells and M2 is for cellular internalization of PLGA
nanoparticles with 125 pg ASF/mg NP. Coumarin-6 probe was previously encapsulated in the nanoparticles
in order to perform this assay. Red represents untreated cells, blue and yellow represent PLGA nanopatrticles
with 125 pg ASF/mg NP in duplicate.

In the absence of ASF (0 png ASF/mg NP) an internalization of the nanoparticles in the
cells occurred through an unspecific binding, given that the cells’ surface is negatively charged
and the zeta potential of these nanoparticles was positive, giving rise to electrostatic interactions.
Nevertheless, when ASF concentration was 125 ug ASF/mg NP, even though zeta potential of
these nanoparticles was negative, a high internalization of these nanoparticles still occurred
(Figure 20).
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Nanoparticles without ASF presented a positive zeta potential, 19.9 mV. However, when
ASF, that possesses negative charge, was added to the nanoparticles, the zeta potential of the
formulation 125 pg ASF/mg NP become negative, -9.02 mV (Table 6). The size of the
nanoparticles slightly increased, from 94.78 nm to 113.4 nm, when ASF (125 pg ASF/mg NP)

was present in the nanoparticles (Table 6).

HepG2
150~
S 100 —
@D
=
o
@
O 504
0 T T
0 125

g asialofetuin /mg nanoparticle

Figure 20. Effect of asialofetuin association to PLGA nanoparticles (0/125 pg ASF/mg NP) on their cellular
internalization in HepG2 cells evaluated by flow cytometry. Coumarin-6 probe was previously encapsulated
in the nanopatrticles in order to perform this assay.

Table 6. Physicochemical characterization of the PLGA Nanoparticle.

Asialofetuin concentration Zeta potential Size

(ug ASF/mg NP) (mV) (nm)
0 19.9 94.78
125 -9.02 113.5

Thereafter we proceeded with the cell viability assays, after the 72h of cells incubation
with empty nanoparticles and nanoparticles encapsulating BMS-777607 (Figure 21). Both, the

empty and drug-loaded nanoparticles, were tested in different concentrations, 2.5ug, 5ug, 7.5ug
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and 10pg of nanoparticle/well. The drug concentration in the wells, for each nanoparticle

condition, is presented in the Table 7.

Table 7. Drug mass for each nanoparticles condition.

PLGA nanoparticle BMS-777607
2.5ug 0.096 ug
SUg 0.192 ug
7.5ug 0.289 ug
10ug 0.384 ug

The obtained results (Figure 21) show that there was an increase in the cytotoxicity to the
HepG2 cells when the nanosystems were loaded with BMS-777607, compared to the empty ones.
According to the obtained data, the conditions that stood out were B 7.5 NP/0 ASF, B 10 NP/0
ASF, B 7.5 NP/125 ASF and B 10 NP/125 ASF (that resulted in very low cell viability levels,
7.40%, 3.58%, 12.75% and 7.69%, respectively, showing the ability of the PLGA nanoparticles
to deliver the BMS into the HCC cells. However, there were no notable differences between the
nanoparticles prepared with or without asialofetuin. In addition, the empty nanoparticles resulted
by themselves in a significant toxicity, that increased with the nanoparticles concentrations,

although being always much lower than that observed with drug-loaded nanoparticles.
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Figure 21. Graphical representation of the therapeutic potential of the different combinations of PLGA
nanoparticles, empty and loaded with BMS-777607 drug. HepG2 cells were treated with different
concentrations (2.5ug, 5ug, 7.5ug or 10ug) of empty nanoparticles and nanopatrticles loading BMS-777607
drug. Asialofetuin was attached to the nanoparticles in two different concentrations (0 or 125ug ASF/mg
NP). The cells were incubated for 72h and subsequently viability of the same were analysed using the Alamar
blue assay. In the figure, NP is for nanoparticles and ASF is for asialofetuin. E means that the nanopatrticles
are empty. B means that the nanopatrticles are loaded with BMS-777607 drug. 2.5, 5, 7.5 or 10 NP refers to
the nanoparticle’s concentrations, that can be 2.5ug, 5ug, 7.5ug or 10ug. 0 or 125 ASF refers to the
concentration of the asialofetuin present in the nanoparticles, that can be 0 or 125ug ASF/mg NP.
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3.5. Production of liposomes loaded with afatinib, BMS-777607 and
XAV-939 drugs and evaluation of their therapeutic potential

