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ABSTRACT

Cancer remains a major health problem worldwide, with colorectal cancer (CRC) being
the third most incident and the second most lethal. Inflammation has been highly associated
with cancer development and maintenance, therefore, the reduction of the inflammatory
microenvironment represents a promising therapeutic strategy.

Deep eutectic systems (DES) are based on the combination of different components
which together, at a certain molar ratio, present a deep decrease in their melting point
compared with the individual compounds. When an active pharmaceutical ingredient is part
of a DES it is designated by therapeutic deep eutectic system (THEDES).

New THEDES combining terpenes with anticancer properties, such as safranal, menthol
and linalool, with NSAIDs, like ibuprofen, ketoprofen and flurbiprofen were produced. To
evaluate THEDES therapeutic potential activity, their physico-chemical properties,
bioavailability and bioactivity, were explored using an integrative approach to determine
their anti-CRC activity. Our results show that Safranal:Ibuprofen (3:1), Safranal:Ibuprofen
(4:1) and Menthol:Ibuprofen (3:1) present promising therapeutic activity towards CRC cells
due to a selective cytotoxic action towards cancer cells. Menthol:Ibuprofen (3:1) anti-
proliferative action seems to be related with cell membrane disruption, reduction of the
inflammation through the reduction of ROS production, and induction of apoptosis via
caspase-3. On the other hand, Safranal:Ibuprofen (3:1) and Safranal:Ibuprofen (4:1) seem to
prevent tumour cells expansion only through the induction of apoptosis via caspase-3. These
systems also present an increasement in Ibuprofen permeability, with Menthol:Ibuprofen (3:1)
increasing also Ibuprofen solubility and the overall bioavailability.

Keywords: Colorectal cancer, Deep eutectic systems, THEDES, NSAID, Natural compounds,
Terpenes
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RESUMO

O cancro continua a ser um dos maiores problemas de sattde em todo o mundo, sendo
que o cancro colorretal é o terceiro mais incidente e o segundo mais letal. A inflamagdo esta
altamente associada ao desenvolvimento e persisténcia do cancro, por esse motivo, a redugao
do microambiente inflamatdrio representa uma estratégia terapéutica promissora.

Sistemas eutéticos, em inglés, Deep eutectic systems (DES) sdo sistemas baseados na
combinacdo de diferentes componentes que em conjunto e a um determinado récio molar
apresentam uma grande diminui¢do do ponto de fusdo em comparacdo com os compostos
individuais. Quando um dos componentes do DES é um ingrediente farmacéutico ativo ele é
designado de sistemas eutéticos terapéuticos, therapeutic deep eutectic system (THEDES).

Novos THEDES a conjugar terpenos com propriedades anticancerigenas, como mentol,
safranal e linalool, com anti-inflamatérios ndo esteroides, como ibuprofeno, cetoprofen e
flurbiprofeno. Para avaliar o potencial terapéutico dos THEDES, as suas propriedades fisico-
-quimicas, biodisponibilidade e bioatividade foram exploradas ao longo da tese como uma
analise integrativa para determinar as suas atividades contra o cancro colorretal. Os nossos
resultados demonstram que o Safranal:Ibuprofeno (3:1), Safranal:Ibuprofeno (4:1) e
Mentol:Ibuprofeno (3:1) apresentam uma atividade terapéutica promissora contra as células
do cancro colorretal devido a uma acao citotéxica seletiva contra as células cancerigenas. A
acdo do Mentol:Ibuprofeno (3:1) como anti-proliferativo contra as células cancerigenas
aparenta estar relacionada com a disrupcdo da membrana celular, redugdo da inflamagao
através da reducdo da produgao de ROS, e através da indugdo da apoptose via caspase-3. Por
outro lado, Safranal:Ibuprofeno (3:1) e Safranal:Ibuprofeno (4:1) aparentam prevenir a
expansdo das células tumorais apenas através da indugdo da apoptose via caspase-3.
Adicionalmente, estes sistemas também apresentam um aumento da permeabilidade do
Ibuprofeno, com o sistema Mentol:Ibuprofeno (3:1) aumentando também a solubilidade do
Ibuprofeno e a sua biodisponibilidade no geral.

Palavras-chave: Cancro colorretal, sistemas eutéticos, THEDES, anti-inflamatérios nao
esteroides, Compostos naturais, Terpenos
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1
INTRODUCTION

1.1. Modern World and the Cancer Challenge

Cancer is the second leading cause of morbidity and mortality after cardiovascular
diseases, and it is estimated to become the leading cause of premature death in this century
[1]. In 2018, 18.1 million new cancer cases and 9.6 million cancer deaths were estimate to occur,
and this numbers are expected to increase up to 24.1 million by 2030 and to 29.5 million by
2040 [1,2]. A. S. Ahmad et al. concluded that 50 % of adults currently with less than 65 years
will be diagnosed with cancer during their live [3].

These increasing cancer numbers and the growing of regional inequalities in tumour
types are primarily due to countries” socioeconomical development, including poor lifestyle
choices, hygiene levels, environmental pollution, spread of transmitted diseases and the
economic resources available for medicine [2]. Additionally, under the current COVID-19
(Coronavirus disease 2019) pandemic cancer healthcare has been postponed to avoid patient’s
exposure to COVID-19 in hospitals, making virtual consulting and reschedule surgeries.
Moreover, patients with COVID-19 symptoms are advised to stay at home instead of going to
the treatments and most of the treatments were altered to non-intravenous therapies (oral,
subcutaneous regiments or stop completely the treatment) to avoid dislocations to the
hospitals and possible cytotoxic complications that may require hospital admission [4].

The main avoidable cancer risk factors that contribute to 70-95 % of cancers
development are infections enhanced by biological agents, exposure to synthetic chemicals
during work or through ingesting of products, exposure to sunlight, poor diet, overweight,
tobacco and alcohol consumption. On the other hand, family inheritance and ageing are
unavoidable cancer risk factors [2].

In terms of mortality, the countries more affected will be the low- and middle-income
countries, since they will not be able to deal with costs associated with the disease [2].

In Europe cancer follows the global tendency, being the second most common cause of
death and the most frequent illness of noncommunicable diseases [2]. The main causes that
contribute for these outcome include: 1) industrialized environment, 2) high urbanization and
a high age distribution, with continuous exposure to carcinogens and medicines, 3) chronic

exposure to particulate matter and other pollutants, and 4) the implementation of early



detection and screening programs that increase the number of diagnosed cancers due to early
detection [2].

Europe also present high differences in tumour types across European countries, mainly
because of different environments and occupational exposure and due to differences on the
budgets that the countries dispense on healthcare [2].

In 2018, Europe spent in total €199 billion in cancer. From these, cancer health
expenditure accounted for €103 billion, being €32 billion of which used to buy cancer drugs
[5,6]. The total productivity loss was €70 billion, €50 billion due to premature death and €20
billion for morbidity [5]. In United States, the health care expenditures are four times higher
for cancer patients than for individuals without cancer, and it is expected to increase
dramatically by 2030, increasing from $183 billion in 2015 to $246 billion in 2030 (an increase
of 34 %), based only on the aging and growth of the United States population [7,8].

Between 1995 and 2018, cancer incidence increased by 50 %, from 2.1 million to 3.1
million cases only in Europe. Fortunately, cancer mortality only increased 20 %. However, the
amount of money spent on cancer care doubled, mainly due to the triplicate of costs on cancer
drugs between 2005 and 2018 [5,6]. However, due to progresses in modern medicine,
productivity loss from premature deaths decreased [5].

Because of the increasing cancer care costs, cancer patients tend to delay the necessary
medical care and do not purchase the medication required, increasing adverse health
consequences [7]. These expenses related with cancer can include treatment costs, the travel
needed to make the treatments and personal care costs [9]. Additionally, cancer patients that
live in rural areas have increased costs related with accessing healthcare facilities, associated
with an increased difficult to maintain work and life balance due to travels and long periods
away from home [10].

There are still large country differences in terms of access to new cancer medicines
mainly due to countries” economy [5]. That is why there is the need to find alternatives equal
or more effective than the cancer drugs now available, but with lower costs associated [5,7].

Although economic costs are a critical factor in cancer patients’ life, the emotional
impact that cancer provokes in patients and their families is equally important. This emotional
impact can have two sources, the cancer diagnostic itself and the economic distress that it
brings associated. These two effects of cancer can be influenced by the employment
circumstances and salary of the patients, and the family and friends support [9].

The quality of life of cancer patients affects the cancer prognosis and involves not only
their physical health/disease but also their psychological, social/family and environmental
wellbeing, since there is a direct relation between stress and immune system [11,12].

Since cancer is detected until the treatment is concluded, a lot of changes occurs on the
patient’s life that has a great impact on his/her quality of life and adjustment. One of those
adjustments is in terms of family and marital life, since couples need to adapt themselves in
order to overcome the new changes that they face. This is a huge problem specially for patients
with breast and prostate cancer that suffer feminine and masculine modifications due to their
disease [12].



In order to decrease cancer deaths and improve patients quality of life, the search for
specific biomarkers associated with signalling pathways involved in carcinogenesis and the
analysis of cancer epidemiology, can allow an earlier diagnostic and more specific therapeutic
targets [2,13]. After the early diagnostic, the "watch and wait" strategy can be applied to
minimize the risks and increase patients’ quality of life, since it gives time to study the tumour
behaviour, which is important to decide a better clinical strategy.

1.1.1. Cancer

Cancer remains has one of the major health problems worldwide [14]. It is characterized
by a multistep process, called carcinogenesis, that leads to genetic alterations, allowing the
acquisition of important functional capacities for survival, unregulated proliferation and
dissemination of cells [15-17]. These functions are a result of several factors, such as genomic
instability and consequent aleatory mutations, an inflammatory state promoted by immune
cells, and some will lead to tumour development [15,16].

Cancer is a complex disease with highly proliferative characteristics that comprehends
three phases, the initiation phase that is followed by the promotion and the progression phase.

Carcinogenesis initiates with a mutation on a gene that regulates cell proliferation,
differentiation, and/or survival within a cell, acquiring the capacity to divide and propagate
this mutation [18,19]. The mutations that enhance cancer, can be spontaneous (replication
defects) or chemically and physically induced, which promote the production of reactive
oxygen species (ROS) [17]. Within the key target genes that can be mutated to initiate
carcinogenesis, there are proto-oncogenes, that control cell division, and tumour suppressor
genes, which are involved in monitorization and repair of deoxyribonucleic acid (DNA)
mutations, and initiation of programmed cell death [18]. This first mutation is the initiation
step and gives rise to an abnormal single cell [18,19].

Then, the mutated cell is stimulated to divide by growth factors and factors that promote
mitosis, and originates a mass of mutated cells [18,19]. This moment of cell division is the
promotion phase and does not involve the acquisition of new mutations, only epigenetic
modifications may occur, such as DNA methylation and histone acetylation [18,20].

During clone multiplication, the new formed cells acquire more mutations giving rise
to different sets of mutations within the clones. This phenomenon characterizes the
progression phase and continues to occur during the tumour life, being responsible for the
great heterogeneity that is present on malignant neoplasms [18].

Some of the new mutations originated during tumour progression will confer a selective
advantage to some of its cell and, consequently its descendants will be dominant in the
tumour population. Consequently, a clonal selection will occur since a new set of tumour cells
will arise with improved characteristics, such as increased growth rate, survival, invasion, or
metastasis. This clonal selection will continue during tumour development, increasing even
more tumour growth rate and tumour malignancy, and often associated to tumour drug
resistance [19].

These cancer cells acquired capabilities are designated by hallmarks, which include the

maintenance of proliferative signals, the insensitivity to growth suppressors, tissue invasion



and metastasis, immortality, induction of angiogenesis, resist cell death, avoid immune
destruction and cellular energy metabolism reprogramming [15,16,18].

During tumour progression, cells suffer morphology changes and start to behave
differently from the normal ones [18,19]. The alterations that occur during the initial phase of
cancer development give rise to a dysplasia, that include alterations in size and shape, loss of
ordered tissue architecture and characteristics of systematic differentiation. Normally,
dysplasia is not visible, however, in the case of intestinal adenomas, a dysplastic cell mass is
observable (Figure 1.1) [18].

Dysplasia can be classified into low-grade or high-grade dysplasia, depending on the
risk of further progression to invasive tumour, that will occur due to continue accumulation
of mutations during cancer progression. Tumours can be originated from different cell types,
such as those from nervous tissue, muscle, connective tissue, and epithelium. In the case of
epithelial-originated tumours the increased divergency from normal cells appearance and
tissue architecture, gives rise to a carcinoma [18].

When an epithelial tumour evolves to a carcinoma, infiltration through the basement
membrane into the stroma occurs. This will give cells access to blood and lymphatic vessels,
and capacity to invade adjacent and distant tissues (Figure 1.1) [18]. This infiltration moment
differentiates a benign tumour from a malignant one, since benign tumour are confined to its
original location and the malignant tumour are able to invade and disseminate to other
locations. Only malignant tumours are referrer as cancer and it is their capacity to metastasize
that makes cancer so difficult to be treated [19,21].
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Figure 1.1. Tumour progression during colon carcinoma development. A single colon epithelial mutated
cell starts to proliferate and transmits its mutation to daughter cells. During cell proliferation a small benign
adenoma is formed. Consequent rounds of clonal selection leads to adenoma growth and increased proliferative
potential. The benign adenoma then evolves to a malignant carcinoma due to invasion of the tumour cells through
the basement membrane into the connective tissue. After that, cancer cells continue to multiply and propagate in
the connective tissue of the colon wall. Ultimately, cancer cells penetrate the colon wall and invade the surrounding
organs, blood and lymphatic vessels, allowing cancer cells to metastasize to all the body (Adapted from [19]).

In order for cells to be able to invade, new capabilities need to be acquired: cells need to
be able to i) digest, disrupt and penetrate the basement membrane, through the secretion of
protease that digest extracellular components, ii) break free of epithelial attachments to the

basement membrane and between cells (loss of E-cadherin and some integrins), and iii)



increase their motility [18,19]. These properties are acquired due to epithelial-mesenchymal
transition (EMT), meaning that epithelial cells behave as connective tissue cells [18].

Epithelial cells are responsible for cell-to-cell cohesion which is essential to maintain
integrity of multicellular organisms’ tissues. This acts as a selective barrier for the regulation
of internal environment which has a very confined and immobile behaviour. However, for
more flexible structures and functions, mesenchymal cells are needed. Mesenchymal cells
present a highly motile and invasive phenotype, and are responsible for the production of an
extracellular matrix (ECM), providing structure and support to epithelial cells. EMT increases
flexibility during embryogenesis, wound healing and regeneration. Unfortunately, EMT is
also observed during tumour invasion, spread and metastization processes. Additionally to
EMT, epithelial cells can also migrate and spread during tumour development via collective
migration, where epithelial cells move as a group that is physically and functionally
connected. Although during collective migration cell-to-cell interactions are maintained, some
EMT characteristics are observed, like modification of the ECM and acquisition of an invasive
and motile phenotype. In epithelial cancers, EMT allows tumour cells to leave the primary
tumour site, to migrate and invade neighbouring tissues and blood vessels, initiating the
metastatic spread (Figure 1.2) [21].
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Figure 1.2. EMT enhances metastasis. During tumour formation the genetic and epigenetic modifications
that tumour cells surfer promotes EMT and collective migration. These two invasive mechanisms enable tumour
cells to detach from their surrounding cells, invade through the basement membrane and migrate to other tissues
as a single cell (dark blue) or as a cluster of cells (light blue). This invasion is the start of the metastatic
dissemination and spread to the lymphatic nodes and blood vessels. The migration to blood vessels enables the
development of distant metastasis, where cells once again express an epithelial phenotype due to undergo
mesenchymal-epithelial transition (MET) (Adapted from [21]).

Cancer cells are also able to enhance the development of new blood vessels through
angiogenesis. Angiogenesis is a fundamental step to maintain the growth of a tumour when
it is composed by more than a million cells, because, when a tumour becomes this large,
malignant cells have low supply of nutrients and oxygen due to their distance to blood vessels.
The new blood vessels are formed in response to growth factors secreted by cancer cells, that
promote proliferation of endothelial cells present in the walls of capillaries in neighbouring

tissue, causing the extension of capillaries into the tumour. These capillaries are also



important for metastasis, due to the fact that they can be easily penetrated by tumour cells,
enabling malignant cells to enter the circulatory system and start the metastatic process [19].

