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Abstract 

Breast cancer (BC) is a very heterogeneous disease in terms of histological, molecular 

subtypes, and clinical outcomes, namely having different patterns of positivity for 

estrogen and progesterone receptors (ER and PR), as well as for expression of the 

oncogene human epidermal growth factor receptor 2 (HER-2). Besides the existence of 

target therapies for the ER and HER-2 receptors, chemotherapy is still a very used 

approach, especially in tumors without the expression of these receptors (triple-negative 

breast cancer – TNBC). Because drug resistance is a major concern in BC treatment, 

the scientific community and the pharmaceutical industry struggle to find new drugs or 

drug adjuvants that can help in BC treatment. In this vein, several studies reported using 

natural products in combinatorial therapy with drugs to potentiate the drug effects, act 

synergistically, lower the drug's doses or alleviate drug side effects. Marine-derived 

compounds have demonstrated unique chemical structures with many pharmacological 

activities, including anticancer ones. Studies related to combining marine-derived 

compounds with conventional anticancer drugs are not abundant yet, and the existing 

ones are on monolayer cell culture. 

 
This study used a panel of four cell lines: three BC cell lines representative of the main 

BC subtypes: MCF7- luminal A; SKBR3 - HER-2 overexpression, MDA-MB-231-TNBC 

and one non-tumoral cell line - MCF12A. 

 
Our first objective was to obtain and characterize three-dimensional (3D) cell cultures 

from the four cell lines, here called multicellular aggregates (MCAs) (Chapter 2). We 

used a scaffold-free stationary technique for obtaining the MCAs: the ultra-low 

attachment (ULA) plates. The MCAs were then characterized using stereomicroscopic 

morphometry, descriptive cytology (at light and electron microscopy), and qualitative and 

quantitative immunocytochemistry (ICC). Moreover, we provided a detailed methodology 

with technical tips for successfully obtaining and analyzing the MCAs. With this 

technique, MCF7 and MDA-MB-231 MCAs were compact with smaller areas and 

presented an oblate ellipsoid/discoid shape, while MCF12A and SKBR3 MCAs formed 

loose, more flattened MCAs with consequent bigger areas. MCF7 MCAs showed tissue 

recapitulation features with acini-like formation, cell polarization with microvilli display, 

and accumulation of secretory vesicles towards the lumen. ICC revealed a random 

distribution of the proliferating and apoptotic cells throughout the MCAs. All the presented 

characteristics do not fit well in the traditional spheroid model. The other used ICC 

markers (cytokeratin, vimentin, E-cadherin, ER, PR, and HER-2) presented different 

results according to the cell lines. This characterization of the MCAs in non-exposed 
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conditions provided a good baseline for interpreting experimental results related to 

screening potential anticancer compounds. 

 
After the characterization of the 3D model, we moved to the second objective, testing 

the cytotoxic and antiproliferative effects of preussin derived from a marine sponge-

associated fungus Aspergillus candidus (Chapter 3). The following assays were carried 

out to evaluate the effects of the compound on cell viability: 3-(4,5-dimethylthiazol-2yl)-

2,5-diphenyl tetrazolium bromide (MTT), resazurin, and lactate dehydrogenase (LDH). 

For measuring cell proliferation, we used the 5'-bromo-2'-deoxyuridine (BrdU) assay. 

Preussin at 50 µM decreased cell viability and proliferation in 2D and 3D cultures in all 

cell lines. However, in 3D culture, cells were less responsive. The cytotoxic effects and 

anti-proliferative were confirmed by caspase-3 and ki67 ICC and histological evaluation. 

 
Concerning the third and fourth objectives, on monolayer culture, first, we assessed the 

cytotoxic effects of six brown seaweed-derived compounds belonging to different 

chemical classes: carotenoids - astaxanthin (Asta) and fucoxanthin (Fx); 

polysaccharides - fucoidan (Fc) and laminarin (Lm); sterols - fucosterol (Fct) and 

phlorotannins - phloroglucinol (Phg). Then two selected concentrations of each 

compound were tested in combination with two drugs used in BC treatment: cisplatin 

(Cis) and doxorubicin (Dox) (Chapters 4 and 5). 

 
In some situations, the combinations inhibited the drugs’ effects but in others potentiated 

without a specific pattern, varying with the doses and the cell lines. The most promising 

combinations were the ones whose effects differed simultaneously from the control and 

the compounds alone. The two best combinations were observed in the MDA-MB-231 

cell line, with fucosterol (Fct) and fucoxanthin (Fx) combined with Dox. Fct alone, at 10 

µM affected the cell viability in all BC cell lines without affecting the non-tumoral cell line. 

Fct in combination with Dox, using both at non-cytotoxic concentrations (Fct 5 µM +Dox 

0.1 µM), potentiated Dox cytotoxicity reducing cell viability and inhibiting cell proliferation. 

As for Fx, at 10 µM, it was cytotoxic in all cell lines. Combined with Dox 1 µM, it enhanced 

Dox's already existing effects in terms of cytotoxicity and inhibition of cell proliferation. 

 
To achieve our fifth objective, the most promising combinations were tested using a 

comparative approach, with monolayer versus 3D culture, applying a multi-end approach 

for assessing the effects on cell viability and proliferation, morphology, and 

immunocytochemistry targets. At least two viability assays were performed for each of 

the selected conditions, as well as proliferation assays, morphometry, ICC for caspase-

3 and ki67, morphological analysis and, in the case of Fx, the effects on the cellular 
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ultrastructure were also studied (Chapters 4 and 5). In 3D cell culture, the cytotoxic and 

antiproliferative effects of Fct and its combination with Dox were not observed, revealing 

greater resistance to treatments. In contrast, the combination of Fx and Dox continued 

showing higher cytotoxic effects on 3D cultures compared to the isolated compounds. 