In order to take advantage of the synergistic antitumor effect observed with the drug
combination involving AFT, BMS and XAV, these drugs were encapsulated in the liposomes.
Before moving forward, we made sure that liposomes were internalized by HCC cells. Flow
cytometry assays were performed with liposomes (loaded with coumarin-6) in different
concentrations (10pg, 25ug, 50pg, 100pg and 200pg). The obtained results show that the cellular
internalization of the liposomes efficiently occurred, being proportional to the liposomes
concentration, the higher the concentration the higher the internalization by the cells (Figure 22).
When the liposome amount was 200pg, the Geo Mean value for the internalization was 244.89,

when the amount dropped to 50ug, so did the internalization to 155.88.
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Figure 22. Effect of different liposome concentrations on the cellular internalization in HepG2 cells evaluated
by flow cytometry. Liposome concentrations were of 10, 25, 50, 100 and 200 pg. Coumarin-6 probe was

previously encapsulated in the liposomes in order to perform this assay.

Afterwards, we proceeded with the liposome production and process of encapsulation of
the drugs, 0.2 mg of each drug in 5.34 mg of lipids. Four different liposomes were obtained
(Empty liposomes (NPV), afatinib liposomes (A), BMS-777607 liposomes (B) and XAV-939
liposomes (X)). The same conditions of the drug combinations, BMS 0.5uM/AFT 0.5uM/XAV
0.5uM and BMS 1pM/AFT 0.25uM/XAV 0.25uM, that were tested with free drugs and the

hybrid nanosystems, were tested with the liposomes as well.
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The first condition to be tested was BMS 0.5uM/AFT 0.5uM/XAV 0.5uM. HepG2 and
Hep3B cells were incubated for 72h with the liposomes encapsulating the drugs and then cell
viability was evaluated (Figure 23). In HepG2 cells (Figure 23A), this condition (represented by
BAX) resulted in high values of cell viability, 89.91 %, while free drug combination promoted a
decrease of cell viability to 31.64 %. In Hep3B cells (Figure 23B), this condition yielded an
increase in the cytotoxicity, reducing the cell viability to 75.89%, that is even more significant
when compared to the cell viability registered with empty liposomes, 122.60 %.

The results obtained with the drug combination BMS 1uM/AFT 0.25uM/XAV 0.25uM
followed the same profile to the previous condition. Once more, Hep3B cell line (Figure 24B)
was the one that presented lower cell viability, 69.97%, after incubation with drug-loaded
liposomes, compared to that observed with HepG2 cells (Figure 24A), 103.64%. Free drugs,
promoted high cytotoxicity in the two cell lines.
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Figure 23. Therapeutic potential of the different liposomes loading the Afatinib, BMS-777607 and XAV-939
drugs and free drugs in BMS 0.5uM/ AFT 0.5pM/ XAV 0.5uM condition combination. HepG2 (A) and Hep3B
(B) cells were treated with the liposomes and free drugs. The cells were incubated for 72h and subsequently
viability of the same were analysed using the Alamar blue assay in two independent assays. NPV is for
empty liposomes, B is for BMS-777607 liposome, A is for Afatinib liposome and X is for XAV-939 liposome.
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Figure 24. Therapeutic potential of the different liposomes loading the Afatinib, BMS-777607 and XAV-939
drugs and free drugs in BMS 1uM/ AFT 0.25uM/ XAV 0.25puM condition combination. HepG2 (A) and Hep3B
(B) cells were treated with the liposomes and free drugs. The cells were incubated for 72h and subsequently
viability of the same were analysed using the Alamar blue assay in two independent assays. NPV is for

empty liposomes, B is for BMS-777607 liposome, A is for Afatinib liposome and X is for XAV-939 liposome.
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4. Discussion

4.1. Effect of different drug combinations in HCC cell lines

A synergistic effect is a result of two or more processes that interact with each other in
order to produce a greater effect than the cumulative effect that those processes produce when
used in an isolated form. Combination therapy can be effective and beneficial to a certain purpose
in several ways, one of them is by achieving a synergistic effect through this combination.