1.1.1.1. The role of inflammation on cancer development

Focusing on the involvement of inflammation in tumour progression, the tumour acts
like a wound that does not heal. During normal tissue damage, cell proliferation occurs to
allow tissue regeneration, and immune inflammatory cells are recruited for a short period of
time, to clean dead cells and cellular debris. However, in tumours and in chronic
inflammation, immune inflammatory cells persist, due to a failure on the mechanisms that
solve the inflammatory response or a persistence of the initiating factors, thus DNA damaged
proliferating cells continue to multiply, giving rise to tissue pathologies, like abnormal
angiogenesis and tumorigenesis [16,22,23]. This inflammatory response is an enhancer of
tumorigenesis and tumour progression and facilitates the acquisition of cancer hallmarks
through the provision of proliferative signals, survival factors, proangiogenic factors and
enzymes that alter de ECM to facilitate angiogenesis, invasion and metastasis [16,23]. In
addition, the inflammatory cells release certain molecules, such as ROS and reactive nitrogen
species (RNS), that are normally necessary to fight infections, but in tumours they react to
form peroxynitrite that cause mutations in proliferating cells, resulting in genomic
modifications such as point mutations, deletions or rearrangements, increasing the genomic
instability and resulting in higher malignancies [16,22]. Macrophages and T lymphocytes may
also secrete tumour necrosis factor-a (TNF-a) and macrophage migration inhibitory factor
that are also responsible for DNA damage [23]. Thus, for a cancer to form, it has to sustain cell
proliferation in the presence of inflammatory cells, growth factors and DNA damage agents
[22].

These inflammatory cells are a part of the cancer, being recruited by cytokines and
chemokines produced by the tumour, and can act as tumour-antagonists or tumour-
promotors. Chemokines are expressed by tumours, tumour-associated leukocytes and
platelets, not only to attract inflammatory cells but also to increase tumour growth and
progression due to their involvement in the regulation of angiogenesis and metastasis [22,23].
The growth, migration and differentiation of the tumour microenvironment cells, such as
neoplastic cells, fibroblasts and endothelial cells, are, hence, influenced by inflammatory cells,
chemokines and cytokines [22].

One of the best examples of cancers associated with chronic inflammation is colorectal
cancer (CRC), when it develops in the presence of inflammatory bowel diseases (IBD), such
as chronic ulcerative and Crohn’s disease, which is characterized by a persistent inflammatory

response to luminal bacteria or to continual mucosal danger signals [22,24].

1.1.2. Colorectal Cancer

Cancer of the colon and rectum, or simply called colorectal cancer, is the third cancer
with more incidence and the second most mortal, being expected 1.8 million new CRC cases
and 881.000 deaths in 2018, representing about 1 in 10 cancer cases and deaths [1]. CRC
appears sporadically, being only a few cases inherited, and is present mainly in people with
more than 65 years old [25]. External causes, such as dietary patterns, obesity, lifestyle factors,



environmental and food mutagens, intestinal commensals and pathogens, and chronic
intestinal inflammation, that precedes tumour development, are the main risks factors for the
development of CRC [1,25-27]. The intestine is populated by countless bacterial strains and
inflammatory reactions are linked to microbial responses, so any alterations in the number of
bacteria (dysbiosis) can cause an inflammatory response and facilitate cancer development
[24].

There are different types of CRC, being Colitis-associated cancer (CAC) the one
developed during IBD [27-29]. This type of cancer is difficult to treat and more than 50 % of
patients die from it [27].

The development of CAC and sporadic CRC involve the formation of polyps, adenomas
and carcinomas, in a multistep process involving successive losses of genes and signalling
pathways mutations, like those involving p-catenin, K-ras, p53, transforming growth factor
(TGF)-p and DNA mismatch repair (MMR) proteins, although the time of p53 mutation,
adenomatous polyposis coli (APC) inactivation and K-ras activation can be different in CAC
and CRC [25,27,28]. Additionally, the development of CAC also requires chronic
inflammation, in which mucosal production of proinflammatory cytokines increases in a
process mediated by nuclear factor-xB (NF-«xB) [27,28]. Moreover, chronic inflammation is
also responsible for oxidative stress that leads to cellular damages, contributing to colorectal
carcinogenesis [29]. Nevertheless, IBD non-associated CRC also induces an inflammatory
response, exhibiting inflammatory infiltration, due to constitutive activation of transcription
factors of multiple inflammatory pathways, and increased expression of proinflammatory
cytokines [27,30].

All the mutations that occur during cancer development promote chromosomal and
microsatellite instability. Chromosomal instability is the most common in CRC, resulting in
DNA abnormal content and loss of function of important tumour suppressors as APC and
p53. Microsatellite instability (where the number of repeated DNA bases in a microsatellite -
a short, repeated sequence of DNA - is different from the originally inherited microsatellite)
is present in some CRC, normally associated with MMR genes loss of function due to
hypermethylation [28,29].

The p53 tumour suppressor is inactivated in a later stage of non-IBD associate CRC,
being these inactivation responsible for the conversion of a benign adenoma to an invasive
carcinoma, however in CAC development its inactivation is one of the first steps, preventing
its actions as inhibitor of abnormal cell proliferation, maintainer of genomic stability,
suppressor of transformation and tumorigenesis, and regulator of inflammatory pathways
[24,28-30]. Inactivation of p53 also enhancers interleukin (IL)-6 signalling (Figure 1.3) [30].

Another frequent mutated gene in CRC is KRAS. This gene is activated and promotes
the synthesis of pro-inflammatory cytokines and chemokines, like IL-6, prevents apoptosis
and promotes invasion (Figure 1.3) [30].

Mutations in APC are associated with early development of sporadic CRC, but normally
occurs later in CAC [29]. APC is a tumour suppressor that inhibits f-catenin. When APC is
mutated B-catenin is activated and can migrate to the nucleus where it acts as a transcription



factor and promotes cellular proliferation [31]. This occurrence is essential for adenoma
development (Figure 1.3) [27].

[-catenin activation is an essential step in all CRC tumorigenesis. However, APC
mutation is not the only way to activate p-catenin, other events such as i) activation of the
receptor EP2 by prostaglandin (PG), which is produced in acute and chronic inflammation,
leads to an increase of P-catenin in the nucleus; ii) mutations in P-catenin itself; iii) some
inflammatory pathways influence the casein kinases that control the activation of B-catenin;
iv) and there are proinflammatory signals that activate NF-kB pathway, promoting -catenin
activation [27].

B-catenin activation is also regulated by the Wnt signalling. The Wnt signalling pathway
regulates the nuclear localization of P-catenin and maintain the normal homeostasis in
intestinal stem cells. When Wnt is inactivated, B-catenin binds to a protein complex for
proteossomal degradation. When the pathway is active (though the presence of Wnt ligand
or mutation in the pathway genes), the protein complex does not bind to p-catenin and p-
catenin accumulates in the cytoplasm and migrates into the nucleus, where it binds to
transcription factors, activating transcription of target genes and increasing proliferation,
differentiation, migration and adhesion of colonic cells [32,33].

The Wnt signalling is not only involved in the early stages but it also participates in the
invasive capacity of metastasis, being the activation of B-catenin essential for the transcription
of aggressiveness, invasiveness and migration tumour genes [34].

As mentioned earlier, the intestinal microbiome is associated with CRC development
and one of its roles is related with tumour-infiltrating microbes that induce IL-23 production,
by myeloid progenitors, which increase the expression of pro-tumorigenic cytokine IL-17, that
promotes epithelial cells growth and survival, initiating tumour development in sporadic
CRC [24].

The inflammatory cells responsible for colitis and the constitutive activation of NF-xB
also generate ROS and RNS. In addition, neutrophils and macrophages, involved in acute
inflammation, generate free radicals and more prooxidant molecules. These free radicals are
capable of targeting DNA, ribonucleic acid (RNA), proteins and lipids, affecting several
metabolic processes, such those involved in tumour suppressing, and induce inflammatory
and carcinogenic genes, leading to cancer [24,29].

For an early-stage adenoma evolve to a carcinoma and a metastatic carcinoma,
activation of oncogenes KRAS and B-Raf and inactivation of tumour suppressors TGF-3
receptor, p53 and proapoptotic protein Bax must occur. This transition also involves increased
expression of cyclooxygenase 2 (COX2) and mutations in DNA integrity checkpoints genes,
leading to chromosome instability, which results in a great number of different mutations
observed in CRC and, consequently, to resistance to therapy [27].

COX2 is upregulated in colorectal tumours, specially sporadic CRC, and acts as a pro-
tumorigenic, inhibiting apoptosis, through i) the increasing expression of the anti-apoptotic
protein Bcl-2, ii) activating indirectly B-catenin pathway, iii) promoting survival and
proliferation, iv) inducing angiogenesis, by the production of vascular endothelial growth
factor (VEGF), v) increasing tumour dissemination, by the alteration of cells adhesive



properties, and vi) indirectly producing free radicals [27-29]. COX2 is responsible for the
synthesis of PG, and high levels of PG, specially prostaglandin E2 (PGE2), are observed in

colon adenocarcinomas (Figure 1.3) [27].
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Figure 1.3. Inflammatory process associated with CRC and CAC development. (A) In sporadic CRC, one of
the first events that occur is the mutation in the gene encoding APC, associated with the Wnt pathway, that leads
to the activation of B-catenin and consequently to adenoma development. The APC mutation is also associated
with loss of tight junctions which allows microbial invasion from the intestinal microbiome, inducing IL-17 and
IL-23 production. For an early-stage adenoma evolve to a carcinoma, activation of oncogene KRAS and inactivation
of tumour suppressors TGF- receptor and p53 must occur. This transition also involves increased expression of
COX2. (B) In CAC, chronic inflammation is constant and mucosal production of proinflammatory cytokines
increases in a process mediated by NF-kB that is responsible for B-catenin activation. Mutation on the gene that
encode p53 is one of the first steps in CAC and is associated with increasing production of IL-6. IL-6 consequently
activates transducer and activator of transcription 3 (STAT3) that extends NF-xB activation. Tumour necrosis factor
(TNF) is another tumour-promoting cytokine produced in the initial inflammatory response and increases vascular
permeability that promotes the microbial invasion, and consequently further enhances the inflammatory response
with increasing activation of NF-xB and STAT3. Moreover, chronic inflammation and the constant activation of
NF-xB is also responsible for oxidative stress that leads to DNA damage, resulting in mutations of the gene that
encodes APC and the development of carcinoma (Adapted from [24]).

CRC and CAC are infiltrated by multiple types of immune cells, such as neutrophils,
mast cells, natural killers, dendritic cells, tumour-associated macrophages and myeloid
progenitors. Cells of the adaptative immunity are also present and have pro- and anti-
tumorigenic effects, being T cells required for inflammation, cancer development and tumour
progression, but also for anticancer immunity. Some T cells and natural killers are responsible
for immunosurveillance, but innate immune cells, B cells and other subtypes of T cells are
involved in tumour-promoting inflammation and pro-tumorigenic inflammatory cytokines
and chemokines production [27].

Macrophages and dendritic cells produce tumour-promoting cytokines in early stages
of tumour development and in later stages cytokines are produced by T cells [27]. Most of
these cytokines activate receptors on intestine epithelial cells that activate oncogenic
signalling pathways and oncogenic transcription factors, being NF-«xB and signal transducer
and activator of transcription 3 (STAT3) the most important in colorectal tumorigenesis,



because of their involvement in the activation of multiple genes needed for all the steps that
occur during cancer development [27,28]. NF-xB also regulates the promotors of many genes
critical for inflammatory processes, such as the proinflammatory cytokines TNF-a and IL-6
and COX2, and plays an anti-apoptotic role through the suppression of caspase-8 activation
[24,28].

The IL-6 is produced by macrophages and cancer-associated mesenchymal stem cells
and has a fundamental role in the start and progression of CAC, being able to stimulate
proliferation of premalignant epithelial cells, protects them from apoptosis, promotes tumour
growth and is required after injury for tissue protection and regeneration. IL-6 also activate
STAT3, which protects and stimulates the regeneration of the gastrointestinal epithelium,
increases expression of antiapoptotic genes (like Bcl-2), proliferative genes, VEGF, which
encodes a proangiogenic factor, and extends activation of NF-xB (Figure 1.3) [24,27,30].

Another interleukin associated with tumour development, progression, angiogenesis,
metastases and therapeutic resistance is IL-8. IL-8, in conjugation with other anti-
inflammatory cytokines, are potent chemoattractants for neutrophiles and natural killer cells
thus promoting healing processes but also stimulating inflammatory diseases such as IBD. It
has been reported that IL-8 is significantly upregulated by NF-xB pathway in the CRC tumour
and in its microenvironment and its upregulation increases the activation of NF-«xB [35,36].

TNF is another tumour-promoting cytokine produced in the initial inflammatory
response. It acts as a promotor of inflammation, angiogenesis and tumour dissemination, due
to being responsible for the production of other cytokines, chemokines and endothelial
adhesion molecules, and increase vascular permeability that allows the recruitment of
leukocytes (Figure 1.3) [24,27].

The inflammation process and immune cells are also involved in metastasis. TGF-f is
the major regulator of EMT. In EMT, tumour cells lose their cell-cell adhesion and increase
their motility, allowing tumour cells to dissociate from the primary tumour and invade
epithelial basal membranes, resulting in blood or lymphatic vessels intravasation. Then,
extravasation occurs through invasion of the vascular basement membrane and ECM. These
cells metastasize and attach to other organs and re-initiate proliferation [27,30,37,38]. This
process is characterized by loss of E-cadherin, the most important molecule for cell-cell
adhesion, that is regulated by p-catenin [27,34]. In addition, EMT can be promoted by
activation of NF-kB and STAT3 and is also regulated by various proinflammatory cytokines,
like TNF-a and IL-6 [27].

EMT is a natural occurring biological process during embryogenesis and organogenesis,
but can also be activated under inflammation, during wound healing and tissue repair, and
in the occurrence of carcinomas. This process is characterized by the development of
apoptosis resistance, capacity to migrate and invade, and production of ECM components by
cells [38].

Chemokines can directly promote the migration of tumour cells to blood vessels.
Additionally, cytokines, like TNF, increase vascular permeability and facilitate the intra- and

extravasation of metastatic cells [27]. TNF-a and TGF-f3 increases the expression of matrix
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metalloproteinase (MMP), a proteinase overexpressed in CRC, that allows the degradation of
ECM and also facilitates invasion and extravasation of tumour cells [27].

1.1.2.1. Treatment

The majority of CRC diagnosis are achieved in an advanced stage of the disease, when
metastasis already occurred, because when colon cancer starts to develop there are no
symptoms and when they appear are not specific, manifesting as general abdominal pain,
weight loss and tiredness. The specific symptoms, like intermittent abdominal pain, nausea
and vomiting, only appear after bleeding, obstruction or perforation [25].

This late diagnosis decreases the treatment effectiveness and consequently decreases the
survival rate [39]. As a consequence of being late diagnosed the first approach to treat CRC in
most cases is surgery, but recurrence is frequent which represents a major problem since often
ultimately lead to death. For that reason, it is often required the administration of adjuvant
therapy.

There are two types of surgery available to treat CRC, laparoscopy (minimally invasive)
and open surgery. The laparoscopic method has higher operational costs and longer surgery
time, however, it requires half of the hospitalization time compared to open surgery and,
because it is less invasive, it has less associated complications, since it reduces blood loss, has
better and faster postoperative recovery, has better immune and inflammatory responses and
causes less pain [40,41]. Although, laparoscopy seems to be safer, some local conditions like
inflammation or adhesion can disable the use of this approach [42].

After surgery, patients can suffer some surgical complications, the most common are
prolonged absence of muscle contractions of the intestines, wound infection and
abdominopelvic collection. In terms of medical complications, cardiac arrhythmias,
respiratory infections and impaired renal function are the most common [43].

There are other treatments available, working as an alternative or complementary to
surgery, like radiation and chemotherapy based on biological agents, that target signalling
pathways, or chemicals, that damage DNA or inhibit its synthesis [25,27]. The standard
treatment for CRC is surgery followed by chemotherapy with 5-fluorouracil (5-FU),
leucovorin (LV) and oxaliplatin during 6 months [25]. However, usually, metastatic CRC
reveals to be resistant to these conventional therapies [39].

Although, the use of these standard treatment prevents recurrence and reduce tumour
size [25,27], they have cytotoxic effects not only on the cancer cells but also on normal cells,
leading to a variety of side effects [44].

A better prevention, earlier detection and alternative treatments with less side effects
are necessary to have a more efficient treatment and better CRC patient’s survival rates
[40,45].