The histological analysis and ICC results corroborated the cell-based assays. In the case 

of the combination of Dox with Fx, ICC showed an increase in the number of cells in 

apoptosis, a decrease in cell proliferation, structural cell damage and ultrastructural 

changes. The overall findings suggest Fx has the potential to become an adjuvant for 

Dox chemotherapy regimens in BC treatment, especially in TNBC. Even not reproducing 

the effects in 3D, the mixture of Dox of Fct needs further investigation, from increasing 

the concentration of Fct to recurring to other technologies for delivering both types of 

chemicals. 

 
Besides the promising findings, further in vitro and in vivo studies are necessary to fully 

understand and explore the underlying mechanisms of action of preussin and the most 

promising seaweed compounds, as well as the enhancement of Dox effects unveiled in 

the combinations. 
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Resumo 

O cancro da mama (BC) é uma doença muito heterogénea em termos histológicos, 

subtipos moleculares e comportamentos clínicos, apresentando diferentes padrões de 

positividade para os recetores de estrogénio e progesterona (ER e PR), bem como para 

a expressão do oncogene recetor tipo 2 do fator de crescimento epidérmico humano 

(HER-2). Apesar da existência de terapias-alvo para os ER e HER-2, a quimioterapia 

ainda é uma abordagem muito utilizada, principalmente em tumores sem expressão 

desses recetores (cancro de mama triplo negativo – TNBC). A resistência aos fármacos 

é uma grande preocupação no tratamento do BC, por isso, a comunidade científica e a 

indústria farmacêutica lutam para encontrar novos fármacos ou adjuvantes de fármacos 

que possam ajudar no tratamento da doença. Nesse sentido, diversos estudos 

reportaram a utilização de produtos naturais, em terapia combinada com fármacos pré-

existentes, para potenciar os efeitos desses fármacos, atuando sinergicamente, 

baixando as suas doses e/ou diminuindo os seus efeitos secundários. Os compostos de 

origem marinha revelaram ter estruturas químicas únicas com diversas propriedades 

farmacológicas, incluindo efeitos antitumorais. Os estudos relacionados com a 

combinação de compostos de origem marinha com drogas antitumorais convencionais 

ainda são pouco abundantes, e os existentes foram realizados maioritariamente em 

cultura de células em monocamada (cultura celular 2D). 

 
Neste estudo, foi utilizado um painel de linhas celulares constituído por três linhas 

celulares representativas dos principais subtipos de BC: MCF7- luminal A; SKBR3 – 

sobreexpressão de HER-2, MDA-MB-231-TNBC e uma linha celular não tumoral - 

MCF12A. 

 
O nosso primeiro objetivo foi obter e caracterizar culturas celulares tridimensionais (3D) 

– aqui denominadas de agregados multicelulares (MCAs), das quatro linhas celulares 

(Capítulo 2). Para a obtenção dos MCAs, foi utilizada uma técnica estática sem matriz 

tridimensional (scaffold):  as placas de adesão ultrabaixa (ULA). Os MCAs foram então 

caracterizados recorrendo a estereomicroscopia, citologia descritiva (microscopia ótica 

e eletrónica) e imunocitoquímica (ICC) com análise quantitativa. Além disso, toda a 

metodologia foi detalhadamente descrita e foram fornecidas dicas técnicas essenciais 

para o sucesso na obtenção e análise dos referidos MCAs. Utilizando esta metodologia, 

as linhas MCF7 e MDA-MB-231 formaram MCAs compactos, com áreas menores e 

formato oblato elipsoide/discoide, enquanto as linhas MCF12A e SKBR3 formaram 

MCAs laxos, mais achatados, e consequentemente com maiores áreas. Os MCAs da 

linha MCF7 apresentaram ainda características de recapitulação tecidual, com a 
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formação de estruturas semelhantes a ácinos, polarização celular com presença de 

microvilosidades e acumulação de vesículas secretoras na direção do lúmen. A ICC 

mostrou que as células em apoptose e proliferação estavam distribuídas de forma 

aleatória pelos MCAs. Todas as características apresentadas não se encaixam bem no 

modelo tradicional de esferoide, onde as células em proliferação se encontram na 

periferia e as células em apoptose num núcleo central. Os restantes marcadores de ICC 

(citoqueratina, vimentina, E-caderina, ER, PR e HER-2) apresentaram resultados 

diferentes de acordo com as linhas celulares. A caracterização dos MCAs, em condições 

de não-exposição, constituiu uma boa base para a interpretação dos resultados 

experimentais relacionados com a triagem de potenciais compostos antitumorais. 

 
Após a caracterização do modelo 3D, passamos para o segundo objetivo, que foi testar 

os efeitos citotóxicos e anti proliferativos da preussina, composto derivado do fungo 

associado esponjas marinhas Aspergillus candidus (Capítulo 3), em culturas 2D e 3D. 

Para avaliar os efeitos na viabilidade celular foram realizados diferentes ensaios 

(brometo de 3-(4,5-dimetiltiazol-2il) -2,5-difenil tetrazólio (MTT), resazurina e lactato 

desidrogenase (LDH). A avaliação dos efeitos na proliferação foi feita com o ensaio de 

5'-bromo-2'-desoxiuridina (BrdU). A preussina a 50 µM diminuiu a viabilidade e 

proliferação celular em culturas 2D e 3D de todas as linhas celulares, porém, na cultura 

3D as células foram menos responsivas. Os efeitos foram observados em diferentes 

concentrações de preussina, dependendo da linha celular e do ensaio realizado. Os 

efeitos citotóxicos e anti proliferativos foram confirmados por ICC para caspase-3 e ki67 

e pela avaliação histológica. 

 
Relativamente aos terceiro e quarto objetivos, primeiro em cultura em monocamada, 

avaliamos, usando o ensaio MTT, os efeitos citotóxicos de seis compostos derivados de 

algas castanhas pertencentes a diferentes classes químicas: carotenóides - astaxantina 

(Asta) e fucoxantina (Fx); polissacarídeos - fucoidan (Fc) e laminarina (Lm); esteróis - 

fucosterol (Fct) e florotaninos - floroglucinol (Phg). Em seguida, foram selecionadas duas 

concentrações de cada composto para serem testadas em combinação com duas 

concentrações de duas drogas usadas em tratamento de BC: cisplatina (Cis) e 

doxorrubicina (Dox) (Capítulos 4 e 5). 