In this work it was possible to test the different drug combinations between afatinib
(AFT), BMS-777607 (BMS) and XAV-939 (XAV) that are responsible for inhibiting some of the
major receptors and molecular signaling pathways involved in hepatocellular carcinoma. HCC
cells were incubated with different drug combinations and their combination efficacy and synergy
in inducing cellular death in HepG2, Hep3B and Huh7 cells was evaluated.

When the drugs were combined it was possible to observe, according to the obtained data
(Figure 9, 10, 11 and 12), that several drug combinations resulted in much higher cytotoxicity
than that registered with the cumulative effect achieved with the same concentration of the
isolated drugs, in the different HCC cell lines. The most outstanding synergistic effect occurred
when the three drugs were combined. In these cases, the cells presented very low cellular viability
levels. Several drug combinations were able to induce cellular death by 5-fold higher than the
sum of the cytotoxicity obtained with the isolated drugs in the same concentrations. The BMS
0.5uM/AFT 0.5uM/XAV 0.5uM drug combination resulted, in HepG2 cells, in a cell viability of
24.63%, and the difference between the sum of cytotoxicity percentages of the isolated drugs and
the cytotoxicity of this combination was of 72.62%.

AFT, BMS and XAV are inhibitors of some of the major receptors involved in
carcinogenesis, EGFR, c-MET and WNT/Bcatenin, respectively (Dai et al., 2012; Dai and
Siemann., 2010; Ferrarotto et al., 2013; Li et al., 2008; Lietman et al., 2018; Song et al., 2020)
These receptors are overexpressed in HCC cells; therefore, inhibition of apoptosis and an
uncontrolled proliferation, angiogenesis, migration and survival of the cells occur. Each receptor
is responsible for different tasks in the cell and without the mechanisms that are enumerated
above, the tumour won’t be able to develop and survive (Dimri et al., 2020; Couri and Pillai.,
2019; Robert and Gores., 2005). The receptors activate downstream molecular signaling pathways
that might be shared by some of the receptors, which happens with EGFR and ¢c-MET receptors.
Both activate PI3K/PIP3/AKT/mTOR and RAS/RAF/MEK/ERK signaling pathways (Dimri et
al., 2020). It appears that the combination of the drugs, that inhibit these receptors, results in an
effective antitumoral effect. This might be justified by the fact that each drug has the ability to
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supress the activity of different receptors, resulting in a combined inhibition of cellular processes
that usually allow the cell to survive and develop. It is possible that the inhibition of two receptors
that share the same downstream molecular signaling pathway might result in a greater inhibition
of the same (Engelman et al., 2007; Grugan et al., 2017; Moores et al., 2016; Vengoji et al.,
2019).

4.1.2. Apoptosis/necrosis of HCC cells treated with the different drug

combinations

There are different pathways through which a cell can die, among them are apoptosis and
necrosis. Apoptosis is a programmed and regulated process of cell death, it is a passive process
with no inflammatory responses and minimal damage to surrounding tissues. Necrosis, on the
contrary, is a traumatic and uncontrolled cell death mechanism, causing great injury during its
process (D’Arcy., 2019). Given to the fact that apoptosis is a programable cell death with no
inflammatory processes, it is preferable that the cells die though apoptosis over necrosis which,
as mentioned above, is an inflammatory process of cellular death.