Modern medicine has been focusing on the enhancement of the properties of old
therapeutics and finding alternative treatments based on products from natural origin, which
present a great chemical diversity and unique mechanisms of action, making them valuable
for the development of new drugs. Natural products efficacy is linked to their three-
dimensional chemical and steric properties that increase efficiency and selectivity towards
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specific molecular targets [45]. In addition, the use of these natural occurring compounds
should be associated with green processes during their pharmaceutical preparation.

1.2. Sustainable Chemistry and Deep Eutectic Systems

Our planet and its natural resources are being damaged and overexploited as a
consequence of human progress and development. The solution to overcome some of these
problems is the search for alternative energy sources and new solutions for industrial
processes. Green Chemistry is a concept created to increase production while at the same time
be good for human health and reduce environmental stress [46,47]. It is defined as “the
invention, design, and application of chemical products and processes to reduce or eliminate
the use and generation of hazardous substances” [47,48].

Green Chemistry is based on twelve principles: i) Prevention (waste prevention), ii)
Atom economyj, iii) Less hazardous chemical synthesis, iv) Designing safer chemicals, v) Safer
solvents and auxiliaries, vi) Design for energy efficiency, vii) Use of renewable feedstocks,
viii) Reduce derivatives, ix) Catalyses, x) Design for degradation, xi) Real-time analysis for
pollution prevention, xii) Inherently safer chemistry for accident prevention [47].

It is in this pursue for green solvents and systems that Deep Eutectic Systems (DES)
arise. DES combine the universality and physicochemical properties of Ionic Liquids (ILs)
(high thermal stabilities, low volatility and low vapor pressures) with the principles of Green
Chemistry at lower production cost. DES preparation consists in directly combine two or more
compounds until a homogeneous liquid is formed, with no need for further purification steps.
Therefore, during DES production no waste, no undesired byproducts and no chemical
reaction occur, so the yield of the processes and the atom economy can be considered 100 %
[49-51]. Another factor used to determine the sustainability of the process is the E-factor
(environmental factor), that is calculated by dividing the total waste produced by the total
amount of product. For DES an E-factor of 0 is achievable.

Additionally, DES are tailor-made solvents, allowing the preparation of a system with
specific characteristics for a certain application [51,52]. The ease of production, lower cost, the
tailor-made capability, and biodegradability of the components, makes DES a suitable solvent

alternative in a wide range of applications [53].

1.21. DES

DES are defined as combinations of two or more compounds, that, in a specific molar
ratio, present a lower melting point than its individual elements. This phenomena may be
attributed to the charge delocalization resultant of the hydrogen bonding between a hydrogen
bond donor (HBD) and a hydrogen bond acceptor (HBA), together with steric effects and ionic
contributions from the anion and cation [49,50,54].

The interactions that occur during DES formation between the HBA and the HBD
originates a new identity with different physical and chemical properties from the individual
elements. This is highly dependent on the initial components, entropy changes arising from

the intermolecular arrangements, and the chosen molar ratio. The composition also have a

12



great effect on the physical properties of the DES such as viscosity, thermal behaviour,
density, polarity, and conductivity [54-56].

Figure 1.4 represents a theoretical temperature-concentration phase diagram for a
simple binary eutectic system composed by X and Y. The lines AB and BC represent
temperatures at which the compounds X and Y respectively begin to crystalize while
temperature decreases. Above these lines the compounds are completely liquid. The line DBE
is the temperature at which the mixture of X and Y begin to melt and below which the system
is solid. The area under ABD represents the liquid mixture of X and Y in equilibrium with
solid Y; and the area under BCE represents the liquid mixture of X and Y in equilibrium with
solid X. The point B is where the liquid meets the solid, which is nominated by eutectic point,
and it corresponds to molar ratio between the two components where a eutectic system can
be formed. Therefore, the eutectic system is the situation that when cool downed will not
deposit any pure solid X or Y, but will go from a liquid system of X and Y to a solid mixture
of Xand Y [50,57].
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Figure 1.4. Theoretical temperature-concentration phase diagram for a binary eutectic system (Adapted
from [57]).

From glass and ceramic industries to energy storage devices and pharmaceutical
formulations DES have been employed in a so number of applications. On the pharmaceutical
field, DES is used as a drug delivery system, as medium for enzymatic reactions, where
enzymes are able to maintain their activity, and for drug solubilization [49,54]. Recently,
active pharmaceutical ingredients (APIs) were included in DES formulations, giving rise to
therapeutic deep eutectic systems (THEDES), which can have a range of bioactivities such as
anti-fungal, anti-bacterial, anti-viral and anticancer activities [54].

THEDES have been showing features than can overcome conventional pharmaceutical
drugs drawbacks. APIs efficacy is dependent on its transport, solubility, permeability and
consequent bioavailability, being these properties a limiting factor for the drug efficiency
[52,54]. However, THEDES have been reported as enhancers of solubility of poorly water

soluble APIs, increasing its bioavailability and their skin permeation [54].
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The permeability of a drug allows its transdermal delivery, an important process for
example, to enhance healing efficiency, reduce side effects and avoid the initial liver
metabolism. One of the tactics to increase drug permeability is to turn it into a liquid using
DES, which reduces crystallization, enhances drug bioavailability and transdermal delivery
[54,58]. Additionally, other problem associated with APIs is the existence of polymorphisms
in crystalline formulations, that can alter the properties of the drug. To overcame this problem
and enhance API solubility and permeability, the development of amorphous formulations,
like THEDES, has been studied [52].

Carolina V. Pereira et al. and Paul W. Stott et al., observed that it was possible to combine
terpenes with ibuprofen as an eutectic system, and that this system promoted the transdermal
delivery, since the terpene is a skin permeator enhancer [56,57].

It has been reported that THEDES containing APIs have a greater dissolution rate than
the APl alone, because they are in a different form, some of them going from a solid to a liquid.
Dissolution capacity is dependent on the API physicochemical properties, and results from
the disruption of the interaction between the API and the other component of the THEDES
when it is dissolved in our physiological medium or in a similar solution, like phosphate-
buffered saline (PBS) [54].

Among THEDES therapeutical applications, there have been evidences that the
complexation of two or more components as an eutectic entity may represent an important
role in the anticancer battle, since it is observed a more acute destruction on cancer cells in
comparison with individual components alone. The DES anticancer activity is dependent on
their initial compounds, the combination of HBA and HBD, their physical properties,
chemical structure, presence of water in the system and the cell type where they are tested
[561,54]. One of the mechanisms suggested for this increased destruction is through the
disruption of cell membrane, that also increases ROS production which stimulates apoptosis
[59].

Furthermore, Carolina V. Pereira et al observed that it was possible to combine the
terpene limonene with ibuprofen (IBU) as a THEDES formulation, and that these systems
presented enhanced and selective anticancer activities, associated with increased IBU
solubility [56,57]. In another work, Menthol:Ibuprofen (3:1) as already been described as a
DES [60] capable of increasing both IBU solubility and permeability associated with
antiproliferative activity [58,60]. Moreover, different THEDES of ibuprofen with the terpenes
thymol and menthol were already reported, showing different mechanisms of action,
although terpenes structure similarity. Menthol:Ibuprofen (3:1) is capable of increase IBU
solubility while THEDES with thymol did not show the same result, additionally thymol
based THEDES do not show a specific action towards cancer cells contrary to
Menthol:Ibuprofen (3:1), highlighting the tailor-made characteristic of THEDES [60].

For all of the above stated we believe that coupling a natural anticancer agent, like a
terpene, with an anti-inflammatory drug as a THEDES formulation can be an important
combination to fight cancer, through a specific action against cancer cells associated with an
inflammatory state decrease.
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1.2.2. Terpenes

Terpenes are volatile hydrocarbons that extensively occur in nature, produced by
numerous plants and some animals. In plants, terpenes are produced as secondary
metabolites in response to stress, acting as infochemicals, attractants or repellents, and at
higher concentrations they act as weapons against pathogens due to terpenes high toxicity
[61,62].

Terpenes are formed by multiple units of isoprene (CsHs), that can be linked head to tail
to form linear chains, or can be arranged to form rings [61,63]. In addition to isoprene units,
some terpenes, the terpenoids, are also formed with oxygen-containing compounds [61,63,64].

Terpenes are used as therapeutics since ancient times because of their high presence in
essential oils and easily extraction from plants [63]. They have been described as useful as
antimicrobial, antifungal, antiviral, antiallergenic, anti-inflammatory, antihyperglycemic, as
immunomodulation agent, but also in the prevention and therapy of cancer [61].

It was reported that consumption of monoterpenes - terpenes that consist only in two
units of isoprene (CioHie) - can be important in the prevention and therapy of cancers [61,64].
The monoterpene limonene, for example, has already shown chemopreventive and
therapeutic effects towards several human cancers, such those from the liver, skin, lung,
prostate, pancreatic and colon carcinomas [61].

Terpenes chemopreventive action can occur during the initiation phase of
carcinogenesis, avoiding the interaction of cancer-causing agents with DNA, or during the
promotion phase, where they inhibit cancer cells development and migration through the
induction of apoptosis, re-differentiation and by influencing the molecular mechanisms
responsible for cellular functions [61]. One of the mechanisms influenced by terpenes is post-
translational isoprenylation of proteins, that consists on the covalent binding of a lipid
containing three or four isoprene units to a thiol group of a cysteine side chain of a protein
[61,65]. These prenylated proteins are responsible for the regulation of cell growth and
transformation, and consequently their disruption inhibit cell growth and cancer
development [61].

Terpenes can also act as skin penetration-enhancing agents thus, nowadays, they are
used in topical dermal preparations and cosmetics. Furthermore, there are studies proving
that the transdermal pathway can be an alternative for antitumour drug administration, a
feature safe and clinically acceptable for the usage of lipophilic/hydrophobic and hydrophilic
drugs, both transdermal enhanced by terpenes [61,63].

In general, small terpenes such as menthol, limonene and linalool, are better enhancers
than larger ones, as phytol, nerolidol and humulene. Additionally, non-polar terpenes are
better enhancers for lipophilic agents than polar ones. However, terpenes containing polar
groups facilitate hydrophobic permeants to cross the skin and cellular membrane, much more
easily than non-polar terpenes [61,63].

Therefore, penetration-enhancers should be incorporated into formulations to increase
drug flux through diverse membranes including skin, epithelial or nasal membranes [66].

To date, terpenes have been mainly investigated in the pharmaceutical field as
transdermal delivery, analgesics and antimicrobial agents. However, with the advent of DES,
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several combinations of terpenes have been further studied, specifically as transdermal and
dissolution enhancers of APIs, having demonstrated great potential in, for example menthol-

based eutectic systems [67].

1.2.2.1. Menthol

Menthol (C10H200) (Figure 1.5) is a cyclic monoterpene alcohol obtained from essential
oils of Mentha canadensis L. (cornmint) and Mentha x piperita L. (peppermint) [63,68]. It is
known for its upper respiratory tract decongestant properties and its multiple biological
properties, such as analgesic, antimicrobial, antifungal, antipruritic, penetration-enhancing,
chemopreventive, anticancer and anti-inflammatory activities [63,68]. Moreover, menthol is
an agonist of the transient receptor potential melastatin 8 (TRPMS8) thus, it can chemically
activate this cold-sensitive receptor and elicit a cooling effect or sensation and an analgesic
effect [68,69].

HO
Figure 1.5. Menthol structure.

TRPMS is tissue-selective when normally expressed, but it is overexpressed in a variety
of malignant tumours [70]. TRPMS8 is a Ca?* channel involved in tumour proliferation,
survival, migration, invasion, growth and metastasis that is dependent on the cellular and
molecular context [69,70]. When TRPMS is activated naturally by temperature or by cooling
agents, like menthol, a transient increase in Ca2* occur [70].

Caco-2 and HCT 116 colorectal adenocarcinoma cell lines over-express TRPMS, a
receptor required for proliferation and survival of these cells, so the activation of TRPMS8 by
menthol sustain cancer development [70].

However, in melanoma and urinary bladder carcinoma cell lines, when menthol
activates TRPMS channel it decreases cell viability. This may be due to a sustained increase in
Ca2* concentration, since TRP channels activation leads to the accumulation of Ca2?* in
mitochondria that increases the production of ROS [70-72]. Both ROS and mitochondria are
involved in apoptosis induction, since cytochrome c release from mitochondria activates
caspases and consequently apoptosis [73].

So, the role of TRPMS in survival and apoptosis depends on the cancer cell line and the
way that TRPMS expression/activity is modulated [70].

Menthol anticancer properties have been studied on different types of cancers and can
occur via the TRPM8-dependent or TRPMS8-independent pathway. In the case of prostate
cancer was reported that menthol caused cell cycle arrest at the GO/G1 phase and inhibit the
movement of DU145 cells that expressed TRPMS8 [68]. Other authors reported that menthol
induced apoptosis and mitochondrial ROS production through increased intracellular Ca2*
release independently of TRPMS8 channels in DU145 cell line, affecting instead purinergic
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signalling pathways (a common pathway for neural and mesenchymal stem cell maintenance
and differentiation) [74,75]. In another prostate cancer cell line (PC3 cell line), menthol
induced G2/M cell cycle arrest through the inhibition of downstream signalling of polo-like
kinase 1 (PLK1). In a different cancer model, using a rat mammary carcinogenesis model, the
chemopreventive effects of menthol were studied and the induction of phase II carcinogen-
metabolism enzymes, induction of apoptosis and tumour redifferentiation was reported [68].

Menthol is the most effective penetration enhancer and has been used as enhancer for
transdermal delivery for a variety of drugs, due to permeate the epidermis, and probably
other tissues, and in turn facilitate the accessibility of other drugs [63,68].

1.2.2.2. Linalool

Linalool (C10H1s0) (Figure 1.6) is a naturally occurring acyclic monoterpene alcohol
obtain from Coriandrum sativum fruits that has a variety of commercial applications in
cosmetics, soaps, perfumes and detergents due to their fragrance and odour, but it is also used
in traditional medicine to alleviate pain, relax, sedate or eliminate certain Bacteria [63,76-78].
It is a cheap and well-known chemical with no irritation and sensitization reactions on the
human body [77,79], that present antimicrobial, anti-inflammatory, analgesic, anticancer and
antihypertensive activities [76,78-81]. Its anticancer properties have been already studied and
three mechanisms of action have been described: induction of apoptosis [82,83], induction of

oxidative stress [84,85] and immunomodulation [80].
HO
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Figure 1.6. Linalool structure.

Kenichi I. et al. observed that linalool induces rapid ROS production which triggers an
apoptotic cascade via lipid peroxidation. This mechanism is cancer specific since it did not
affect normal organs in a human cancer xenografted mice model [86]. Another study has
revealed that linalool has dose-dependent and time-dependent anticancer effects on prostate
cancer cells through the induction of apoptosis, DNA fragmentation and sub-G1 cell cycle
arrest [87].

Mei-Yin Chang and Yi-Ling Shen saw that linalool could effectively suppress the
growth of four different cancer cells: SW620, T-47D, HepG2 and A549 cells. In the case of the
T-47D cell line it was observed that linalool affected its migration and cell cycle through cancer
immunity system modulation. Cells were arrested at the sub-G1 phase of the cell cycle, in a
concentration dependent way, which normally means that cells are suffering apoptosis [80].
Linalool effect on HepG2 cell line were reported by other authors, which concluded that
linalool had the capacity to permeate the membrane, due to its lipophilic feature, and interact
with intracellular components, including mitochondria. This capacity allows mitochondrial
derangements through inhibition of complexes I (NADH (nicotinamide-adenine
dinucleotide) oxidase and NADH UQ-reductase) and II (succinate dehydrogenase) involved
in electron transport chain coupled with proton release to the cytosol. This inhibition causes
a disequilibrium on the proton gradient, a decrease on ATP level and an increase on ROS
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generation. All these will cause an accumulation of dysfunctional proteins that will inhibit
mitochondria function and lead to aging and cell death [84].
Like other terpenes, linalool has also the capacity to enhance conventional drugs

permeability through skin and mucous membranes [76,88].

1.2.2.3. Safranal

Safranal (CioH140) (Figure 1.7) is a cyclical terpenic aldehyde that is the active
carotenoid secondary metabolite of saffron (Crocus sativus L.) and the major volatile
component responsible for the saffron aroma [89,90]. It is widely used as a food additive
because of its taste, flavour, and colour along with its therapeutic properties. It has been
described as therapeutic for many illnesses, such as hepatic diseases, neurodegenerative
disorders, spasm, depression, acute and chronic inflammation, asthma, cardiovascular

diseases and cancer [89].
O

Figure 1.7. Safranal structure.

Carotenoids are known for present antioxidant activity, alter cell growth regulation,
modulate gene expression and regulate immune response [89,90]. They are also well tolerated
and their use in cancer chemoprevention and chemotherapy has been reported [91,92]. Thus,
nowadays, safranal is being studied for its activities as anticarcinogenic and antitumour in
different cancer models [92].