 
As combinações consideradas como mais promissoras foram aquelas cujos efeitos 

citotóxicos diferiam significativamente simultaneamente do controlo e dos compostos 

isolados. As duas combinações melhores foram observadas na linha MDA-MB-231, com 

o Fct e a Fx, combinados com Dox. Em cultura de monocamada, o Fct isolado,a 10 µM, 

diminuiu a viabilidade celular em todas as linhas celulares de BC, sem afetar a linha 
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celular não tumoral. O Fct em combinação com Dox, ambos em concentrações não 

citotóxicas (Fct 5 µM + Dox 0,1 µM), potencializou a citotoxicidade da Dox, reduzindo a 

viabilidade e a proliferação celular. A Fx, a 10 µM, foi citotóxica em todas as linhas 

celulares e, em combinação com Dox 1 µM, potencializou os efeitos da Dox já 

existentes, em termos de citotoxicidade e inibição da proliferação celular. Quanto às 

demais condições experimentais, algumas combinações inibiram o efeito das drogas e 

outras potencializaram-no, sem nenhum padrão específico, variando de acordo com as 

doses e com as linhas celulares. 

 
Para atingir o quinto objetivo, as combinações mais promissoras foram testadas usando 

uma abordagem comparativa, monocamada versus cultura 3D, aplicando uma 

abordagem com diferentes ensaios para avaliar os efeitos na viabilidade e proliferação 

celular. Foram feitos pelo menos dois ensaios de viabilidade para cada uma das 

condições selecionadas, ensaios de proliferação, morfometria, ICC para caspase-3 e 

ki67, análise morfológica e no caso da Fx ainda foram ainda estudados os efeitos na 

ultraestrutura celular (Capítulos 4 e 5). Em cultura celular 3D, os efeitos citotóxicos e 

antiproliferativos do Fct e da sua combinação com Dox não foram observados, 

revelando estas uma maior resistência aos tratamentos. Pelo contrário, a combinação 

de Fx e Dox continuou a apresentar maiores efeitos citotóxicos em relação aos 

compostos isolados. A análise histológica e os resultados de ICC corroboraram os 

ensaios celulares. No caso da combinação da Dox com Fx, a ICC mostrou um aumento 

do número de células em apoptose, diminuição da proliferação celular, danos celulares 

estruturais e alterações ultraestruturais. Os resultados globais sugerem que Fx tem 

potencial para se tornar um adjuvante em regimes de quimioterapia com Dox no 

tratamento de BC em TNBC. Mesmo não reproduzindo os efeitos em 3D, a combinação 

da Dox com o Fct merece mais investigação, como aumentar a concentração de Fct 

e/ou testar outras tecnologias para entrega nas células destes compostos. 

 
Apesar dos resultados promissores, mais estudos in vitro e in vivo são necessários para 

um maior entendimento e investigação dos mecanismos subjacentes à ação da 

preussina, e dos compostos de algas marinhas mais promissores Fct e Fx, e o aumento 

dos efeitos da Dox nas combinações. 

. 
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1. Introduction to Breast Cancer and its Biological Subtypes 

1.1. Breast Histology and Dynamic Tissue Remodeling 

The female mammary gland has a primary function in the production of milk to feed 

newborn children. To fulfill this function, it consists of 15 to 25 secretory lobes of the 

tubular acinar glands. Each lobe has its secretory (lactiferous) duct that is individualized 

from the next one by dense connective and adipose tissues (Figures 1a, b) and is 

constituted by many lobules, sometimes called terminal duct lobular units. This duct 

lobular unit, by its turn, consists of several branched ducts that end in secretory alveoli 

(acini) (Mescher, 2018). Lobular units are constituted by two types of cells: the cuboidal, 

or low columnar epithelial cells that encircle the lumen, named luminal cells, and the 

myoepithelial cells that surround the epithelial cells and are so-called basal cells (Figure 

1c). In the region of the nipple, the ducts are surrounded by smooth muscle bundles 

responsible for nipple contraction (Mescher, 2018, Biswas et al., 2022). 

 

 

Figure 1 - Mammary gland in schematic diagram (a) sagittal view and (b) front view showing the 

lobules and ducts ending in the nipple, and (c) cross-section of acini structures constituted by 

luminal cells surrounded by myoepithelial cells laying on the basement membrane. Image created 

with BioRender.com and paint.net. 

 

The mammary gland is very dynamic, especially in females, and its histological structure 

undergoes tissue remodeling according to age and physiological status. There are three 

major stages of breast development - embryonic, pubertal, and reproductive (pregnancy 
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and lactation) (Macias and Hinck, 2012). At birth, the mammary gland is rudimentary, 

corresponding to some ducts around the nipple. Until puberty, these ducts have no 

alveoli. Then, with the estrogen augmentation of puberty, breast budding occurs, which 

corresponds to the development of the ducts forming lobular units with alveoli. This 

process shares many molecular similarities to the epithelial-mesenchymal transition 

(EMT) that occurs during embryological development as epithelial cells infiltrate the 

mammary stroma (Mazzarella and Pelicci, 2017). During the reproductive period, with 

hormonal fluctuations, breast tissue undergoes slight transformations, which include 

cyclic apoptosis and epithelium regeneration (Navarrete et al., 2005). In the follicular 

phase, the development of the follicles raises estrogen levels, inducing cell proliferation 

within the breast epithelial cells. In the luteal phase, the increase of progesterone causes 

dilatation of mammary ducts and the differentiation of secretory vesicles, accompanied 

by an increment in cell proliferation (Slepicka et al., 2021). If no fertilization occurs, there 

is a sudden drop in estrogen and progesterone levels, and menstruation occurs with 

regression of the secretory activity accompanied by a decrease in breast volume (Bistoni 

and Farhadi, 2015). 