Apoptosis/necrosis assays were performed after a 72h cells incubation with free drug
combinations. Combinations of the drugs resulted in a co-staining of Annexin V and Propidium
iodide (PI) in the cells. Annexin V staining only, indicates that the cells are undergoing early
apoptosis, but when a co-staining of Annexin V and PI is present, cells could be going through
late apoptosis or necrosis. A possible justification for the occurrence of this co-staining can be the
fact that the cells enter a phase of an early apoptosis which eventually evolve to a late apoptosis
phase. In early apoptosis Phosphatidylserine (PS) moves to the outer membrane leaflet allowing
the Annexin V to bind to it. In late apoptosis the cellular membrane bursts allowing Pl to enter
the cells and the same happens with necrotic cells. In order to understand and differentiate late
apoptotic cells and necrotic cells, apoptosis/necrosis assays at different incubation times can be
performed to monitor Annexin V and Pl staining at different times and points of cellular death
(Farinha et al., 2021).

During apoptosis, caspase activation event is crucial. Initiator caspases, caspase-9 and
caspase-8 are activated by intrinsic and extrinsic pathways, respectively. Initiator caspases lead
to the activation of effector caspases, caspase-3 and caspase-7. Effector caspases execute the
apoptosis though cleavage of cellular components. Therefore, caspase activity studies might be
performed in order to understand if cellular death occurs via apoptosis (Fan et al., 2005; Farinha
etal., 2021; Shi., 2002). Furthermore, alteration in the mitochondrial potential though JC-1 probe,

can also assist in understanding through which cellular death the cells are going through (Farinha
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et al., 2021; Li et al., 2019; Sakthivel et al., 2018). During apoptosis, the morphological changes
and degradation of the chromatin occur in late apoptotic stages, thus DNA studies through agarose
gel electrophoresis could be the key to differentiate early and late apoptosis (Zhang et al., 1997).

Once more, we can reinforce the synergistic effect of the drug combinations, given that
cells incubation with isolated drugs resulted in a reduced stained for Annexin V or Pl and
presented a high number of living cells, whereas the drug combinations resulted in an elevated
Annexin V and Pl staining as well as low number of living cells. Therefore, combined drugs tested
are more efficient when it comes to cytotoxicity of the HCC cells. The BMS 0.25uM/AFT
1uM/XAV 0.5uM drug combination appears to possess higher efficiency to induce cellular death,
since the percentage of live cells in this condition is only 1.06%. Percentage of cells undergoing
early apoptosis is higher than the one of necrotic or late apoptotic cells, with 65.13 % of cells in
early apoptosis and 33.78 % in a necrotic or late apoptotic phase. Additionally, the cell viability
results, obtained with HepG2 cells incubated with the drugs combination BMS 0.25uM/AFT
1UM/XAV 0.5uM, showed 12.84% of cell viability and a notable synergistic effect. Thus, we can
infer that this combination holds a great effectiveness in inducing cellular death to hepatocellular

carcinoma cells.

4.2. Production of hybrid nanosystems and encapsulation of the drugs

Administration of isolated drugs might result in undesirable secondary effects, that reflect
in the patient’s quality of life. Nanotechnology has been widely used in nanomedicine and has
shown to possess a variety of qualities and advantages (Jong and Borm., 2008; Seaberg et al.,
2021). Production of nanosystems with different nanomaterials can result in a more stable and
efficient nanocarrier, with superior features that combined advantages of each material (Ferreira
Soares et al., 2020). Some of the major advantages of these nanosystems are specific delivery to
the target and thus a lower occurrence of undesirable secondary effects, protection of the
therapeutic agents and their leakage during their delivery (Jong and Borm., 2008; Seaberg et al.,
2021). Hybrid lipid-polymer nanosystems result in merged benefits when the two compounds,
lipids and polymers, are combined. Liposomes are highly biocompatible as they are composed of
lipidic bilayer and polymers possess structural integrity that liposomes are in lack of, therefore
polymers confer higher stability to the nanosystems. Thus, hybrid lipid-polymer nanosystems
originate a biocompatible and stable nanosystems with the capacity of encapsulating different
therapeutic agents and delivering them to the target avoiding leakage and degradation of the same

and decreasing secondary effects (Cheow and Hadinoto., 2011).
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In this part of the work, an optimization of PLGA nanoparticles using a sonication probe
was accomplished. Different times and amplitude of sonication as well as PLGA percentages
were tested to reach an optimal size of the nanoparticles, which to our objective was around 120
nm. The purpose of these nanoparticles is to be administered via intravenously, therefore their
size should comply with the parameters to this end. The capacity of encapsulation of the
nanoparticles is proportional to their size, the bigger the nanoparticle, the bigger the capacity of
its encapsulation. A nanoparticle with 120 nm is capable of reaching high percentages of drug
encapsulation.