In one study, three different colon cancer cell lines were treated with saffron extracts
and growth inhibition was observed. In addition, when a normal cell line was in contact with
saffron no inhibition were observed and the cells were able to proliferate [89]. Another study
with prostate cancer cells also reported that safranal was toxic for the cancer cell line used,
but was less sensitive to normal cells [93]. Samarghandian S. et al. studied the use of saffron
against human lung cancer cells, and reported that saffron inhibit these cells growth, but had
no effect on normal human cells [94]. With these results it is possible to observe a tendency of
safranal to be cancer specific, probably due to the existence of different cell surface receptors,
intracellular retention transport, drug uptake mechanisms [92], or maybe safranal are able to
affect specifically rapidly dividing cells [95]. However its toxicity is dependent on dose, time
and cancer cell type [91,93,96].

Since safranal is lipophilic, has a low molecular size and present antioxidant properties,
it can diffuse through the cell membranes [89,91] and prevent DNA, RNA and protein
damages provoked by free radicals [89,93], suggesting that the anticancer activity of safranal
can be related with its antioxidant property [89]. In addition, safranal is also cytotoxic,
inducing DNA fragmentation and apoptosis [89,93,96,97]. Thus, it is proposed that the
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antioxidant properties prevent cancer progression, while the cytotoxic effect direct cancer
cells towards apoptosis and cell death [93].

The mechanisms behind safranal’s anticarcinogenic and antitumour actions are not well
known and different hypotheses have been proposed. One of the hypotheses is that safranal
inhibits DNA and RNA synthesis but does not affect protein synthesis. Another possible
mechanism for the antitumour action is the inhibition of free radical chain reactions, due to
safranal antioxidant properties and its capacity to associate with membranes. The third
mechanism is based on the interaction of carotenoids with topoisomerase II, that is involved
in cellular DNA-protein interaction and is important for DNA repair [92]. It was also
described that safranal binds DNA through intercalation and external binding and can incite
a partial transition from B- to A-DNA conformation, provoking high levels of DNA vibrations
due to helix destabilization. These associations are important to protect DNA from harmful
oxidant damages [90,98]. The last mechanism proposed is based on the hypothesis that
safranal targets specifically rapidly dividing cells through the inhibition of tubulin assembly
and consequent diminishing of microtubules polymerization, a process needed for DNA
migration on cell division and proliferation [95,97].

Zhang Y. et al. studied the effect of safranal in a colon carcinoma cell line (colo-205).
They observed that safranal exhibit antiproliferative activity in a dose-dependence way. This
antiproliferative effect is a consequence of DNA damage, cell cycle arrestment at G2/M phase
and mitochondrial apoptosis, supported by increased expression of Bax, decrease Bcl-2
expression and accumulation of ROS [99]. Cell cycle arrest in G2/M phase and inhibition of
DNA repair, leading to increase DNA damage, was also reported in HepG2 cells treated with
safranal, moreover intrinsic and extrinsic apoptosis and endoplasmic reticulum stress was
observed [100].

In addition to the anticancer potential of saffron, it was also described that saffron and
its constituents can inhibit anticancer drugs toxicity [97].

Although safranal has all these anticancer properties and presents a good potential
therapeutic, as a carotenoid it is poor soluble in water which makes its administration difficult
[91], however, if combined as a DES, safranal solubility may increase and facilitate its use,

since DES are described as solubility enhancers [54].

1.2.3. Nonsteroidal Anti-inflammatory Drugs (NSAIDs)

As mentioned herein, inflammation is highly involved in neoplastic progression,
especially in CRC [22,24], and because of that, CRC might be a potential candidate for
treatment or prevention by NSAIDs.

There are several reports indicating that the use of NSAIDs reduces CRC and tumour
recurrence risk by 40-50 %, through the reduction of growth and subsequent reduction of
colorectal neoplasia development [22,23,27,29].

NSAIDs are nonselective or selective inhibitors of COX1/2 enzymes, and are normally
prescribed for pain, fever and inflammation control, but they are also able to influence tumour
development, metastasis and angiogenesis [23,101]. The analgesic, anti-pyretic and anti-
inflammatory properties of NSAIDs are due to their COX inhibition capacity [102]. The firsts
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NSAIDs developed had the capacity to inhibit both COX1 and COX2, but that brought same
concerns, because COX1 is constitutively expressed in most tissues and is involved in
physiological processes and its inhibition could bring dangerous side effects. As a result, a
new generation of NSAIDs appear, the COX2-specific inhibitors, that target COX2 which is
only induced in endothelial cells, macrophages and intestinal epithelial cells and its
overexpression is a feature of malignant cells [101,102]. Furthermore, this new NSAIDs have
shown effective treatment for CRC, which overexpresses PG and COX2 (in more than 95 % of
human colon tumours), but not COX1 [22,24,101,102].

COX2 catalyses the synthesis of PG by converting arachidonic acid in PG, which is part
of the lipid mediators family, and its involved in multiple tumour-promoting pathways,
inducing inflammation in damaged tissues [22,24,101].

NSAIDs are also involved in inhibition of metastasis either by inhibiting COX2/PG
pathways or by disruption of cancer-associated thrombosis. Thrombosis formation can be
promoted by tissue factor (TF), a key regulator of hemostasis that is expressed by metastatic
cancer cells and cancer-associated monocytes and macrophages, which activates the extrinsic
coagulation cascade pathway leading to thrombosis. The inflammation produced by
thrombosis leads to endothelial damage that result in vascular leak, enabling the escape of
cancer cells [23]. Thus, the use of NSAIDs inhibit cancer-associated thrombosis via the
suppression of platelet aggregation, that is fundamental for cancer cells dissemination [22,23].

The use of anti-inflammatory therapies may also avoid the fast development of drug
resistance [27].

The down side effects of the use of NSAIDs are gastrointestinal related, especially the
development of gastritis (inflammation of the lining of the stomach), since stomach’s
physiology is modified by PG. Unlike COX2, COX1 is constitutively expressed in the body
and its responsible for kidney and stomach protection against damage and is also involved in
PG synthesis needed for housekeeping functions [103,104]. PG is responsible for protective
mucous production, decreases acid secretion and increases mucosal blood flow. When COX1
is inhibited, PG production is reduced, and the reverse effects occur, making the perfect
environment for peptic-ulcer formation. Although the potent PG inhibitory effect, the
propionic-acid derivates NSAIDs, like ibuprofen, flurbiprofen and ketoprofen, are much less
harmful to the stomach than other [105-107].

1.2.3.1. Ibuprofen
Ibuprofen (C13HisO») (Figure 1.8) is a racemic 2-phenilpropionic acid and the most used

analgesic, antipyretic and anti-inflammatory drug [105,108].

OH

Figure 1.8. Ibuprofen structure.
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Ibuprofen is one of the NSAIDs with lowest risks for severe gastrointestinal toxicity
[109]. It inhibits COX by substrate competition with arachidonic acid, showing greater
inhibitory effects on COX2 than COX1, due to differences on enzyme accessibility and
arachidonic acid concentration present in the different systems [103]. This phenomena,
together with the fact that it is used in clinical practice in lower doses than other NSAIDs, can
be one of the mechanisms by which ibuprofen present less side effects [103,109].

The S-enantiomer of ibuprofen is pharmacologic active as a PG synthesis inhibitor
unlike the R-enantiomer. However R-enantiomer present pharmacological properties
important for the anti-inflammatory activities of ibuprofen [108,110].

HT29 cells overexpress Raclb, triggered by colon inflammation [111,112]. Raclb is a
member of the Rho family of small GTPases associated with chronic inflammation and cancer,
that promotes NF-xB activation and signalling [113]. P. Matos ef al. reported that ibuprofen
exercise its antitumour, and probably anti-inflammatory, activity by inhibiting COX2 as well
as inhibiting specifically Raclb overexpressed [112].

Ibuprofen has already been studied in THEDES form. The combination of ibuprofen
and terpenes in THEDES has revealed an increase in solubility, transdermal delivery and flux
of ibuprofen through the skin, being the increased on ibuprofen flux associated with the
melting point depression of the THEDES [54,58]. These systems have already been tested
against cancer cells, revealing that, in comparison to the individual elements, ibuprofen in
THEDES present different mechanisms of action, showing higher selectivity towards cancer

cells while increasing ibuprofen solubility [56].

1.2.3.2. Flurbiprofen

Flurbiprofen (Ci5H1sFO) (Figure 1.9) is a racemic propionic acid and a potent NSAID
with strong analgesic, antipyretic and anti-inflammatory effects. Flurbiprofen is a non-specific
COX inhibitor that inhibits PG synthesis and consequently reduces pain and inflammation
[106,114]. It is current used for chronic inflammatory diseases, like osteoarthritis and

rheumatoid arthritis and for mild-to-moderate acute pain [114,115].

HO F

Figure 1.9. Flurbiprofen structure.

Flurbiprofen has been described as an anticancer agent, since it present antiproliferative
effects due to its anti-inflammatory activity and inhibition of PGs [116,117].

R-flurbiprofen is not cytotoxic in vitro, even at concentrations greater than those possible
to achieve in vivo, since it does not inhibit COX-1 [115,116], however, when combined with S-
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flurbiprofen, the ulcerogenicity and toxicity effects of S-flurbiprofen are greatly exacerbated
[115].

S-flurbiprofen suppressed inflammatory pain and edema in a rat adjuvant-induced
arthritis through the decrease of PGE2 production [118]. Edema is a consequence of an
increase in COX2-derivated PGE2 levels in inflamed tissue that leads to arterial dilatation and
increased microvascular permeability, this results in plasmatic extravasation and elevated
blood flow that form the edema [119].

Flurbiprofen as already been reported as a THEDES. The combination of flurbiprofen
with nicotinamide presented an increase in flurbiprofen solubility. Additionally, an eutectic
mixture of caffeine with flurbiprofen also presented an increased solubility rate associated
with an enhancement of the flurbiprofen anti-inflammatory effect compared with the pure
compound [120,121].

1.2.3.3. Ketoprofen

Ketoprofen (CisH1403) (Figure 1.10) is a potent NSAID of the substituted 2-
phenylpropionic acid class, that has been clinically used since 1975 in Europe. Ketoprofen has
a chiral centre, so two enantiomers exist on the preparations, but only S-enantiomer has

pharmacological activities [107,122].
O

OH

O

Figure 1.10. Ketoprofen structure.

Ketoprofen was studied in numerous animal models, and it has the ability to reduce
acute, subacute and chronic inflammation, and showed a 20 times more potent activity than
ibuprofen in reducing inflammation in a subacute rat model. Furthermore, it also present
potent peripherally acting analgesic effects [122].

Its potent action as anti-inflammatory is a result of its great inhibitory effect on PG
synthesis and its strong COX inhibitor capacity [107,122]. In addition, ketoprofen also inhibits
the lipoxygenase pathway of the arachidonic acid cascade. This pathway generates
noncyclized monohydroxy acids (HETE - 5-Hidroxyeicosatetraenoic acid) and leukotrienes,
both responsible for leukocyte migration and activation and leukotrienes also increase
vascular permeability (Figure 1.11). The inhibition of this pathway reduces cell-mediated
inflammation and consequently reduces tissue destruction. Moreover, ketoprofen also
inhibits bradykinin, a peptide that mediates pain and inflammation [122].
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Figure 1.11. Ketoprofen acts as anti-inflammatory through the inhibition of COX1 and COX2 and
consequent decrease of prostaglandin synthesis, and also through the inhibition of the lipoxygenase pathway of
the arachidonic acid cascade that is responsible for the production of noncyclized monohydroxy acids (HETE) and
leukotrienes.

Although the R-enantiomer of ketoprofen in therapeutically inactive, it is responsible
for the side effects of ketoprofen that are expressed by gastrointestinal damages and
nephrotoxicity, a major cause of morbidity and mortality [107,109]. Actually, ketoprofen is
one of the most ulcerogenic NSAIDs, due to its nonselective COX inhibition [109,123].
Because, unlike COX2, COX1 is constitutively expressed in the body and its responsible for
kidney and stomach protection against damage and prostaglandin synthesis needed for
housekeeping functions [103,104].

As mentioned herein cancer is a major health problem worldwide and is highly
associated with inflammation, especially in the case of CRC. Therefore, in this work a mixture
of a natural occurring anticancer molecule and an anti-inflammatory drug were combined in
a THEDES, in order to create a potential new anticancer pharmaceutical with improved
characteristics and that follows the green chemistry metrics. For that, terpenes, such as
menthol, linalool and safranal, and NSAIDs, specifically ibuprofen, flurbiprofen and
ketoprofen, were combined as a eutectic mixture to evaluate their anticancer activity against
CRC and the mechanisms behind their effect.
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AIM

The main aim of this thesis is to combine NSAIDs with naturally occurring compounds
as a THEDES, to evaluate their specific anti-tumour potential against CRC. For that NSAIDs,
namely ibuprofen, flurbiprofen and ketoprofen, were combined with terpenes, such as
menthol, safranal and linalool, to further proceed with their biological activity assessment.
This thesis is a result of a highly interdisciplinary work which involved several scientific areas
in order to achieve this main goal.

Within the chemistry area, new THEDES were prepared and physical-chemically
characterized by NMR (Nuclear Magnetic Resonance) and POM (Polarized Optical
Microscope). After that, with the aim to analyse the potential of these systems as increases of
NSAIDs bioavailability, their pharmaceutical properties were evaluated through the
assessment of NSAIDs solubility and permeability.

In order to determine the therapeutic window of these THEDES, their effect against
normal and cancer cells was evaluated through their cytotoxic and antiproliferative effects.
Continue on the biological analysis, the effect of THEDES on inflammation, induction of
apoptosis via caspase-3 and membrane integrity were evaluated to understand the
mechanisms behind their anticancer activity against CRC. To achieve this aim, some of the
protocols were optimized before the performance of the assays.

Part of the work herein described has been presented at two international conferences:
Greenering International Conference and International Meeting on DES.
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3
MATERIALS AND METHODS

3.1. THEDES preparation

THEDES were prepared using menthol (Me, ref. W266507-1000, Sigma), safranal (Saf,
ref. W338907, Sigma-Aldrich), linalool (Lin, ref. W263516-1KG-K, Sigma), ibuprofen (IBU, ref.
B20989, Alfa Aesar), flurbiprofen (Flu, ref. F8514, Sigma-Aldrich) and ketoprofen (Ket, ref.
K1751, Sigma-Aldrich). Different eutectic mixtures using these individual compounds were
prepared in different molar ratios. THEDES were prepared by heating both components at
50°C, under constant stirring, until a clear liquid was formed. Afterwards, THEDES were left
to cool down at room temperature (RT), without stirring. THEDES were prepared right before
each assay or were kept at -20 °C until being used.

3.2. POM

A drop of THEDES at RT was deposited in a microscope glass slide and observed by a
transmission mode of an BX-51 polarized optical microscope (Olympus, Tokyo, Japan)
coupled to an Olympus KL2500 LCD cold light source. The imagens were acquired with a
digital camera (Olympus DP73) connected to the microscope, and Olympus Stream Basic 1.9
software (Olympus, Tokyo, Japan) was used to treat the images.

3.3. NMR

The NMR analysis was performed in a 400.13 MHz Bruker Avance III (USA).
Approximately, 10 mg of THEDES and individual compounds were dissolved in 500 pL
dimethyl sulfoxide-ds (DMSO-ds, ref. DO10ES-0050, Euriso-Top) or chloroform-d (ref. D007H-
0100, Euriso-Top) in a 5 mm NMR tube.