 
Accordingly, during pregnancy, massive breast development achieves morphological 

and functional maturity. In the first weeks, under estrogen influence, there is ductal 

sprouting, lobular proliferation, and secreting alveoli appear. In the second trimester, 

progesterone leads to lobular formation to exceed the ductal sprouting with concomitant 

augmentation of prolactin levels. The third trimester is characterized by lobules 

hypertrophy and secretion of colostrum that is substituted by milk after birth (Macias and 

Hinck, 2012, Bistoni and Farhadi, 2015). This epithelium expansion is accompanied by 

other alterations, like the loss of lipidic content in the adipose tissue and a great 

increment in the vasculature to supply nutrients for milk production. After the lactation 

period, breast tissue returns to its resting state (Oakes et al., 2006). The involution 

processes in the mammary gland are closely associated with apoptosis (Watson, 2006). 

 
Finally, when women reach menopause, with diminished ovary function and consequent 

low estrogen and progesterone levels, there is a loss of glandular tissue, which is 

replaced by adipose tissue (Bistoni and Farhadi, 2015). 

 
The male breast is very similar to the female breast before puberty since hormone 

regulation does not stimulate the development of specialized lobules (Blau et al., 2016). 
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1.2. Breast Cancer 

According to Globocan 2020, female Breast Cancer (BC) is the most common cancer. 

However, in terms of death by the disease female BC occupies the fifth place after lung, 

colorectal, liver, and stomach (Figure 2). BC is the deadliest cancer when solely 

considering females (IARC, 2021, Sung et al., 2021). Among women, BC accounts for 1 

in 4 cancer cases and 1 in 6 cancer deaths, being the most incident in 159 of 185 

countries and the one with the highest mortality in 110 countries (Sung et al., 2021).  

 

 

Figure 2 - Estimated number of new cancer cases and deaths by cancer in both sexes, all ages 

worldwide, in 2020. Source: GLOBOCAN 2020. Graph Production: Global Cancer Observatory 

2020. 

 
Transitioned countries present 88% higher incidence rates than transitioning countries 

in which the mortality rates are 17% higher. Higher incidence in high-income countries 

is related to a higher prevalence of reproductive and lifestyle risk factors, and increased 

detection through organized mammographic screening (Sung et al., 2021). In most high-

income countries mortality rates are decreasing. This trend is associated with early 

detection and improvements in BC treatments. The opposite is true in low-income 

countries, where rising incidence does not meet good access to specialized oncology 

healthcare and treatment resources, which are few due to the high cost of cancer drugs 

and radiotherapy units (DeSantis et al., 2015). 

 
Male BC is very rare, representing less than 1% of BCs and less than 1% of men's 

cancers (Yalaza et al., 2016, Gucalp et al., 2019). The worldwide ratio of female-to-male 

BC is 122 :1 (Ly et al., 2013). 

 
1.3. Breast Cancer Etiology 

The etiology of BC is multifactorial and involves age, lifestyle, obesity, hormonal 

exposure to endogenous estrogen and progesterone, reproductive factors, and family 
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history (Sun et al., 2017). The main risk of BC is age. Young women with BC generally 

have poorer survival and tend to have larger tumors and lymph node-positive (Weiss et 

al., 2003). 

 
Lifestyle risks are a vast group of items such as smoking, alcohol consumption, lack of 

physical exercise, diets with high fat intake, and stress. Smoking and alcohol 

consumptions are strongly related to the increase in BC risk (Dieterich et al., 2014, 

Hashemi et al., 2014). Obesity is strongly associated with higher BC risk, but this 

association varies with menopausal status. Physical activity has been pointed out as 

protective for BC (Maisonneuve, 2017). 

 
Breast cancer risk, especially estrogen receptor (ER)-positive BC, is related to 

reproductive risk factors that are higher among women who have early menarche and/or 

late menopause, remain nulliparous, or have few children at a late age, with less 

breastfeeding (Dall and Britt, 2017). Contraceptives and menopausal hormonal therapy 

(MHT), are also associated with increased BC risk (Jiang et al., 2021). Concerning MHT, 

recent epidemiological studies evidenced that this risk is associated with the type and 

timing of the MHT (Collaborative Group on Hormonal Factors in Breast Cancer, 2019). 

 
Only 5-10% of female BC are associated with autosomal inheritance in susceptibility 

genes as the most known BC genes (BCRA). BRCA1 and BRCA2, are responsible for 

60-90% of inherited BC and the early onset of this type of tumor (Mahdavi et al., 2019, 

Lee et al., 2020a). Both BRCA1 and 2 encode tumor suppressor proteins. Their 

mutations are inherited in an autosomal dominant gene even if the second allele is 

normal (Lee et al., 2020a). Male BC is commonly associated with mutations in BRCA 2 

gene (Fentiman et al., 2006). 

 
1.4. Breast Cancer Pathogenesis 

Most breast tumors start from ductal hyperproliferation. There are two main theories for 

cancer initiation and progression: the cancer stem cell theory and the stochastic theory 

(Rich, 2016, Butti et al., 2019). The cancer stem cell theory defends that all tumor 

subtypes are derived from the same stem cells: the breast cancer stem cells (BCSCs). 

The BCSCs population, present within BC tumors, is thought to be derived from breast 

stem cells and possess self-renewal capacities and tumorigenic potential. They also 

have been associated with tumor initiation, and recurrence and are resistant to chemo 

and radiotherapy (Butti et al., 2019). In the stochastic theory, each tumor subtype derives 

from a single cell type (stem, progenitor, or differentiated cell) (Sun et al., 2017). Recently 

another model was proposed — “the plasticity model” —, in which it is claimed that 
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differentiation can be bidirectional so that differentiated nontumorigenic cancer cells may 

revert to cancer stem cells (CSC) (Rich, 2016). Several data support all these theories, 

but the origin of BC is not fully understood yet. Recent reviews such as Kong et al. (2020), 

Song and Farzaneh (2021) can be consulted for more detailed information. 