It was observed that there is a small tendency to increase PLGA nanoparticles size as the
amplitude percentage of sonication decreases and the same happened with the time of the
sonication, shorter time of sonication resulted in slightly bigger nanoparticles. Even though the
alteration of these parameters might be correlated with nanoparticles size, these differences don’t
appear to have a statistical significance. A slightly more notable size difference was observed
when PLGA percentage was increased, PLGA 3% resulted in bigger nanoparticles when
compared to PLGA 2%. A possible justification to the obtained results is that a higher sonication
amplitude and longer sonication time might provoke a better homogenization of the nanoparticles
resulting in their smaller size (Shi et al., 2011; Das et al., 2011).

With this, after several conditions evaluated and characterizations performed, we chose
the condition 1 minute of sonication with a 50% of amplitude and PLGA 3 % to encapsulate the
drugs. The nanoparticles size was of 118.6 + 0.36 nm with a PI (polydispersity index) of 0.060 £
0.012, which is a good size to proceed with the drug encapsulation, and 0.012 is under 0.2, which
means that the produced nanoparticles are not polydisperse.

As a subsequent task, the drugs were encapsulated in the PLGA nanoparticles. The size
of the nanoparticles was around 115-125nm, which should allow a high encapsulation of the
drugs. When the drugs were encapsulated in the PLGA nanoparticles, the loading efficiency of
AFT and XAV were low and only BMS presented a high percentage loading efficiency, 67.9%,
and high loading capacity, 19.53ug of drug/mg of NP. This could be justified by the fact that the
three drugs present a different molecule structure, size, polarity and hydrophobicity, which could
lead to their different interaction with the nanoparticles and therefore, dissimilar loading capacity
(Leonetti et al., 2021; Das et al., 2011).

In an attempt to avoid the low encapsulation issue with AFT and XAV drugs, these were
posteriorly encapsulated in the liposomes, 0.2 mg of each drug per 5.34 mg of lipids. Liposomes
and PLGA nanoparticles possess different physicochemical properties, hence different
hydrophobic environments that allow the encapsulation of these two drugs in the liposomes. As
the liposomes were produced, hybrid nanosystems were created through the mixture of PLGA
nanoparticle and liposome. This resulted in a hybrid nanosystem loaded with therapeutic agents

that will be specifically delivered to the hepatocellular carcinoma cells, due to the GalNAc ligand
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present in the lipidic bilayer of the liposomes that binds specifically to the ASGP receptors
(Ivanenkov et al., 2018).

Two of the promising conditions tested with free drugs were chosen to be tested in hybrid
nanosystems (BMS 0,5uM/AFT 0,5uM/XAV 0,5uM and BMS 1uM/AFT 0,25uM/XAV
0,25uM), but overall hybrid nanosystems didn’t quite fulfil the task of dropping the HCC cells
viability levels as free drugs did, even so, these results should not be discharged as these might
be promising. These results can be justified by the incapacity of the nanosystems to release the
drugs or to the drug degradation over time or during the nanosystem production process. The
production of PLGA nanoparticles includes a process of sonication that might be causing drugs’
degradation, temperature and light might also perturb the drugs’ stability. The incubation and
mixture of the PLGA nanoparticles with liposomes require high temperature that can lead to an
alteration of the drugs’ efficacy. Further studies must be carried out, such as release assays, to
determine the reason behind these results.