The assignment of the THEDES and individual compounds signals was done using
MestReNova 11.0 software (Mestrelab Research, Spain). 'H, 2D-COSY (Correlated
Spectroscopy), 2D-HMBC (Heteronuclear Multiple Bond Correlation) and 2D-NOESY
(Nuclear Overhauser Effect Spectroscopy) experiments were obtained at 298 K, using
tetramethylsilane (TMS - MesSi) as chemical shift reference in the 1lH NMR experiments (6
TMS = 0 ppm). Chemical shifts were expressed in ppm. All the experiments were performed
when the systems were in equilibrium and no changes in their properties were observed.
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3.4. Solubility Assessment

The solubility measurements were performed using the NSAIDs in powder form, in
THEDES form and as a physical mixture. An excess of NSAIDs in the three forms were added
to 1 mL of PBS (Sigma Aldrich, St. Louis, MO, USA) and put on a bath at 37 °C (LSB 12 Aqua
Pro, Grant, United Kingdom) and stirred during 72 h. 600 uL of sample were retrieved from
the aqueous phase. Then, the samples were filtered using a hydrophilic PTFE syringe filter
with a 0.22 pm pore size (Filter Lab, Barcelona, Spain). At least three replicates were
performed. The NSAIDs solubility was quantified by high-performance liquid
chromatography (HPLC), using a Thermo Scientific Finnigan Surveyor (Thermo Scientific,
Waltham, MA, USA), equipped with a quaternary pump, solvent degasser, auto sampler and
column oven, coupled to a UV-VIS detector (Accela, Thermos Scientific, USA). The column
used was a Eclipse XDB - C18 with 5 pm particle size, pore size 100 A, L x 1.D. 250 mm x 4.6
mm (Agilent, USA) and the column was maintained at 30 °C. The chromatographic separation
was performed using a mobile phase of 50 mM KH,PO, (pH 4.2): acetonitrile = 50:50, v/v.
The volume injected was 10 uL at a flow rate of 1 mL/min with the absorbance of the solutions
measured at 220 nm for IBU and 254 nm for Ket and Flu. The procedure was performed
adapting the protocol described by L. Ascar et al. [124]. For quantification, a calibration curve
was made using the respective NSAIDs as standards.

3.5. Permeability studies

Permeability assessment was performed using glass diffusion Franz cells (PermeGear,
USA) with an 8 mL receptor compartment and an effective mass transfer area of 1 cm2. It was
used a polyethersulphone (PES-U) hydrophilic membrane, with 25 mm of diameter, 150 um
thickness and 0.45 um pore size (ref. 15406-25-N, Sartorius Stedim Biotech, Germany), which
was placed between the donor compartment and the receptor compartment and held with a
clamp. The receptor compartment was filled with 8 mL of PBS and air bubbles formed below
the membrane were removed by carefully tilting the Franz cells for the air bubbles to escape
through the sampling arm. Then, the NSAIDs in powder form or as a THEDES was added to
the donor compartment along with 2 mL of PBS, obtaining a total concentration of 2.5-3
mg/mL. At different time points (10 min and hourly from 1 to 8 h) 400 uL were retrieved from
the receptor compartment and replaced with the same volume of fresh PBS. The experience
was conducted at 37 °C under constant stirring at 200 rpm using a magnetic bar to eliminate
the boundary layer effect. At least three replicates were performed. The determination of the
NSAID diffused was performed by HPLC, as described for the solubility assay (Section 3.4).

The cumulative mass of API that pass to the receptor compartment was determine
considering the replacement of the aliquots with fresh PBS and the dilution associated with

it. The permeability (P) of the NSAIDs was calculated using equation 3.1:

2C 2A
—ln(l——t>=—xth 3.1
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Where C; is the concentration (mol/L) in the receptor compartment at time ¢ (h), Co is
the initial concentration (mol/L) in the donor compartment, A is the effective area of mass
transfer (cm?), V is the total volume in both compartments (cm?), and P is the permeability
(cm/s) [58,125].

Fick’s first law of diffusion enables further the determination of the NSAIDs" diffusion

coefficient (D) through the membrane using the derived equation 3.2:

3.2

VixV, h 1 /C—(
= x—x—m( )
Vi+V, At \C—C
Where D is the diffusion coefficient (cm?/s); Cr and C; are the final and initial
concentration (mol/L) in the receptor compartment and C;is the concentration in the receptor
compartment at time ¢ (h). V; and V; are the volume in the donor and receptor compartment
(cmd) respectively, h is the thickness of the membrane (cm) and A is the effective area of mass
transfer (cm?) [58,126].
The partition coefficient (K;) is a measurement of the solubility of the solute in the

membrane and is calculated according to equation 3.3:

_th

Ka =3 3.3

Where P is the permeability (cm/s), h is the membrane thickness (cm) and D is the
diffusion coefficient (cm2/s) [125].

3.6. Cell Culture and sub-culturing

HT?29 cell line (Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ),
Germany) and Caco-2 cell line (Deutsche Sammlung von Mikroorganismen und Zellkulturen
(DSMZ), Germany), two immortalized human colorectal adenocarcinoma cell lines, were used
were used for this study. HT29 cells were maintained in Gibco Roswell Park Memorial
Institute (RPMI, Corning, USA) 1640 medium with phenol red, supplemented with 10 % (v/v)
of heat-inactivated fetal bovine serum (FBS, Corning, USA) and 1 % (v/v) of penincilin-
strepmycin (PS, Corning, USA). Caco-2 cells were maintained in Dulbecco's Modification
Eagle's Medium (DMEM, Corning, USA) with phenol red, supplemented with 10 % (v/v) of
FBSand 1 % (v/v) PS. Cell cultures were routinely grown as a monolayer in a 75 cm? culture
flasks (Falcon, Corning, USA) until reach 80-90 % of optical confluence in a humidified
atmosphere, at 37 °C with 5 % of CO.. Afterwards, sub-culturing was achieved by detaching
cells from the T-flask through the addition of trypsin (ref. 25-050-CI, Corning, USA) for
approximately 10 min at 37 °C. Then, sub-culturing medium (culture medium with 10 % FBS
and 1 % PS) was added to neutralize trypsin effect. Thereafter cells were centrifuge
(601900066, Z 206, Hermle, Germany) at 200g for 10 min, supernatant was discarded by tube
inversion, and cells were resuspended in 3 mL of sub-culturing medium. After that, cells were

counted in a Neubauer hemocytometer using Trypan Blue dye (Corning, USA) in order to
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differentiate living cells from dead cells, (according to Figure 3.1) and cell concentration was

calculated using the equation 3.4:

number of cells counted
[Cells] = x DF x 10* 3.4
number of squares

Where [Cells] is the cells concentration (cells/ml) and DF is the dilution factor. The
calculated cell concentrations were used for further cell assays.

Figure 3.1. Hemocytometer chamber scheme for cell counting.

3.7. Cell Thawing

Cells were thawed in a 37 °C bath, with gentle agitation, then 9 mL of cell sub-culturing
medium was added. Both living and dead cells were counted, as previous described (Section
3.6), and cell viability was accessed using equation 3.5. Cells were cultured with at least 60 %
of cell viability. Cells were then transferred to a 25 cm? T-Flask (Falcon, Corning, USA) to
ensure quality cell culture recovery.

viabilicy — [live cells] % 100 3.5
ceRVIaDIY = Tlive cells] + [dead cells] |

3.8. Cell Freezing

HT29 and Caco-2 cell cultures were frozen after reaching 80-90 % as a confluence
monolayer in an 150 cm? T-Flask. The detachment of cells was done as previous described in
the sub-culturing procedure (Section 3.6). Afterwards, cells suspensions were resuspended in
freezing culture medium (prepared according to Table 3.1). Cells were then counted, as
described before (Section 3.6), and cell concentration was determined according to equation
3.4. Knowing the cell concentration value, the amount of freezing culture medium and DMSO
cryoprotectant agent (ref. 25-950-CQC, Corning, USA) was calculated in order to reach 1 mL
per cryovial with 2x100 cells/mL.
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Freezing medium with DMSO and cell suspension was kept on ice during the transfer
of cell to the cryovials. The cryovials were then store in a CoolCell freezing container (432002,
Corning, USA) for 24 h at -80 °C, which allows a slow cooling rate (1°C/min) to minimize
damage due to osmotic imbalance and intracellular ice crystal formation.

Table 3.1. Freezing culture medium and cryoprotectant agent volume to freeze HT29 and Caco-2 cell lines.

; Freezing culture Cryoprotectant agent )
Cell lines ; Freezing temperature
medium (CPA) - DMSO
HT?29 RPMI + 10 % FBS 10 % -80 °C for short to middle
term storage or -196 °C for
Caco-2 DMEM + 10 % FBS 10 % long term storage

With this protocol, it was possible to create a cell bank. For that, factory stock cells were
sub-culture and, after reaching a stable behaviour and optimal optical confluence, were frozen
according to this protocol.

3.9. Cell viability assessment

In a preliminary approach to evaluate the realistic anticancer effect of a drug, it is
important to choose the appropriate cellular model. There are more than 70 CRC cell lines
described that depending on their genetic background, represent different types of CRC. The
most used cell lines are Caco-2, COLO 320, HCT15, HCT116, HT29 and SW480 [127]. For this
study HT29 and Caco-2 colonic cell lines were used.

HT29 (Figure 3.2) is a human colon adenocarcinoma cell line isolated from a primary
tumour of a 44 years old Caucasian female in 1964. These cells are extensively used to study
the biologic aspects of human cancers [128]. In the presence of glucose and serum these cells
present an undifferentiated phenotype, like in cancer [128,129].

Figure 3.2. HT29 cell line in culture.

Caco-2 cell line (Figure 3.3) is also a human colon adenocarcinoma cell line originated
from a human colon carcinoma, that when cultured in the presence of glucose and serum and
after 7 days of seeding, lead to a cell’s monolayer growth with characteristics similar to mature
enterocytes. This cell model can mimic the intestinal barrier and can be used to evaluate
transport properties [129,130]. Therefore, these cells are widely used as a model of normal
intestine cells.
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Figure 3.3. Caco-2 cell line in culture.

To access cell viability, MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxypheny]l)-
2-(4-sulfophenyl)-2H-tetrazolium) viability agent was used, since it is an in vitro cytotoxicity
assay easy to use, economic, precise, rapid, sensitive, with high accuracy and reproducibility.
This assay is based on the conversion of this tetrazolium salt into a coloured formazan by
mitochondrial dehydrogenase enzymes in viable cells. Thus, the amount of formazan
produced is directly proportional to the number of living cells and can be measured at 490 nm
[131].

3.9.1. Cytotoxicity Assay

Cytotoxicity effect of THEDES and individual compounds was evaluated in confluent
Caco-2 cells. For that, cells were seeded into 96-well plates (Falcon, Corning, USA) at a density
of 2x105 cells/mL and allowed to grow for 7 days, with medium renewal every 48 h. At day
7, cells were incubated with different concentrations of the samples diluted in sub-culture
medium or just sub-culture medium (controls). After 24 h, cells were washed twice with PBS
(Sigma-Aldrich, USA) and cell viability was assessed using MTS (16 %) (CellTiter 96® AQueous
One Solution Cell Proliferation Assay, PROMG3581, Promega, USA) in a dilution of 1:10 in
assay culture medium (DMEM+0,5 % FBS). Cell viability was measured after 3 h by UV-vis
spectroscopy at 490 nm in a microplate reader (HH35L2019044, Victor Nivo 3S, Perkin Elmer,
USA). At least three replicates were performed in triplicate. The results are expressed in
percentage of living cells relatively to the control and the effective concentration values (ECso
- concentration necessary to decrease 50 % of cell viability) were obtained from dose-response
curve fit using software GraphPad Prism 8.0 (GraphPad Software, California).

3.9.2. Antiproliferative Assay

Antiproliferative effect of THEDES and individual compounds was evaluated in HT29
cells. For that, cells were seeded at a density of 1x105 cells/mL in 96-well culture plates
(Falcon, Corning, USA). After 24 h cells were exposed to different concentrations of the
samples diluted in sub-culture medium or just sub-culture medium (controls). 24 h later, cells
were washed twice with PBS and MTS (16 %) was added to all the wells in a dilution of 1:10
in assay culture medium (RPMI+0,5 % FBS). Cell viability was measured after 3 h by UV-vis
spectroscopy at 490 nm in a microplate reader (HH35L2019044, Victor Nivo 3S, Perkin Elmer).
At least three replicates were performed in triplicate. The results are expressed in percentage

of living cells relatively to the control and effective concentration values (ECs - concentration

32



necessary to decrease 50 % of cell viability) were obtained from a dose-response curve fit using
GraphPad Prism 8.0 software.

3.10. Lactate Dehydrogenase (LDH) Release

The effects of THEDES on membrane integrity were evaluated trough the release of
LDH to extra cellular medium.

LDH is a cytoplasmatic enzyme responsible for the conversion of lactate into pyruvate
coupled with the reduction of NAD* to NADH. LDH is only released to the extra cellular
medium when membranes collapse, so when LDH crosses the damage membrane to the
extracellular medium it becomes available to quantify through the conversion of lactate to
pyruvate with the release of NADH [132].

In 1973, Babson and Babson described a colorimetric assay to measure LDH release, in
which the reduction of NAD* to NADH is coupled to the reduction of tetrazolium salt in the
presence of an intermediate electron carrier, that originates an orange formazan dye [133]

(Figure 3.4).
/“ W

Pyruvate NADH
KK -------). LDH X electron
mediator
\.___,/ Lactate NAD* Orange

v

Damaged cell membrane

Figure 3.4. Colorimetric reaction to measure LDH release. LDH is responsible for the conversion of lactate
in pyruvate coupled with the reduction of NAD+ to NADH. The NADH will reduce the water-soluble tetrazolium
salt (WST) in the presence of an electron mediator, originating an orange formazan dye.

Hence, LDH-Cytox™ Assay Kit (426401, Biolegend, San Diego, California, USA) was
used, accordingly to the manufacturer.

Firstly, cell density was tested to determine the optimum number of cells, for that cells
were seeded at sequential concentrations (from an initial cell suspension with 5x105 cells/ml,
and using concentrations within the range of 2,5x105 to 3,9x10° cell/ml) in a 96-well culture
plate with RPMI medium supplemented with 5 % FBS (LDH medium). 100 pL of the cell
suspension was added to the first well after adding 100 pL of LDH medium to each well, and
sequential dilutions were performed in the plate. The 2-fold serial dilution was done in
triplicate for the Hight Control (death control) and in triplicate for the Low Control (live
control). The plate was incubated for 24h in a 37 °C incubator.

To test the THEDES systems, some modifications were made to the protocol. Briefly,
100 pL of cell suspension with 2.5 x 105 cells/ ml of sub-culturing medium was added to each
well of the 96-well plate and incubate for 24 h at 37 °C in the incubator. The medium was
discarded by plate inversion and 100 uL of LDH medium was added to the “High Control”,
“Low Control” and “Background Control” (without cells) wells. Additionally, 100 pL of a 2-
fold serial dilution of the tested compounds was performed in the LDH medium until
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reaching seven different concentrations. At least two replicates were performed in triplicate
for all the dilutions. Furthermore, the plate was incubated for 24 h at 37 °C.

The LDH measurement was done by adding 10 pL of Lysis Buffer to the High Control
wells and incubate 30 min at 37 °C. When THEDES were tested, after the incubation with the
Lysis Buffer, cells supernatants were transferred to clear bottom 96-well plate. Thereafter, 100
uL of Working Solution was added to each well and incubated at room temperature for 20
min, and the absorbance was measured at 490 nm, in a microplate reader (HH35L2019044,
Victor Nivo 3S, Perkin Elmer).

Before the optimized protocol described above, some different approaches were tested,
such as i) using different cell concentrations (3.13 x 10* or 2.5 x 105 cells/ml) and volume (50
or 100 pL), ii) apply different incubation times (10, 15 and 20 min), iii) test only the EC50
concentrations of the test compounds, or iv) measure the absorbance of the control before the
addition of the test compounds.

The results are expressed in percentage of LDH released in comparison to the "High
Control" and "Low Control", calculated using the equation 3.6.

DH rel d (%) — Abs(Test Substance) — Abs("Low Control") % 100 36
release ( 0) - Abs("ngh ContrOl") _ AbS("LOW COIltI‘Ol") .

3.11. Anti-inflammatory Potential Assessment

3.11.1. Intracellular ROS Production

DCFH-DA (dichlorofluorescin-diacetate) is the most widely used probe to detect
oxygen species. DCFH-DA crosses the cell membrane and is hydrolysed enzymatically by
intracellular esterases to nonfluorescent DCFH (dichlorofluorescin), which is retained in the
cell. When in the presence of ROS, DCFH is oxidized to fluorescent dichlorofluorescein (DCF)
(Figure 3.5). The fluorescence emitted by the DCF is directly proportional to the concentration
of ROS and can be measured in a microplate reader or by flow cytometry [134,135].

34



CF
0.
-,

) G n® D
> hydrolysis "' G 2 G O oxidation 1) o
- COOH Cl Cl
HOOC =0 O ! COOH

a’ ococH, ©F DCFH
DCFH-DA

Figure 3.5. DCFH-DA reaction for detection of ROS. DCFH-DA crosses the cell membrane where it is
hydrolyzed by esterases originating DCFH. Then, DCFH reacts with ROS and is oxidated to the fluorescent DCF
(Adapted from [136]).