 
1.5. Breast Cancer Diagnostic and Grading 

Breast Cancer early detection is of utmost importance; thus, if detected in an early phase 

and correctly treated, BC has a chance of cure in 70-80%, contrary to advanced 

metastatic disease that is not curable. In this case, the goal of therapy is to prolong 

survival and control the secondary effects of cancer treatment with quality-of-life 

improvements (Harbeck et al., 2019). 

 
In this vein, the World Health Organization (WHO) has defined 2 distinct but related 

strategies: a) early diagnosis, which identifies the symptoms of BC at early stages 

normally by a physical exam to detect any lump or other unusual breast aspects, and b) 

screening, which allows detection of asymptomatic disease in a target population. The 

latter usually use mammography as a screening exam (Ginsburg et al., 2020). Imaging 

is a determinant weapon for BC's detection, diagnosis, and clinical management 

(Bhushan et al., 2021). Generally, the suspicious breast lesions require further 

anatomopathological diagnosis confirmation by fine needle aspiration, or core 

histological biopsies (Pesapane et al., 2020). 

 
After the BC diagnostic, patients are evaluated to establish more appropriate treatment 

options. This evaluation considers several aspects, such as tumor grade, stage, and 

molecular subtype.  

 
The tumor grade compares the neoplastic with normal cells, where it is attributed the 

scores 1, 2, or 3 taking into consideration three main characteristics: the amount of gland 

formation, nuclear pleomorphisms, and mitotic activity. The sum of these scores leads 

to three tumor grades: Grade I (low grade), Grade II (intermediate grade), and Grade III 

(high grade) corresponding to well-differentiated, moderately differentiated, and poorly 

differentiated tumors (John Hopkins Medicine Pathology, 2021). 

 
The tumor stage measures how advanced the disease is considering the TNM 

classification. The TNM is an acronym where T stands for tumor, N is for node, and M is 

for metastasis. Thus, there are evaluated aspects such as tumor size and other relations 

with surrounding structures, affected lymph nodes (number and localization, and 
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extracapsular extension), and the presence or absence of multiple metastases (Cserni 

et al., 2018). The joint information allows the classification into four stages (Stage 0-IV), 

where Stage 0 corresponds to non-invasive disease and Stage IV to metastatic disease 

(Rosen and Sapra, 2021). 

 
BC commonly metastasizes to distant organs such as bone, liver, lung, and brain, which 

adds to the difficulty of controlling the disease and decreases the survival probability 

after treatment (Sun et al., 2017). Generally, the 5-year BC survival rate is considerably 

high reaching 90%. However, when referring just to metastatic BC this rate drops to 29% 

and is even lower (12%) in metastatic triple-negative breast cancer (TNBC) (American 

Cancer Society, 2021). This data draws our attention to the need to investigate new 

treatment options for metastatic BC, especially TNBC. 

 
1.6. Breast Cancer Classification 

1.6.1. Histological Classification 

Breast cancer (BCqa), like other types of cancer, is not one disease. It represents various 

diseases corresponding to different histological and molecular types with distinct clinical 

outcomes (Dai et al., 2017). 

 
Breast carcinomas represent the vast majority of BC, accounting for nearly 95% of BC, 

although other malignant lesions such as sarcomas and lymphomas can occur (Makki, 

2015). The histological classification of carcinomas is based on the origin of the tumor 

(from the epithelium of the ducts or the lobules) and the characteristics of the tumor itself. 

Most breast carcinomas (around 55%) derive from duct cells and are divided into ductal 

carcinoma in situ (DCIS) when cells from the tumor do not invade the basement 

membrane, and invasive ductal carcinoma (IDC) when there is the invasiveness of the 

tumor into the stroma. This classification of in situ/invasive also applies to lobular 

carcinomas: lobular carcinoma in situ (LCIS) and invasive lobular carcinoma (ILC) 

(Makki, 2015). Each type of in situ or invasive carcinoma has several subclassifications 

according to its architectural features and the amount, type, and localization of the 

secretions. The WHO Classification of Breast Tumors, World Health Organization (2019) 

is recommended for further reading and information. 

 
1.6.2. Molecular Classification – Breast Cancer Subtypes 

There has been a great effort to stratify breast tumors based on the morphological 

architecture and molecular characteristics that can be better predictors of tumors’ 

behavior and direct the therapeutic approach. One approach is to look at the presence 
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or absence of estrogen (ER) or progesterone receptors (PR) and human epidermal 

growth factor 2 (HER-2). Accordingly, BC is commonly classified into three main 

subtypes: Luminal, HER-2 overexpression and triple-negative BC (TNBC) (Waks and 

Winer, 2019). Figure 3 resumes the main molecular subtypes of BC with their main 

characteristics. 

 
These subtypes are usually defined by immunohistochemistry (IHC) or genetic 

techniques (Grimaldi et al., 2020). Genetic techniques provide more information than 

IHC but are much more expensive. Therefore, IHC is the most used to determine these 

molecular subtypes, and patients within a particular subtype are directed to a subtype-

specific therapeutic approach (Zaha, 2014, Bonacho et al., 2020).  

 
Based on genetic techniques and their respective gene expression profiles, BC tumors 

were classified into five subtypes: Luminal A, luminal B, HER-2-enriched, basal-like, and 

normal-like (Perou et al., 2000, Sorlie et al., 2003). Later another group was described 

in human and mouse tumors: the claudin-low subtype (Herschkowitz et al., 2007). 

 

 

Figure 3 - Molecular classification of breast cancer subtypes with their main characteristics using 

immunocytochemistry markers. Adapted from do Nascimento and Otoni (2020), Burguin et al. 

(2021).* Range described º+ in the referenced literature. 
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1.6.2.1. Luminal 

The luminal subtype is the most common BC tumor. Luminal tumors are subdivided into 

luminal A (ER+, PR+, low ki67) and luminal B (ER+, PR+, high ki67, and sometimes 

HER-2+). In both subtypes, there is a high expression of low molecular weight 

cytokeratins and expression of hormone receptors (ER and PR), similar to the epithelium 

of origin in the normal breast. However, in luminal A tumors, there is a high expression 

of ER and PR, while in luminal B the expression of these hormone receptors is moderate 

to weak (Makki, 2015). Although most luminal tumors co-express ER and PR, some 

cases are ER+/PR– and less frequently, ER–/PR+ (Godoy-Ortiz et al., 2019). 