In summary, the cell viability levels registered when these were incubated with hybrid
nanosystems encapsulating the drugs, for both drug combinations, were higher than that observed
with the free drug combinations, which means that the drugs that were encapsulated in the
nanosystems did not effectively interfere with the HCC cells. On the other hand, Hep3B cell line
presented a significant decrease in cell viability levels with BMS 1uM/AFT 0,25uM/XAV
0,25uM condition and HepG2 also had a slight drop in cell viability with BMS 0,5uM/AFT
0,5uM/XAV 0,5uM condition. Therefore, forward studies should be performed in order to
analyse the potential of hybrid nanosystems encapsulating drugs to induce cellular death to HCC
cells which might be promising. Nevertheless, obtained results led us to consider the development

of another drug delivery formulation.

4.3. Production of Asialofetuin-coated PLGA nanoparticles loaded with
BMS-777607

As asialofetuin (ASF) is a specific ligand of the ASGP (asialoglycoprotein) (Thapa et al.,
2015) receptors and BMS drug exhibited high encapsulation in PLGA nanoparticles, a new
formulation of ASF-coated PLGA nanoparticles with encapsulated BMS was developed, and its
efficacy to induce HCC cells death was evaluated. DMAB surfactant was added to nanoparticles
to create a positive surface charge and thus allowing the establishment of electrostatic interaction
with the negatively charged ASF. As described in the results section, different ASF concentrations
were tested, therefore, nanoparticles with different asialofetuin concentrations, ranging from 0 to

150 pg ASF/mg NP, were produced. Nanoparticles were loaded with a fluorescent probe,
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coumarin-6, and internalization assays were carried out to confirm if the nanoparticles enter the
cells.

After the conclusion of the cellular internalization assays, we confirmed, indeed, that the
nanoparticles were internalized by the cells. Although in all conditions an internalization
occurred, we chose 125 ug ASF/mg NP condition to further studies, since it presented a slightly
higher Geo Mean value, which mean a higher cellular internalization. After the addition of ASF
(in 125 pg ASF/mg NP concentration) to the positively charged nanoparticles, 19.9 mV, their zeta
potential became negative, -9.02mV, and the size of the nanoparticles rose from 94.78nm to
113.5nm. With these results we can assume that the PLGA nanoparticles were successfully coated
with ASF. Another possible reason for the nanoparticles size differences might be related with
the production process, that was slightly altered in this case. Ultraturrax Homogenizer was used
instead of the sonication probe.

Additionally, we believe that a specific binding between nanoparticles and cells occur. In
the absence of ASF, 0 ug ASF/mg NP, the cellular internalization of the nanoparticles occurred
through an unspecific binding, given that the cells surface charge is negative and the zeta potential
of these nanoparticles is positive, giving rise to an electrostatic interaction. Nevertheless, when
nanoparticles were coated with ASF, 125 pug ASF/mg NP, the internalization of the nanoparticles
still occurred, even though zeta potential of these nanoparticles is negative and electrostatic
repulsion between the cells and nanoparticles is expected to occur. Hence, this could be an
indication of a specific interaction between the nanoparticles and the ASGPR at the cells surface,
promoting the cell uptake of the nanoparticles. To analyse this hypothesis, an assay of competitive
inhibition of the ASGP receptors could be performed, in order to confirm if the internalization of
the nanoparticles is mediated by the specific interaction of the ASF with ASGPR.

An encapsulation of BMS-7777607 drug was conducted and later on, the nanoparticles
were coated with ASF and HepG2 cells were incubated with empty and BMS-loaded
nanoparticles. Alamar Blue assay demonstrated that there is a slight difference between the cell
viability levels when it comes to nanoparticles concentrations, higher concentrations induce more
cytotoxicity. Cell viability decrease occurred after incubation with BMS-loaded nanoparticles.
Nevertheless, empty nanoparticles also presented cytotoxicity, possibly due to the presence of the
extra surfactant in the nanoparticles formulation that promote the cells membrane rupture and
induce cellular toxicity. However, BMS-loaded nanoparticles induced a higher cytotoxicity than
empty nanoparticles, showing antitumor effect promoted by the drug release from the

nanoparticles.
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4.4. Production of liposomes loaded with afatinib, BMS-777607 and
XAV-939

Since liposomes have a great potential as a nanocarrier and we observed a great
synergistic effect with the AFT, BMS and XAV combination, we encapsulated the drugs in the
liposomes. Once again, first, we wanted to make sure that the liposomes were internalized by the
HCC cells, hence, the liposomes were loaded with coumarin-6 and internalization assays were
carried out. As soon as we confirmed that the uptake of the liposomes by the cells occurred, we
moved on to the encapsulation of the drugs and incubations with the HCC cells.