To access the effects of THEDES on ROS production, HT29 cells were seeded in a 24-
well plate at a density of 1.52x105 cells/mL. After 24 h cells were exposed to THEDES and
their individual compounds diluted in sub-culture medium, or sub-culture medium alone
(control), during 1h. Then, the culture medium was removed, and cells were washed twice
with PBS.

To quantify the presence of ROS, 600 uL of DCFH-DA in a 25 pM concentration was
added to each well for 1 h. Fluorescence was measured in a microplate reader
(HH35L2019044, Victor Nivo 3S, Perkin Elmer) applying an excitation wavelength of 480 nm

and an emission wavelength of 530 nm. At least three replicates were performed in triplicate.

3.11.2. NO Production

To access the effects of THEDES on NO production, HT29 cells were seeded in a 24-well
plate at a density of 1.52x105 cells/ml. After 24 h cells were exposed to THEDES and their
corresponding individual compounds diluted in sub-culture medium or sub-culture medium
alone (control). To measure the amount of NO produced, a Griess reagent-based kit (ab234044,
Abcam, Cambridge, United Kingdom) was used. After 24h of exposure to the compounds,
100 pL of the supernatants was recovered to a new 96-well plate without cell treatment. Firstly,
80 uL of Nitrite assay buffer was added, followed by 10 uL of Griess reagent I and 10 pL of
Griess reagent II, and incubation at room temperature during 10 min. The background control
wells were prepared with 90 pL of nitrite assay buffer and 10 pL of Griess Reagent I
Absorbance was measured at 540 nm, in a microplate reader (HH35L2019044, Victor Nivo 35,
Perkin Elmer).

Before the optimized protocol described above, some different approaches were tested,
such as i) expose cells only 1h to the compounds, ii) discard the supernatant and lyse the cells
with 100 pL of ice cold Nitrite Assay Buffer (with or without mechanical detachment of cells),
putting them next on ice for 10 min, then centrifuge at 13 000 rpm for 5 min and recover the
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supernatant to perform the assay, or iii) inducing inflammation with 600 pM de AAPH (2,2'-
azobis(2-amidinopropane) dihydrochloride) or 10 mM of H>O- for 1h.

3.11.3. IL-8 ELISA

A sandwich enzyme-linked immunosorbent assay (ELISA) was performed to quantify
the amount of IL-8 produced by cells after being exposed to the THEDES and individual
compounds (Figure 3.6). The sandwich ELISA consists on the use of two antibodies, a capture
antibody and a detection antibody. First, the capture antibody is fixed on the plate, then, to
avoid unspecific binding, a blocking buffer solution is added to block the remaining protein-
binding sites. After that, the samples in study are added to the wells of the coated plate
followed by the addition of the detection antibody. Then, streptavidin-horse radish
peroxidase (HRP) is added to the plate. Streptavidin is a protein that binds to biotin of the
biotinylated detection antibody, coupled to an HRP enzyme. When the substrate (3,3',5,5'-
Tetramethylbenzidine - TMB) is added, the HRP oxides the substrate, and a blue colour is
originated. Then the stop solution is added, acidifying the medium, which leads to the

formation of a yellow colour.
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Figure 3.6. Sandwich ELISA method. First the plate wells are coated with capture antibody and blocking
buffer to avoid unspecific protein bindings. After the coating the samples are added to the wells. Secondly, the IL-
8 binds specifically to the capture antibody. Thirdly, the biotinylated detection antibody is added and binds to the
immobilized IL-8. Finally, streptavidin-HRP binds to the biotin and catalyses an enzymatic colour reaction,
originating a blue solution. Image created with BioRender.com.

For that, cells were seeded at 2x10¢ cells/mL for 24h and then exposed to THEDES and
their respective individual compounds diluted in assay culture medium, or assay culture
medium alone (control) during 24 h. At least three replicates were performed. Then, the
supernatants were recovered to Eppendorfs, frozen in liquid nitrogen and stored at -80 °C

until the ELISA assay.
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The ELISA assay was performed according to the manufacturer (900-T18, Peprotech by
Tebu-bio). First, the ELISA plates (Nunc-Immuno MaxiSorp™ F96 flat-bottom, M5785,
Thermo Fisher Scientific, EUA) were exposed to 100 pL of 0.125 pg/mL of capture antibody
overnight. Then, the liquid was removed by plate inversion, and the plates were washed four
time with 300 pL of wash buffer (0.05 % Tween-20 (P7949-100ML, Sigma, EUA) in DPBS
(Dulbecco's phosphate-buffered saline) 1x (14200075, Gibco, US)). After, plates were
incubated with 300 uL of Block Buffer (1 % BSA (Bovine serum albumin) (A7030-0010, Sigma,
EUA) in DPBS 1x) for 1 h at RT in the dark. Then, the liquid was removed by plate inversion,
and the plates were washed four time with 300 pL of wash buffer. Afterwards, 100 pL of the
biological samples or of the calibration curve samples in triplicate were added, and incubated
at RT and in the dark for 2 h. Then, the liquid was removed by plate inversion, and the plates
were washed four time with 300 uL of wash buffer. Next, 100 pL of 0.25 pg/mL of detection
antibody was added to each well, and incubated at RT in the dark for 2 h. After that, the liquid
was removed by plate inversion, and the plates were washed four time with 300 pL of wash
buffer. Following that, 100 uL of 0.1 ng/mL of streptavidin-HRP was added to each well, and
the plates were incubated 30 min at RT in the dark. After that, the liquid was removed by
plate inversion, and the plates were washed four time with 300 pL of wash buffer. Then, 100
uL of substrate solution (TMB, 421501, BioLegend, EUA) was added to each well, and
incubated for 20 min at RT. Finally, 100 pL of stop solution was added to each well and
absorbance was measured at 450 nm and 620 nm, in a microplate reader (HH35L2019044,
Victor Nivo 3S, Perkin Elmer).

3.11.3.1. Bradford

The Bradford assay is a simple, fast and sensitive method used to quantify the total
protein concentration. This assay was reported by Bradford in 1976 and depends on the
binding of the dye Coomassie Brilliant Blue G-250 to the proteins. This dye exists in two color
forms, where the red form is converted into the blue form when the dye binds to the protein.
Therefore, the amount of protein can be estimated by measuring the amount of dye in the blue
form at 595 nm [137].

To quantify the total amount of protein produced by cells after being exposed to the
THEDES and individual compounds, the Bradford assay was performed. The concentration
of proteins produced by cells is necessary in order to normalize the ELISA results to the total
protein synthesis.

First, a calibration curve of BSA was prepared by diluting a 2 mg/mL stock into 1
mg/mL, 0.8 mg/mL, 0.6 mg/mL, 0.4 mg/mL, 0.2 mg/mL and 0 mg/mL in water. Secondly,
the test samples were diluted in a 1:2 dilution factor. Then, 5 pL of each test sample and
calibration curve samples in triplicate was pipetted to a 96-well plate. After that, 250 pL of
Bradford reagent (B6916, Sigma-Aldrich, EUA) was added to the samples and incubated for
30 min at RT in the dark. Finally, the absorbance was measured at 595 nm, in a microplate
reader (HH35L2019044, Victor Nivo 3S, Perkin Elmer).
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3.12. Caspase-3 Activity

To evaluate THEDES potential to activate apoptosis via caspase-3 pathway, HT29 cells
were seeded in a 24-well plate at a density of 1.52x105 cells/mL for 24 h. Then, cells were
exposed to THEDES and their individual compounds diluted in sub-culture medium or sub-
culture medium alone (control) during 24h. At least three replicates were performed. After
that period, the culture medium was removed, and cells were washed twice with PBS.

In order to stain living and death cells, NucView®488 and MitoView™633 Apoptosis
Assay Kit (Biotium, USA) was used. This assay is based on the fluorescence of two dyes,
NucView 488 Caspase-3 Substrate and MitoView 633 mitochondrial membrane potential dye.
NucView 488 detects caspase-3 activity within intact cells without inhibiting apoptosis.
NucView 488 is a fluorogenic DNA dye substrate and a DEVD substrate moiety. The
substrate, that are nonfunctional and non-fluorescent, crosses the plasm membrane where it
is cleaved by caspase-3, releasing a high affinity DNA dye. This free dye migrates to the
nucleus and stain the DNA with green fluorescence. MitoView 633 is a far-red fluorescent cell
membrane permeable dye that becomes fluorescent by accumulating in mitochondria.
Mitochondrial staining is dependent on mitochondrial membrane potential, therefore, death
cells that lost their mitochondrial membrane potential show much lower staining than healthy
cells.

Staining was performed by adding 200 pL/well of assay culture medium containing 1
pL of NucView®488 and 1 uL of MitoView™633 to cells for 2h at 37 °C. Cells were then
washed with PBS and re-suspended in 200 pL/well of PBS for fluorescence microscopy
observation (Zeiss, Axio Vert Al, Germany) with a Colibri 7 (Zeiss, Germany) light source.
Cells were subjected to an excitation and emission wavelengths of 631 nm and 650 nm,
respectively for MitoView™633, and excitation wavelength of 500 nm and emission
wavelength of 520 nm for NucView®488.

3.13. Statistical Analysis

The statistical analysis was carried out using GraphPad Prism 8.0 (GraphPad Software,
California). All data are expressed as mean * Standard Deviation (SD) and significant
differences were calculated comparing the different compounds with the control. P-values
smaller than 0.05 were considered statistically significant (confidence interval of 95 %). To
analyse significant differences, different statistical tests were used. First the normality of the
results was tested using the Shapiro-Wilk test. When the results followed a normal
distribution One-Way ANOVA was used to perform the comparations following Dunnett or
Tukey multiple comparison test. On the other hand, when results did not correspond to a
normal distribution Kruskall-Wallis test was used.
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4
RESULTS AND DISCUSSION

4.1. THEDES Preparation

THEDES are a combination of two or more components, containing an API, that, in a
specific molar ratio, present a lower melting point than its individual elements. In order to
produce THEDES combining terpenes and NSAIDs, different molar ratios were tested to
evaluate which ones are liquid at RT. The results are presented in Table 4.1.

Table 4.1. Different THEDES prepared. 2 Valour retrieved from [138]

THEDES
Molar Ratio | Visual aspect at RT
Terpene NSAID

Me IBU 3:1 Liquid a
1:1 Solid
2:1 Solid

Saf IBU 31 Liquid
4:1 Liquid
8:1 Liquid
31 Liquid

Me Flu 4:1 Liquid
8:1 Liquid
31 Solid

Lin Flu 4:1 Liquid
8:1 Liquid
31 Liquid

Me Ket 4:1 Liquid
8:1 Liquid
31 Liquid

Lin Ket 4:1 Liquid
8:1 Liquid
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Me:IBU (3:1) was selected for further analysis since this molar ratio was already
reported as a liquid at RT, as a IBU solubility and permeability enhancer, and was associated
with antiproliferative activity [58,60].

Since the aim of this work is to evaluate the effect of different combinations of anti-
inflammatory drugs with terpenes, it was chosen a similar molar ratio among the different
systems for comparison purposes. The 8:1 molar ratio was not selected since at this ratio the
amount of terpene is so high that could overcame the effect of the anti-inflammatory agent.
Given that Lin:Flu (3:1) is solid at room temperature, the molar ratio 4:1 was selected for all
systems. Except for Me:IBU where a 3:1 ratio was chosen according to its previous report and
directly compared with Saf:IBU (3:1).

From the different prepared THEDES, Saf:IBU (3:1), Saf:IBU (4:1) Me:Flu (4:1), Lin:Flu
(4:1), Me:Ket (4:1) and Lin:Ket (4:1) were chosen for further work since they are liquids at RT.
Moreover, all these THEDES are also liquids at body temperature, a critical feature for the
biological assays and further therapeutic applications.

4.2. NMR Studies

DES are combinations of two or more components, that, in a specific molar ratio, present
a lower melting point than its individual elements. This phenomenon may be attributed to the
charge delocalization resultant of the hydrogen bonding between a HBD and a HBA [3,47,48].
The H-bond is a result of a charge transfer between a HBA and a HBD that can be detected by
Fourier transform infrared spectroscopy (FTIR) and NMR [48].

To characterize the THEDES in study and verify possible intermolecular interactions,
usually assigned to DES, NMR spectroscopy was performed for the individual compounds
(Figure 4.1) and the prepared THEDES (Figure 4.2).
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Figure 4.1. TH NMR spectra and pick assignment of (A) IBU, (B) Saf, (C) Lin, (D) Me, (E) Flu and (F) Ket.
Samples prepared in DMSO-dg.
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Figure 4.2. 1TH NMR spectra and signal assignment of THEDES (A) Saf:IBU (3:1), (B) Saf:IBU (4:1) (C) Lin:Flu
(4:1), (D) Lin:Ket (4:1), (E) Me:Flu (4:1) and (F) Me:Ket (4:1). Samples prepared in DMSO-ds.
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NMR is a technique commonly used to determine the presence of a concrete compound,
analyse their purity, confirm mixture molar ration and evaluate interactions (type of
interactions and atoms involved) [50,52].

Looking at the individual compounds spectra it is possible to confirm their purity, since
the spectra present in Figure 4.1 for Saf, IBU, Lin, Me, Flu and Ket are in accordance with the
previous reported in literature [60,138-141]. Additionally, it is possible to confirm THEDES
molecular ratio since the signal integral values of the systems spectra increases proportionally
to the molar ratio of the formulations (Figure 4.2).

The assignment of the signals was achieved by comparison with reported spectra, and
also with HMBC spectra performed for all THEDES in study (Figure A.1 of the
Supplementary Information) and one homonuclear COSY obtained for Me:Flu (4:1) (Figure
A.2 of the Supplementary Information). Results present in the Supplementary Information.

Moreover, the existence of hydrogen bonding interactions can be verified in the spectra
of Lin:Flu (4:1), Lin:Ket (4:1), Me:Flu (4:1) and Me:Ket (4:1). That is supported by the
differences on the chemical signals of the Me and Lin hydroxyl group (-OH), that isolated is a
multiple (6 = 4.28 ppm and 6 = 4.39 ppm, respectively) (Figure 4.1), while in THEDES
spectrum became a large singlet with 6 = 4.32 ppm (Figure 4.2). This alteration in the spectra
is an hallmark of hydrogen-bound interactions [142]. Furthermore, it is possible to observe a
suppression of the signals corresponding to IBU, Flu and Ket’'s -OH when in THEDES form
(Figure 4.2), which is also an indicative of the potential establishment of hydrogen bound
interactions between the compounds in THEDES formulations.

The NMR analysis for Me:IBU (3:1) was well described by Eduardo Silva et al., where
the hydrogen interactions between Me and IBU are present, and suggest the formation of a
DES [60].

These observations strongly indicate that hydrogen bond interactions are established
between the Me or Lin hydroxyl groups, as hydrogen bond donors, and the Flu and Ket
hydroxyl groups, as hydrogen bond acceptors. To additionally support these conclusions, 1H-
1H-NOESY spectroscopy was performed (Figure 4.3 and Figure A.3 of the Supplementary
Information), where physical proximity between the -OH groups of the THEDES’ compounds

was observed.
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Figure 4.3. NOESY NMR spectra, signal assighment and interactions assignment of THEDES Me:Ket (4:1).
Samples prepared in DMSO-dg.

For Saf:IBU (3:1) and Saf:IBU (4:1) these interactions are, however, not observed. Other
interactions may occur, such as Van der Waals interactions. Additionally, it has already been
reported eutectic systems that did not show interactions observed by NMR spectroscopy, but
it was verified that its bioactivity was different comparing with its physical mixture, hence
complying with the hypothesis that the THEDES are more than a physical mixture of two
components [56]. Therefore, Saf:IBU-based systems need to be further analyzed in the future.

43. POM

Morphological characterization of THEDES was performed with POM. [52]. Eutectic
mixtures were observed under polarized light that allows the detection of crystals. This
provide an indication of an homogeneous and amorphous mixture [52].

The results obtained are present on Figure 4.4, and it is observable for all THEDES a
black image, which reveals an amorphous and homogeneous liquid. This indicates a
successful production of THEDES since no solid-like crystals are present, as expected for an
eutectic mixture [143,144].
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Figure 4.4. POM results obtained for a) Lin:Flu (4:1), b) Lin:Ket (4:1), c) Me:Flu (4:1), d) Me:Ket (4:1), e)
Saf:IBU (3:1), f) Saf:IBU (4:1) and g) Me:IBU (3:1).

The main advantages of having an amorphous structure, is the absence of

polymorphisms and the possibility to increase API solubility and permeability, since there is
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a physical and morphologic change of the compound. Thus, these eutectic systems have been
reported for drug bioavailability and transdermal delivery enhancement [52,54,58]. All these
features, especially the amorphous structure obtained, are important for the pharmaceutical
tield and the development of more efficient drugs.