 
The main difference between luminal A and B is related to the expression of the 

proliferative gene ki67 (Sorlie et al., 2003, Waks and Winer, 2019). Ki67 is a very 

important marker reflecting the tumor's proliferative status and has been extensively 

assessed as a prognostic and predictive marker in invasive BC (Chen et al., 2017, 

Muftah et al., 2017). Ki67 is absent in quiescent cells and expressed in all proliferating 

cells, being low during G1 and early S-phase and progressively increasing in S and G2 

phases, reaching the maximum during mitosis and then rapidly decreasing during 

anaphase and telophase (Urruticoechea et al., 2005). Overall, ki67 is a marker of poor 

prognosis because it indicates highly proliferative tumors (Min et al., 2016, Wu et al., 

2019). Notwithstanding, a good chemotherapy response is related to higher ki67 levels 

(Kim et al., 2014, Bahaddin, 2020). 

 
For this subclassification into luminal A and B, a cut-off > 20% of ki67-positive cells is 

applied to classify the tumor as luminal B (Lombardi et al., 2021). More recently, the 

criteria of > 20% of PR-positive cells were included in this classification (Fragomeni et 

al., 2018). 

 
Luminal A is the most prevalent, accounting for 50% of invasive BCs (Makki, 2015), and 

tends to have a better prognosis and lower tumor grade. Luminal B generally is more 

aggressive with a worse prognosis, possesses higher tumor grades, and variable 

responses to endocrine therapy and chemotherapy (Poloz et al., 2017). 

 

1.6.2.2. HER-2  

This subtype accounts for 10-20% of all invasive BC (do Nascimento and Otoni, 2020, 

Burguin et al., 2021). It is characterized by the overexpression of HER-2, a member of 

the ERBB family of RTKs (Receptor tyrosine kinases) (Makki, 2015, Maadi et al., 2021). 

These kinases regulate key biological processes such as apoptosis, cell cycle, 
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cytoskeletal rearrangement, and cell differentiation, thus, their dysregulation is related to 

several diseases, including BC (Roskoski, 2014). Indeed, in rare conditions, it can also 

express ER and PR receptors. BC with HER-2 amplification can have up to 25-50 copies 

of the HER-2 gene, corresponding to a 40-100-fold increase in HER-2 protein 

(Kallioniemi et al., 1992). 

 
For HER-2, the assessment is commonly performed by the IHC and/or ISH (in situ 

hybridization). The ASCO/CAP (American Society of Clinical Oncology/College of 

American Pathologists) guidelines divide the positivity for HER-2 in IHC into 4 scores 

(Score 3+, 2+, 1+, and 0) according to the percentage of positively stained cells, the 

complete circumferential membrane staining and the intensity of this immunostaining. 

(Ahn et al., 2020a). 

 
HER-2 subtype usually occurs at a young age with poor tumor grade and lymph node 

involvement and normally expresses high levels of ki67. Thus, it is characterized by 

aggressive behavior and poor response to conventional therapy (Godoy-Ortiz et al., 

2019, Wang and Xu, 2019). 

 

1.6.2.3. Triple-negative vs Basal-like  

As the name indicates, triple-negative breast cancer (TNBC) lacks the expression of the 

ER, PR, and HER-2 and thus does not respond to targeted therapies. TNBC accounts 

for 10-20% of sporadic invasive BC (do Nascimento and Otoni, 2020, Burguin et al., 

2021) and is considerably higher in BRCA1 hereditary cancers varying from 66-100% 

according to different studies (Peshkin et al., 2010, Lee et al., 2020a). 

 
TNBC is a broad and heterogeneous group, and most TNBC (about 75%) are basal-like, 

but they cannot be considered synonyms (Wahba and El-Hadaad, 2015). Generally, 

TNBC is applied when IHQ is applied, whereas the basal-like subtype is more related to 

subtype determination by gene expression microarray analysis (Yersal and Barutca, 

2014). Basal-like cancers typically exhibit basal markers such as cytokeratin (CK) 5, 6, 

or 17, as do normal basal and myoepithelial cells, and strongly express ki67 (Alluri and 

Newman, 2014, Makki, 2015). 

 
In addition to basal-like tumors, other authors describe that TNBC can include claudin-

low, luminal androgen receptor, mesenchymal, mesenchymal stem-like, 

immunomodulatory, mesenchymal, basal-like immune-activated, basal-like 

immunosuppressed tumors (Lee et al., 2020b). TNBC is associated with a poor 

Chapter 1

 11



 

 

prognosis, higher early recurrence (metastatic and local), and drug resistance rates, 

which is a problem as chemotherapy is the only therapeutic option (Landry et al., 2022). 

 

2. Breast Cancer Treatment 

2.1. Treatment Options 

The decision on adequate therapies is often taken by a multidisciplinary group, including 

the oncologist, surgeon, radiation therapist, and other health professionals, taking into 

account the patient's characteristics and the type and stage of the tumor (Murawa et al., 

2014). Breast cancer treatment is a complex process in which surgery, radio, and 

chemotherapy are complementary weapons. However, according to the BC subtype, 

they can better respond to target therapies (Yersal and Barutca, 2014), acting directly 

into ER or HER-2 (Masoud and Pagès, 2017). 

 
2.1.1. Surgery 

The treatment options for BC have changed a lot in recent years. A few decades ago, 

women with BC diagnostics were submitted to radical mastectomy, including the 

dissection of the axillary lymph node chain (Keelan et al., 2021). This treatment approach 

is still valid, but the surgical procedure has become more conservative for both the breast 

and the axillary lymph nodes, providing women with a better quality of life and self-

esteem. Instead of radical mastectomy, breast-conserving surgery frequently followed 

by radiotherapy is adopted whenever possible. In conservative breast surgery, the tumor 

is removed with margins of normal breast tissue. The sentinel node technique, 

implemented in the early 1990s, prevented total axillary resection in many BC patients, 

reducing the morbidities of lymphedema and arm pain connected with the axillary lymph 

node chain. These lymph nodes can be quickly analyzed during surgery, but it is always 

necessary to perform other laboratory techniques including ICQ techniques to reassure 

the results and identify macro and micrometastasis (Bouquet de Jolinière et al., 2018). If 

there is no metastasis involvement in the sentinel lymph node(s), the patient can be 

spared from axillary lymph node dissection, which commonly does not happen if the 

sentinel node(s) is/are positive, meaning metastatic spread (Malter et al., 2018). 