Liposomes contained the GalNAc ligand, at the surface of the lipid bilayer, that promoted
their specific binding to the HCC cells through the ASGP receptors (Prakash et al., 2014).
Internalization assays results demonstrated that the cellular internalization of liposomes was
directly proportional to their concentration, given that higher liposome concentrations resulted in
higher Geo Mean levels and as this concentration decrease so does the Geo Mean value.
Subsequently, HepG2 and Hep3B cells were incubated with the drug-loaded liposomes, having
been observed a significant decrease in the cell viability of Hep3B cells with the BMS 0.5uM/
AFT 0.5uM/ XAV 0.5uM and BMS 1uM/ AFT 0.25uM/ XAV 0.25uM drug combinations.
Possibly, to understand these results and to achieve greater ones, different concentrations of the

liposomes should be tested.
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5. Conclusion

Concluding from the results obtained in this dissertation, there is great antitumor potential
when it comes to the combinations of the drugs, given that a variety of combinations that were
tested resulted in a great decrease of cell viability when compared to cell viability levels when the
cells were treated with individual drugs. The best results were achieved when the three drugs,
afatinib, BMS-777607 and XAV-939, were combined. The combinations BMS 0,5uM/ AFT
0,5uM/ XAV 0,5uM; BMS 1uM/ AFT 0,25uM/ XAV 0,25uM and BMS 0,25uM/ AFT 1uM/
XAV 0,5uM were some of the best combinations, that induced high cytotoxicity to HCCC cells
and presented with notable synergistic effect. Further, apoptosis/necrosis studies have reinforced
the potential of these combinations to induce cytotoxicity to the HepG2 cells. It was observed that
when the cells were treated with these combinations, a significant cellular death occurred, most
likely, through apoptosis. Thus, these combinations hold a great synergistic effect when it comes
to antitumoral strategy to HCC.

Furthermore, a reduced cell viability was observed in HepG2 cells when these were
incubated with hybrid nanosystems encapsulating the BMS 0.5uM/AFT 0.5uM/XAV 0.5uM
drug combination. Hep3B cell viability was also decreased when treated with hybrid nanosystems
encapsulating the BMS 1uM/AFT 0.25uM/XAV 0.25uM drug combination. When it comes to
liposomes encapsulating afatinib, BMS-777607 and XAV-939, with the same conditions as in
hybrid nanosystems BMS 0.5uM/AFT 0.5uM/XAV 0.5uM and BMS 1uM/AFT 0.25uM/XAV
0.25uM, these combinations induced higher cytotoxicity in Hep3B cell line. Although these
results are not as outshining as those obtained with free drug combinations, they are still
promising, since nanosystems can overcome some of the limitations associated to free drug
administration. The drug combination alongside with the nanosystem formulation, might bring a
powerful tool to fight this disease. As mentioned before thought this dissertation, the hybrid
nanosystem formulation holds various positive features. These nanosystems are small and thus it
is possible to perform an intravenous administration of the same to the patient. The nanosystems
are biocompatible and biodegradable, that deliver the drugs directly to their target, avoiding
secondary effects that free drugs often cause.

As to ASF-coated PLGA nanoparticles encapsulating the BMS-777607 drug, a decrease
in the viability of the cells was also observed, as incubation with empty nanoparticles resulted in
higher cell viability percentages when compared to cells treated with nanoparticles encapsulating
the drug. The cytotoxicity of NPs could have been affected by the presence of extra surfactant,
DMAB, in their formulation, nevertheless, nanosystems with BMS-777607 still resulted in lower

cell viability percentages, showing their antitumor effect. Conclusively, some of the data obtained
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in this work might hold great potential to HCC treatment, and therefore further studies should be

performed in order to better understand these results and improve the developed formulations.
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