4.4. NSAIDs Solubility and Permeability Assessment

NSAID efficacy as a therapeutic agent is highly dependent on its bioavailability. This is
defined by its capacity to be soluble in physiological medium, and to be able to permeate
tissues and cells membranes considering its administration route and the specific target. The
maximum therapeutic efficacy occurs when these compounds present maximum
permeability and solubility at the site of absorption [52,54,145].

Since DES are known to increase solubility and permeability of poorly soluble
molecules, with reports on API's solubility and permeability improvement in PBS at 37 °C
(physiologically-like condition) [52,54,58], it was hypothesized that eutecticity of
combinations of NSAIDs with terpenes would promote the bioavailability enhancement. The
quantitative determination of solubility and permeability was performed and the results are
present on Figure 4.5 and Table 4.2 and Figure 4.6 and Table 4.3, respectively.
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Figure 4.5. Solubility results obtained for the NSAIDs in pure form, in THEDES form and as a physical
mixture. a) Solubility results for IBU and IBU containing systems. b) Solubility results for Ket and Ket containing
systems. c) Solubility results for Flu and Flu containing systems. Results were performed in triplicate. b Valour
retrieved from [58]. Data indicated as mean + SD (Standard deviation). *p<0.05 and **p<0.01. "*" - statistical
significance compared with the control. "#" - statistical significance between different conditions.
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Table 4.2. Solubility results obtained for NSAIDs in pure form, in THEDES form and as a physical mixture.
Results were performed in triplicate. Data indicated as mean + SD. b Valour retrieved from [58].

Solubility (g/L) Solubility (g/L)
IBU 1.28 £0.06 Ket 2.01£0.30
Saf:IBU (3:1) 0.60 £ 0.04 Lin:Ket (4:1) 2.00 £0.08
Saf+IBU (3:1) 0.68 +£0.14 Lin+Ket (4:1) 2.03 £0.07
Saf:IBU (4:1) 0.32+£0.11 Me:Ket (4:1) 2.06 £0.07
Saf+IBU (4:1) 0.70 £0.12 Me+Ket (4:1) 1.97 £0.12
Me:IBU (3:1) 26.80 £2.62°b

Solubility (g/L)
Flu 1.50 +0.22
Lin:Flu (4:1) 1.50 + 0.06
Lin+Flu (4:1) 1.36 +0.14
Me:Flu (4:1) 1.62+0.13

The solubility results show that despite being in a eutectic formulation, Lin:Ket, Me:Ket,
Lin:Flu and Me:Ket, the respective NSAIDs solubility was not affected when compared with
the APIs in powder. Additionally, Me:IBU (3:1) were capable to increase IBU solubility by 21x,
in contrast to Saf-based THEDES that decreased IBU solubility.

The decreased in IBU solubility in the Saf-based THEDES seems to be related with the
presence of safranal, since the physical mixtures also reveal an IBU solubility decrease.
Interestingly, a difference in solubility between Saf:IBU (4:1) and its physical mixture is
observable, which can indicate that Saf:IBU (4:1) acts as a different entity and not just a
mixture of the two compounds.

Permeability was evaluated using a glass diffusion Franz cells with a PES-U membrane.
Franz diffusion cells are a model used to assess skin permeability, since they enable the
assessment of the relationship between skin, drug and formulation. These cells can be
prepared with human or animal skin or with synthetic membranes when biological
membranes are not available. The most used type of synthetic membranes are quality control
membranes, called porous membranes, because of their porosity character. The FDA (Food
and Drug Administration) has defined that porous synthetic membranes are appropriate to
use for epithelial-like tissues formulation performance assessment, since they act as a support
and are not rate-limiting barriers for drugs [146]. The porous membrane that we selected was
PES-U that is a hydrophilic synthetic membrane, very stable in terms of oxidation,
temperature and hydrolysis and with good mechanical properties and high flux [146-149].
However, it also presents a relative hydrophobic character [147], which can give it an
amphipathic behaviour, mimicking better the cell membrane and the passive transport
(diffusion of drug across tissue barriers and cell membrane [150]) through the plasm

membrane.
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Figure 4.6. Permeability results obtained for the NSAIDs in pure form and in THEDES form. a) Permeability
results for IBU and IBU containing systems. b) Permeability results for Ket and Ket containing systems. c)
Permeability results for Flu and Flu containing systems. Results were performed in triplicate. Data indicated as

mean + SD.
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Table 4.3. Permeability results and diffusion coefficients obtained for the NSAIDs in pure form and in
THEDES form. Results were performed in triplicate. Data indicated as mean + SD. b Valour retrieved from [58].

. Diffusion . Diffusion
Permeability .. Permeability ..
coefficient coefficient
(105 cm s1) (105 cm s1)
(106 cm? s1) (106 cm? s1)
IBU 3.52+0.26 1.30+0.22 | Ket 6.40 £ 0.45 3.53+£0.26

Saf:IBU (3:1) 8.14+0.73 3.41+046 | Lin:Ket(4:1) 3.54+0.10 4.01+0.85
Saf:IBU (4:1) 6.21 £0.43 311+£0.73 | Me:Ket (4:1) 2.80 £ 0.06 3.24 £0.41
Me:IBU (3:1) 14.00+1.53b 432+0.34%P

. Diffusion
Permeability ..
coefficient
(105 cm s1)
(106 cm? s1)
Flu 459 +0.20 2.86 £0.83

Lin:Flu (4:1) 8.08 +0.76 5.59+0.18
Me:Flu (4:1) 2.80+0.11 3.11+0.40

Although solubility results did not show significative differences, except for Me:IBU
(3:1), in the case of permeability the results show a different behaviour. Me:IBU (3:1)
continues to be the THEDES with a greater capacity to increase IBU bioavailability, since it
increases both IBU solubility and permeability. In contrast, Saf:IBU (3:1) and Saf:IBU (4:1),
which did not show any differences in the solubility comparatively to the API alone, are able
to increase IBU permeability (Figure 4.6a and Table 4.3).

Moreover, Me:IBU (3:1), Saf:IBU (3:1) and Saf:IBU (4:1) also increased the diffusion
coefficients (Table 4.3) when compared with IBU in pure form, meaning that there is a faster
diffusion of IBU through the membrane [143]. The diffusion coefficient correlates the amount
of API diffused with time, therefore, higher diffusion coefficients mean faster diffusion of the
API through the membrane [58].

In the case of Flu (Figure 4.6b and Table 4.3), Lin:Flu (4:1) had the capacity to increase
Flu permeability and the diffusion coefficient, however, Me:Flu (4:1) was not able to increase
Flu permeability, there is only a small increase on the diffusion coefficient, not statistically
significant.

Although no increase in solubility were previously observed for Saf:IBU (3:1), Saf:IBU
(4:1) and Lin:Flu (4:1), in terms of permeability the scenario changes, most likely due to the
fact that terpenes are skin penetration-enhancing agents [63], allowing a greater permeability
despite the maintenance or slight decrease of the solubilization capacity.

Looking at Ket permeability (Figure 4.6c and Table 4.3), THEDES present lower Ket
permeability when compared to the pure compound, yet, in the case of Lin:Ket (4:1) a little
non-significative increase of the diffusion coefficient is observable.

IBU that showed the lower solubility followed by Flu and then Ket, that was the most
soluble, is the most permeable in THEDES formulations and Ket has shown no increase in its
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permeability. This suggests that more lipophilic compounds are more permeable, as already
reported by Vaishali Pade and Salomon Stavchansky [145].

Although, among terpenes, Me is known to be the most effective penetration enhancer
[63,68], it seems that in our THEDES it is only capable to increase IBU permeability (Me:IBU
(3:1)). For the other NSAIDs Lin seems to be a better penetration enhancer. In addition, for
IBU, Safranal appears to be also a good penetration enhancer (Table 4.3).

The results obtained for IBU, Ket and Flu solubility and permeability are consistent with
results previous reported [58,151-153], and variations can be related with differences in the
membrane used, buffer media, quantification method and/or temperature at which the assay
was performed.

With the results obtained for solubility and permeability we can fit the THEDES within
the biopharmaceutical classification system (BCS). BCS is a classification system provided by
FDA to serve as guideline to predict intestinal absorption. Drugs are classified in four classes,
class I contain drugs that have high permeability and solubility, class II drugs have low
solubility and high permeability, class III drugs present high solubility and low permeability,
and class IV drugs are low soluble and permeable [52]. Initially IBU, Ket and Flu were
classified as class II APIs, meaning that they have low solubility and high intestine membrane
permeability [58,154,155], unfortunately when combined in the THEDES form in study, the
API still belongs to the class II, meaning that they need more than 250 mL to dissolve the
hights recommended dose reported by World Health Organization (WHO) and present
permeability results above 6 x 10-¢ (cm s1) [155,156]. Me:IBU (3:1) is the exception, because it
increases both solubility and permeability, meaning that this THEDES can be classified as a

class I biopharmaceutic [58], which is a great improvement for the biopharmaceutical field.

4.5. THEDES Cytotoxicity and Antiproliferative Effects

In order to evaluate the safety/toxicity, determine the anticancer potential, and assess
the optimal dosage of THEDES as potential therapeutic agents, in vitro cell models were used.
For that, it was necessary to test THEDES effect on cell viability towards two different cell
lines, one representing normal intestine epithelial cells and the other colorectal cancer cells.
This allows to investigate THEDES selectivity towards cancer cells and predict possible side-
effects on non-target cells [59,157].

In this work, MTS cell viability assay was used in two different approaches. In the case
of cytotoxicity, Caco-2 was used to assess the effect of THEDES on cell viability of normal
intestine cells. This assay considers these cells as a confluent monolayer in the stationary phase
of the cell growth curve. Thus, providing an indication of THEDES safety / toxicity. In the case
of the antiproliferative assay, HT29 was used to evaluate THEDES effect on CRC cells
proliferation, considering cells while they are in the log phase. Therefore, providing an
indication of THEDES cytotoxicity towards cancer cells.

The results obtained for THEDES cytotoxicity and antiproliferative activity is present
on Table 4.4. Table 4.4 also presents the selectivity index (SI), which is a parameter calculated
to express the efficacy of a therapeutic agent to inhibit a particular target while not
compromising normal cells viability. This means that it reveals the therapeutic window
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between antiproliferative activity and cytotoxic side effects, as a result of the ratio between
the cytotoxicity and the antiproliferative effect of THEDES [51].

Table 4.4. Cytotoxicity and antiproliferative results obtained for THEDES and corresponding individual
compounds. The results are expressed in terms of ECsyp and corresponding selectivity indexes. Results were
obtained from three independent experiments performed in triplicate. ¢ Values retrieved from [60]. ¢ Value
retrieved from [56]. NC - Not calculated. Data indicated as mean * SD.

ECso (mM)
THEDES/Compounds Selectivity Index
Cytotoxicity =~ Antiproliferative

Saf:IBU (3:1) 482+1.48 0.85+0.25 5.67
Saf:IBU (4:1) 5.87 £1.33 0.77 £0.27 7.62
Me:IBU (3:1) 8.92+1.39¢ 430+0.71¢ 2.53
Me:Ket (4:1) 0.97 £0.33 1.55 £0.45 0.63
Me:Flu (4:1) 146 £0.43 1.38 £0.48 1.06
Lin:Ket (4:1) 2.30 £0.69 3.89 £0.50 0.59
Lin:Flu (4:1) 2.37+0.43 2.05+0.33 1.16
IBU 2.89£0.06 d 3.90+1.12 0.74
Ket 9.44 £4.28 8.14£0.97 1.16
Flu 7.26 £2.27 NC -
Saf 0.029 £ 0.064 1.35+£0.50 0.02
Me 5.09+0.73 ¢ 431+0.63¢ 1.18
Lin 0.70 £0.41 NC -
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Figure 4.7. Cytotoxicity and antiproliferative viability curves obtained after Caco-2 and HT29 cells,
respectively, had been exposed to different concentrations of a) Saf:IBU (3:1) and b) Saf:IBU (4:1). ECsg results
indicated in the graphics. Results were expressed relatively to the control as the mean * SD of three independent
experiments performed in triplicate.

Saf:IBU (4:1), Saf:IBU (3:1) and Me:IBU (3:1) are the THEDES with greater selectivity
index (SI), respectively (Table 4.4). As an illustrative example, Figure 4.7 represents the
cytotoxicity and antiproliferative curves where the differences can be clearly observed.
Therefore, the concentrations needed by Saf:IBU (4:1), Saf:IBU (3:1) and Me:IBU (3:1) to kill 50
% of cancer cells (ECs - effective concentration) do not affect in a great extend normal intestine
cells, due to a more specific action towards cancer cells.

The other THEDES, Me:Ket (4:1), Me:Flu (4:1), Lin:Ket (4:1) and Lin:Flu (4:1) (Table 4.4),
also show antiproliferative effects in a dose-dependent manner but, in the same extent, also
present cytotoxicity against Caco-2 cell line. Meaning that at the concentrations that these
THEDES exercise their antiproliferative effect may also cause cell death in normal cells, not
exhibiting a selectivity action for cancer cells and hence no therapeutic window can be defined
for these systems.

Flu and Lin antiproliferative activities were not possible to calculate due to a deep
decrease in cell viability as can be seen in Figure A.4c and Figure A.4d of the Supplementary
Information, respectively.

It has been described that cell cytotoxicity is dependent on DES viscosity, concentration,
pH, composition, and respective interaction of the individual compound with the different
functional groups present on cell surface, and cell line requirements [59,144,158,159].

In order to evaluate if the antiproliferative and cytotoxic effect of THEDES was related
with only one of the compounds or both, the individual compounds were dissolved separately
in culture medium. Looking at the results obtained for the individual compounds, it is
possible to see a very different action when compared with the same compounds in THEDES
form. Most of them did not reveal a specific action against cancer cells, being toxic for both
cell lines at the same extend. This suggests that when combined as a eutectic formulation these
compounds represent a new entity with a different character and enhanced properties, being
different from a simple mixture of the compounds. This can be explained by a synergetic or
addictive effect between the compounds, as previous reported [59,144,159], thus resulting in
a more acute and selectivity action against cancer cells. Additionally, hydrogen bonding

56



between HBD and HBA affects both the system physical properties and chemical structure
and, therefore, it could explain why the concentration of the individual compounds is not the
only factor affecting cytotoxicity [51].

The decrease in cell viability in a THEDES concentration manner could also be related
with a gradual decrease in pH, due to higher amounts of terpenes and NSAIDs, which do not
have the optimal pH for mammalian cell (pH = 7-7.4). Additionally, higher THEDES
concentration increases the viscosity of the media that can also affect cell viability, by
influencing intracellular activity, like protein-protein interactions, transport of solutes and
macromolecules, and signalling transduction [144,158].

Moreover, in the case of Me:IBU (3:1) the antiproliferative effect seems to be mostly
associated with the presence of Me, which is in agreement with the fact that HBD as a
significant role in the cytotoxic profile of the DES, maybe due to its greater effect on the acidity
of the THEDES [158,159].

Menthol can act as anti-cancer agent dependently or independently of the presence of
TRPMS. In the case of HT29 cells, it seems that they display loss of expression of TRPM Ca2*
channels [160], therefore, probably Me acts in a TRPMS8 independent way. In the case of Caco-
2 cells the action of Me seems to be dose-dependent, since Caco-2 cells express TRPMS and its
activation by Me increases proliferation [70].

One possible mechanism proposed for the induction of cell death was described by
Cornmell et al. that reported hydrophobic ionic liquids accumulation in cell membranes by
interacting with negatively charged groups. This interaction may lead to the penetration of
the negatively charged groups into the cytoplasm, compromising membrane integrity,
through the increase of cell membrane permeability and fluidity, and consequent cell death
[161].

The reason for Saf:IBU (3:1), Saf:IBU (4:1) and Me:IBU (3:1) specific action towards
cancer cells may be due to membrane phospholipids constitution, since they are formed by a
specific ratio of different functional groups (carboxyl, phosphate and amino groups) that
differ from cell to cell. The proportion of these functional groups limits or increases the entry
and rate of passage of extracellular elements, such as THEDES, to the cytoplasm. These
proportional differences regulate the diffusion of THEDES and their effect on cellular
machinery [158]. Moreover, the existence of different cell surface receptors, intracellular
retention transport, drug uptake mechanisms or cancer rapidly diving cells can also influence
the effect of the THEDES [92,95].

4.6. LDH Release

Cell membrane integrity is fundamental for cell survival and could be the target of DES,
inducing this way cell death [59]. Hence, cell membrane integrity was measured through the
release of LDH to the extracellular medium.