 
2.1.2. Radiotherapy 

Radiotherapy consists of the use of ionizing radiation to kill cancer cells (Senkus, 2018). 

The use of radiotherapy has been widely used in BC treatment for years in a wide range 

of applications, as part of the treatment of early and advanced BC, also including 

palliative treatments. It can be applied in neoadjuvant, preoperative, intraoperative, or 
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adjuvant therapy, especially after conservative breast surgery (Yang and Ho, 2013). 

Neoadjuvant radiotherapy is mainly used for tumor downstaging in some inoperable BC, 

allowing a more conservative surgery (Sousa et al., 2020). In some BC treatment 

centers, intraoperative is applied in a set of specific medical indications (Murawa et al., 

2014). As for adjuvant therapy, several variants are applied according to the patient's 

age and specific disease conditions; for instance, partial breast irradiation is widely used, 

especially after breast-conserving surgery in selected patients with early-stage BC. Also, 

nodal radiation therapy may benefit when lymph nodes are positive for metastasis 

(Castaneda and Strasser, 2017). Radiotherapy can be administered simultaneously with 

other treatments, such as target therapies (Li et al., 2016, Castaneda and Strasser, 

2017) and under certain conditions with chemotherapy (Fernando et al., 2020). However, 

to prevent excessive toxicity, the use of chemotherapy and radiotherapy in sequence 

may be preferred (Pinnarò et al., 2011, Hickey et al., 2013). 

 
2.1.3. Chemotherapy 

Chemotherapy is a systemic drug-based treatment that interferes with tumor cells' 

growth and cell division to kill them (Jimenez et al., 2018). It is one major weapon against 

cancer in general, including in BC (Vasir and Labhasetwar, 2005). Chemotherapy can 

be administrated before (neoadjuvant) or after surgery (adjuvant) depending on several 

factors such as the condition of the patient, size, and location of the tumor, degree of 

lymph node involvement, expression of the ER, and PR, and expression of the HER-2 

(Masood, 2016, Asaoka et al., 2020). 

 
Neoadjuvant therapy was initially applied to prevent the progression of the disease by 

killing disseminated tumor cells. Then, after many trials and clinical studies, neoadjuvant 

therapy was associated with other advantages, such as improved surgical outcomes 

(allowing more conservative surgeries) and assessing the response to the treatment of 

cancer candidates for adjuvant chemotherapy (Rezai and Kraemer, 2017). Adjuvant 

therapy is commonly used in metastatic BC tumors and can also be followed by target 

therapies (Burguin et al., 2021). 

 
One of the major drawbacks of chemotherapy is its side effects. These include fatigue, 

alopecia, cytopenia, muscle pain, neurocognitive dysfunction, and chemo-induced 

peripheral neuropathy. The chronic or late side effects (after 6 months of treatment) 

include cardiomyopathy, second cancers, early menopause, sterility, and psychosocial 

impacts (Tao et al., 2015). 
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For chemotherapy in BC, several approved drugs belonging to different classes with 

distinct mechanisms of action to prevent and treat the disease. The main classes are 

antimetabolites, alkylating agents, antimitotic drugs, and hormonal and immunological 

target therapies (Abotaleb et al., 2018). Among the most used drugs approved for 

treating BC are cyclophosphamide, anthracyclines (e.g. doxorubicin), taxanes (e.g. 

paclitaxel), and 5-Fluorouracil (5-FU), capecitabine, platinum compounds (e.g. cisplatin) 

(Al-Mahayri et al., 2020) (Figure 4). 

 

Figure 4 - Chemical structure of the current main drugs used in breast cancer chemotherapy. 

 

2.1.3.1. Cyclophosphamide 

Cyclophosphamide belongs to the group of alkylating nitrogen mustard compounds. It is 

used to treat various cancer types, including BC, and is an essential component of many 

effective drug combinations. Cyclophosphamide requires metabolic activation by liver 

cytochrome P450 enzymes into reactive alkylating agents (Wang et al., 2007). These 

alkylating agents bind covalently irreversibly to DNA forming adducts that lead to DNA 

breaks and consequently cause apoptosis (More et al., 2019). It is used in high doses 

for effective chemotherapy, driving to immunosuppression. That is why this drug is also 

used, for example, to prevent graft-versus-host disease in transplantation (Lien and 

Scott, 2000). 
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2.1.3.2. Anthracyclines 

Anthracyclines are a class of natural antibiotics that are extensively used as 

antineoplastic agents due to their efficiency in a broad spectrum of cancers, including 

both solid (also in BC) and liquid tumors (Shah and Gradishar, 2018). The first 

anthracycline to be identified was daunorubicin, originally isolated from the soil 

actinobacterium Streptomyces peucetius (Arcamone et al., 1969), as well as its derivate 

adriamycin, also known as doxorubicin (Dox). Dox anticancer effects are based on two 

main mechanisms (i) intercalation into DNA which inhibits DNA transcription and 

replication and disruption of topoisomerase-II-mediated DNA repair, and (ii) generation 

of reactive oxygen species and respective oxidative damages (Thorn et al., 2011). Like 

any other chemotherapy drug, Dox induces several systemic side effects, including 

hepatotoxicity, neuropathy, neurotoxicity, and the most relevant, cardiotoxicity (Carvalho 

et al., 2009, Ajaykumar, 2020). The causal mechanisms underlying Dox-induced 

cardiotoxicity are still not completely elucidated. However, owing to its acute and chronic 

cardiac toxicity, Dox has dose-limiting effects. Another limitation of using Dox as the main 

treatment is the emergence of multidrug resistance (MDR) (Al-Malky et al., 2019). 