Following a colorimetric assay to measure LDH release, the results obtained for the LDH
release, after cells being exposed to different concentrations of the most promising THEDES
previously described (Saf:IBU (3:1), Saf:IBU (4:1) and Me:IBU (3:1)), are present on Figure 4.8.
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Figure 4.8. LDH released by HT29 cell line after being exposed to different concentrations of a) Me:IBU
(3:1), b) Saf:IBU (3:1) and c) Saf:IBU (4:1). Results were obtained from three independent experiments performed
in duplicate. Data indicated as mean + SD.

The results reveal that at Saf-based THEDES ECs (Saf:IBU (3:1) 0.85 mM and Saf:IBU
(4:1) 0.77 mM) the disruption of the cellular membrane is not the primary cause for their HT29
cell death, since only at much higher concentrations LDH release is observable. In contrast,
when considering the results obtained for Me:IBU (3:1), it seems that it disrupts cellular
membrane at ECso value (4.30 mM) thus being a leading mechanism responsible for cell death.

From the observed LDH released to the extracellular medium, due to the disruption of
HT29 cellular membrane, it is possible to see that different combinations of terpenes with
NSAIDS exert different effects in cell viability. This means different pathways to reduce cancer
cells proliferation may be involved, revealing the tailor-made therapeutic opportunities of

eutectic systems.

4.7. THEDES Anti-inflammatory Effects

Inflammation is characterized by an increase of the production of ROS and RNS, that
normally are produced to fight infections, but in tumour context they react and cause more
mutations in proliferating cells, giving rise to point and structural mutations that result in
higher malignancies, like angiogenesis [16,22]. Therefore, it is important to control the
inflammation state to reduce cancer proliferation.

The THEDES in study are formed by a terpene (anticancer agent) and a NSAID (anti-
inflammatory agent), thus, these systems have a double function, being capable to target
cancer cells and control the inflammation originated during cancer development.

In order to evaluate the anti-inflammatory effects of the most promising THEDES
previously described the presence/absence of intra ROS and NO were evaluated as well as

the presence of the inflammatory marker IL-8.

4.7.1. Intracellular ROS e NO

To evaluate the production of intra ROS and the effect of the THEDES in controlling
ROS production, cells were exposed to the most promising THEDES and their individual
compounds, in order to evaluate if the intra ROS production was affected. HT29 cells are
known for having elevated stress basal levels, presenting high levels of ROS production [162].
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The results obtained for Saf:IBU (3:1), Saf:IBU (4:1) and Me:IBU (3:1), and their
respective individual compounds are present on Figure 4.9 and Figure 4.10.

150 -|'_

Figure 4.9. Intra ROS results obtained for the Saf:IBU (3:1) and Saf:IBU (4:1) in THEDES form and the
respective individual compounds at the same concentration present in THEDES. Results were obtained from three
independent experiments performed in triplicate. Data indicated as mean + SD.
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Figure 4.10. Intra ROS results obtained for the a) Me:IBU (3:1) in THEDES form and the respective
individual compounds [b) Me and c) IBU] at the same concentration present in THEDES. Results were obtained
from three independent experiments performed in triplicate. Data indicated as mean + SD. ****p<0.0001, as the
statistical significance compared with the control.

Looking at Figure 4.9, Saf, IBU, Saf:IBU (3:1) and Saf:IBU (4:1) do not seem to influence
ROS production at the concentrations tested. These concentrations correspond to the ECso
value of the THEDES, and to the corresponding individual compounds concentration.
Therefore, Saf:IBU-based THEDES do not seem to act as anti-inflammatories and
antiproliferative agents trough ROS pathway. Suggesting that may act trough other pathways
previously reported for safranal, such as influencing NO production, induce cell cycle arrest,
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apoptosis, inhibition of DNA and RNA synthesis, inhibition of tubulin assembly or interaction
with topoisomerase II, inhibiting DNA repair [92,95,97,99,100].

In the case of Me:IBU (3:1) (Figure 4.10), it seems that this system have a role in
diminishing intracellular ROS production to half, indicating a possible role as anti-
inflammatory. Looking at the individual compounds, they do not influence ROS production,
which highlights once more the difference between the individual compound action and their
action in THEDES form.

Me:IBU (3:1) and the individual compounds were tested in different plates due to the
high volatility, and consequent evaporation, of Me that influenced the results of the
neighbouring wells, hence, the results are present in individual graphics (Figure 4.10).

In the case of assessing the influence of THEDES on NO production, the Griess method
was applied. The results obtained did not reveal NO species. This assay is based on the
reduction of nitrites to nitrogen oxide by Griess Reagent I (sulfanilamide), under acidic
conditions, forming a diazonium salt that reacts with Griess Reagent II (N-(1 -
naphthyl)ethylenediamine dihydrochloride), forming a stable purple azo dye that can be
measure at 540 nm [163,164]. This method is very used due to its simplicity and rapidity [165].
However, there are many barriers to measure NO production, like low concentration, short
half-life of NO and high reactivity with other molecules. Additionally, Griess method does
not measure nitrate levels, only nitrite, being necessary an extra reduction step. Moreover,
under the acidic conditions that this method is performed the formation of S-nitroso
compounds from nitrites and reduced thiols is favoured, reducing the amount of nitrites
available to react with Griess reagent [164,166]. From the absence of NO in the results obtained
it can be hypothesized the inexistence of these reactive oxygen species production, or it can
be due to lack of sensitivity of this method.

Other methods can be used, like the one described by Andreas Nussler et al. that allows
the detection of nitrite and/or nitrate in a much sensitive range, based on the reaction of
nitrites with 2,3-Diaminonaphthalene (DAN), under acidic conditions, to generate a
fluorescent product [167]. Another method is based on GC-MS (gas chromatography coupled
with mas spectroscopy) that allows an accurate measure of nitrites and nitrates since it uses

stable isotope-labelled analogues of the anions as internal standards [165].

4.7.2. IL-8 Measurement

To access the effect of Saf:IBU (3:1), Saf:IBU (4:1), Me:IBU (3:1) and the respective
individual compounds on the expression of IL-8, an inflammatory marker, a sandwich ELISA
was performed.

In order to quantify the amount of IL-8 present in the samples, a calibration curve with
pure IL-8 was prepared and the best adjustment to the points was calculated. The calibration
curves obtained for each plate are present on Figure A.6 of the Supplementary Information.

Since the amount of protein produced by each cell is different, the results obtained for
the quantification of IL-8 were normalized to the total amount of protein. To quantify the total

amount of protein in the samples, a Bradford assay was performed.
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In order to evaluate quantitatively the amount of protein in each sample, a calibration
curve of BSA was prepared for each plate as present on Figure A.7 of the Supplementary

Information.
The results obtained for the IL-8 quantification by ELISA after normalization to the total

amount of protein are present on Figure 4.11.
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Figure 4.11. Concentration of IL-8 (pg/ mg protein) after 24h of exposer to a) THEDES Saf:IBU (3:1), Saf:IBU
(4:1) and Me:IBU (3:1) and to the respective individual compounds (b). Results were performed in triplicate. Data
indicated as mean + SD.

In Figure 4.11 it is possible to observe the results for the IL-8 concentration obtained
from an experiment performed in triplicate. In the case of the individual compounds (Figure
4.11b) no significant differences are observed, suggesting that the individual compounds at
these concentrations do not influence IL-8 production, and consequently do not affect cells
inflammatory state. For the other THEDES (Saf:IBU (3:1) and Me:IBU (3:1)) (Figure 4.11a) no
differences are observed compared with the control, suggesting no influences on the IL-8
production. Furthermore, although a decrease in Saf:IBU (4:1) is apparently observed (Figure
4.11a), which could mean a decrease on IL-8 expression and therefore a decrease of the
inflammatory environment, from the statistical analysis no significant differences are
observed.

Knowing that all the compounds, terpenes and NSAIDs, have been reported as
presenting anti-inflammatory properties [68,79,89,105,106,122], and that these results came
from only one experiment, further optimizations, such as in compounds concentration range,

should be performed.

4.8. Effects of THEDES on Apoptosis via Caspase-3
From the previous observed results, Saf:IBU (3:1), Saf:IBU (4:1) and Me:IBU (3:1)

systems are involved in antiproliferative effects against colorectal cancer cells. In order to
evaluate if this antiproliferative effect is related with the induction of apoptosis via caspase-

3, cells were subjected to an apoptosis assay.
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Cells were exposed to the ECsp concentrations of the most promising THEDES, and to
their individual compounds at the respective concentrations present in the THEDES. The
results obtained are present in Figure 4.12. An induction of apoptosis is clearly observed for
the systems in study when compared with the control. This suggests that the main action of
THEDES towards cancer cells proliferation is through the induction of apoptosis via caspase-
3. Interestingly, in the case of Saf:IBU-based THEDES that did not show any effect regarding
intracellular ROS regulation or membrane disruption, it is possible to observe induction of
apoptosis via caspase-3 that could be a main via by which these THEDES exercise their
antiproliferative action.

[

Control Saf:IBU (3:1) -1 mM Saf:IBU (4:1) - 1 mM

|:| Live cells
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Me:IBU (3:1) - 4.15 mM IBU - 1.0375 mM Me - 3.1125 mM

Figure 4.12. Results obtained for Saf:IBU (3:1), Saf:IBU (4:1), Me:IBU (3:1) and the respective individual
compounds regarding apoptosis via caspase-3.

From these qualitative results, in the case of Saf:IBU (3:1) and Saf:IBU (4:1), it seems that
these systems are able to induce apoptosis in cancer cells in a moderate way. Meaning that, if
we look at Saf alone it is much more cytotoxic than the corresponding THEDES, and IBU does
not induce any cell death via apoptosis at the concentrations studied. Therefore the eutectic
systems act in a very different way, apparently equilibrating the induced cytotoxic effect, once
more emphasizing the difference between the individual compound action and their action in
THEDES form. This is important to reduce the side effects caused by Saf alone, since the main
objective of this work is to create a safe patient-compliant therapeutic agent. Safranal has
already been previous described as an inducer of apoptosis [93,99,100].
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For Me:IBU (3:1) the results are different and more promising since the individual
compounds do not induce apoptosis at these concentrations, and only when combined as
THEDES are capable of increase cancer cells death. Menthol as already been reported as an
inducer of cancer cells apoptosis dependently or independently of TRPMS presence in a dose
dependent manner [68,74]. Moreover, ibuprofen also inhibits cell growth of colon cancer cells
through cell cycle block and apoptosis [110].

It is also reported that restoring apoptotic response is the principal mechanism by which
NSAIDs prevent CRC. This can occur due to an increase concentration of arachidonic acid,
that stimulates the production of ceramide, a potent apoptosis inducer, and alter
mitochondrial permeability, causing cytochrome C release and consequent activation of
caspase-9 and -3, leading to apoptosis [24,29,103].

Therefore, it seems that when the compounds are in THEDES form there is an increase

of the antiproliferative effect via caspase-3, without affecting normal intestine cells.
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5
CONCLUSIONS

CRC remains as one of the most incident and deathly cancers urging the need for new
therapeutic strategies to overcome its high mortality rate. Moreover, this new generation of
cancer therapeutics should be a compromise of selectiveness towards the disease, while in
compliance with the green chemistry metrics. Hence, the work developed during my master
thesis aimed to be a contribution for the development of new THEDES that can act as a
selective therapeutic agent against CRC.

For this matter, it was possible to create liquid formulations combining terpenes with
NSAIDs. It was proved by NMR that most of the THEDES in study were in fact eutectic
systems, due to the physical proximity of the compounds and existence of hydrogen bonding
interactions. Specifically, in the case of Saf:IBU (3:1) and Saf:IBU (4:1) this was not verified,
nevertheless weaker intermolecular interactions such as Van der Walls can be occurring.

Through POM analysis it was possible to verify the absence of crystals, meaning that
we are in the presence of amorphous systems.

In terms of solubility, only Me:IBU (3:1) was capable to increase IBU solubility. In terms
of permeability, all IBU-based THEDES increased this API permeability when compared with
the pure compound. Additionally, Lin:Flu (4:1) revealed the same trend of increasing Flu
permeability.

THEDES impact on cell viability - cytotoxicity and antiproliferative effects - revealed
three systems with promising results, by inhibiting cancer cells proliferation without affecting
normal intestine cells viability. Me:IBU (3:1), Saf:IBU (3:1) and Saf:IBU (4:1) presented the best
selectivity indexes.

To evaluate the hypothetical mechanism behind such selective cytotoxic action towards
cancer cells, LDH release, ROS production, IL-8 synthesis and caspase-3 activity were
evaluated. LDH release increased in a dose-dependent manner for Me:IBU (3:1), Saf:IBU (3:1)
and Saf:IBU (4:1). The Me-based system was able to increase LDH release at the ECso
concentration, thus, providing evidences that LDH release may be one of the mechanisms
behind the antiproliferative action of Me:IBU (3:1).

In the case of ROS production, only Me:IBU (3:1) was able to diminish ROS
concentration produced by HT29 cells, indirectly suggesting an anti-inflammatory effect of
Me:IBU (3:1). Interestingly, the individual compounds did not influence ROS production at

65



the tested concentrations, highlighting the difference between a eutectic system and its
individual compounds action. In the case of Saf:IBU (3:1) and Saf:IBU (4:1) no alterations were
observed in ROS production, meaning that other mechanisms may be behind these systems
action.

In terms of IL-8 expression, the preliminary results did not reveal significant alterations.
Further work in optimising this assay should be performed.

The three most promising THEDES revealed to be apoptosis inducers via caspase-3,
suggesting this may be the main via for its antiproliferative action. In the case of Saf-based
THEDES their effect is greater than IBU alone but minor than Saf alone, balancing its toxic
effects. Considering Me:IBU (3:1), none of the individual compounds induced apoptosis at the
tested concentrations, highlighting again the differences between the individual compounds
and the eutectic system.

In conclusion, it was possible to create different THEDES with high value enhanced
therapeutic properties, namely increased bioavailability and anticancer specific activity,
suggesting lower side effects. Moreover, these results highlight the tailor-made characteristics
of DES, since depending on the compounds that constitutes the DES different antiproliferative
mechanisms are activated, which could ultimately lead to personalized therapeutics. Lastly,
in the current scenario of an ongoing problematic situation related to cancer, along with the
worldwide demand for alternative therapies, the claim for therapeutics with less side effects,
improved efficacy but less expensive, and environmentally friendlier, has provided the

opportunity to eutectics, to win its market share from the stablished pharmaceutical industry.
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SUPPLEMENTARY INFORMATION

A.1. NMR Studies
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Figure A.1. HSQC NMR spectra and signal assignment of THEDES (A) Saf:IBU (3:1), (B) Saf:IBU (4:1) (C)
Lin:Flu (4:1), (D) Lin:Ket (4:1), (E) Me:Flu (4:1) and (F) Me:Ket (4:1). Samples prepared in chloroform-d.
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chloroform-d.
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Figure A.3. NOESY NMR spectra, signal assignment and interactions assignment of THEDES (A) Saf:IBU

(3:1), (B) Saf:IBU (4:1) (C) Lin:Flu (4:1), (D) Lin:Ket (4:1) and (E) Me:Flu (4:1). Samples prepared in DMSO-ds.

A.2. THEDES Cytotoxicity and Antiproliferative Potentials
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Figure A.4. Antiproliferative and cytotoxic graphic results obtain after HT29 and Caco-2 cells, respectively,
had been exposed to different concentrations of a) IBU, b) Ket, c) Flu, d) Lin, e) Saf, f) Lin:Ket (4:1), g) Lin:Flu (4:1),
h) Me:Ket (4:1) and i) Me:Flu (4:1). EC5 (effective concentration - concentration necessary to decrease 50 % of cell
viability) results indicated in the graphics. Results were expressed relatively to the control as the mean + SD of
three independent experiments performed in triplicate.
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A.3. LDH Release
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Figure A.5. Determination of optimal cell concentration to the LDH release assay. The optimal
concentration is obtained when the Low Control has an absorbance value minor than 0,8 and when the greatest
difference between the absorbance of the High Control and Low Control is observable. In this case, the optimal
cell concentration is at 2.5 x 105 cell/ml. Results were performed in triplicate.

A.4. IL-8 Measurement
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Figure A.6. IL-8 calibration curves obtained with the ELISA assay for both plates prepared. Abs measured
obtained by the subtraction of Abs (450 nm) minus Abs (620 nm). Results were obtained from an experiment

performed in triplicate.
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Figure A.7. BSA calibration curve obtained using the Bradford assay. Results were obtained from an

experiment performed in triplicate.
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