 
2.1.3.3. Taxanes 

Taxanes emerged as a powerful group of compounds in the 1990s. Taxanes can be 

used in monotherapy or combination therapy (Abal et al., 2003) or associated with 

anthracyclines (anthracycline followed by taxane) (Zaheed et al., 2019). The taxanes 

used in BC treatment are paclitaxel, docetaxel, and cabazitaxel; however, they have 

many differences in efficacy–toxicity ratio and pharmacokinetic interactions with 

anthracyclines (Nabholtz and Gligorov, 2005). Taxanes stabilize microtubules through 

centrosomal impairment, induction of abnormal spindles, and suppression of spindle 

microtubule dynamics (Maloney et al., 2020). As microtubule dynamics are essential for 

cell division, taxanes inhibit spindle formation, thus blocking mitosis and inducing 

apoptosis (Jordan and Wilson, 2004). 

 
2.1.3.4. 5-Fluorouracil  

5-Fluorouracil is a pyrimidine analog that belongs to antimetabolite drugs. 5-FU 

anticancer effects are caused by inhibiting thymidylate synthase and incorporating its 

metabolites into RNA and DNA (Longley et al., 2003). 5-Fluorouracil is commonly used 

in combination with anti-HER-2-targeting therapies (Yi et al., 2020). 
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2.1.3.5. Capecitabine 

Capecitabine is an antimetabolite prodrug, which means it is not cytotoxic per se. It 

needs enzymatic conversion by cancer cells to be converted into 5-FU (Parsons and 

Burstein, 2021). It is used in the neoadjuvant and adjuvant chemotherapy setting of 

TNBC as neoadjuvant and adjuvant chemotherapy (Huo et al., 2021). Food and Drug 

Administration (FDA) approved this compound for a single agent in metastatic BC 

patients who are resistant to anthracycline- and paclitaxel-based regimens or situations 

where anthracycline treatment is contraindicated and in combination with docetaxel 

followed by failure of anthracycline therapy (Walko and Lindley, 2005). 

 
2.1.3.6. Platinum compounds 

Platinum compounds have been extensively used in cancer treatment. In BC, they may 

be used in treating TNBC (Gerratana et al., 2016, Poggio et al., 2018) and advanced 

metastatic disease (Petrelli et al., 2016). Platinum compounds have a high affinity to 

DNA and establish cross-link DNA strands, distorting the double helix of DNA and 

causing single and double-strand breaks. This action causes inhibition of DNA synthesis, 

induces cell cycle arrest, and if the damage is permanent, it leads to cell death (Siddik, 

2003). The platinum compounds used in BC treatment are commonly cisplatin and 

carboplatin. They have never been used as a drug of choice due to their high toxicity and 

complexity in their administration compared to other medications (Martín, 2001). 

 
2.1.4. Target Therapies 

Unlike chemotherapy drugs that act broadly in cancer-dividing cells, target therapy drugs 

act preferentially in cells harboring specific proteins or molecular targets involved in the 

tumorigenesis process to block or eliminate altered pathways in such cells (Baudino, 

2015). Among the approved target therapy for cancer treatment are signal transduction 

inhibitors, hormone therapies, gene expression modulators, apoptosis inducers, 

angiogenesis inhibitors, immunotherapies, and toxin delivery molecules. Target 

therapies have been contributing to increasing the treatment efficacy, reducing the 

therapeutic side effects, and improving the quality of patients' lives (Widmer et al., 2014). 

The most common target therapies in BC are hormone or endocrine therapy for positive 

hormone tumors and signal transduction inhibitors for HER-2 (Mohamed et al., 2013, 

Meisel et al., 2018). 
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2.1.4.1. Endocrine Therapy 

In ER-positive tumors, the therapeutic management of endocrine estrogen levels and 

their interaction is vital. For this reason, an accurate assessment of ER status is 

essential, as it directs patients to different treatment approaches. IHC is the main 

methodology used for this assessment (Noordhoek et al., 2019). The established 

ASCO/CAP guidelines for directing patients to target ER therapy recommend the cut-off 

of more than 10% of ER-positive cells, tumors with 1-10% of positive cells are classified 

as low positive, and when less than 1% of cells are positive they are considered negative 

(Allison et al., 2020). Another important marker in this classification is proliferation marker 

ki67, referred to for the subclassification of Luminal A and B tumors (Davey et al., 2021). 

 
Anti-estrogen drugs can interfere with ER signaling by acting as (i) ER modulators as the 

selective estrogen receptor modulators (SERMs) (e.g., tamoxifen); (ii) promoting ER 

degrading — selective modulators estrogen receptor degraders (SERDs) (e.g., 

fulvestrant), or (iii) blocking the production of estrogens as aromatase inhibitors (AIs) 

(e.g., anastrozole, letrozole) (Sleightholm et al., 2021). 

 
The most used drugs in BC are SERMs, which compete with estrogens by binding to the 

ER, changing its configuration, so that when it is translocated to the nucleus it blocks the 

transcription of genes related to cell proliferation and migration; both processes related 

to the cancer growth (Patel and Bihani, 2018, Burguin et al., 2021). The most famous 

drug in this class is tamoxifen, which is used in all stages of ER-positive BC (Swaby et 

al., 2007). 

 
The other class of anti-estrogens, the SERDs, completely block the ER pathway. SERDs 

inhibit ER dimerization, blocking translocation to the nucleus and causing ER 

degradation (Patel and Bihani, 2018, Burguin et al., 2021). Initially, the SERD fulvestrant 

was approved by FDA for the treatment of metastatic luminal BC in postmenopausal 

women, nowadays SERDs are considered an effective therapeutic approach to treat 

luminal BC in both early stages, as first-line treatment or in advanced BC that is AI or 

tamoxifen drug-resistant (Hernando et al., 2021). 

 
AIs have been used mainly in post-menopause BC, as they reduce the plasma levels of 

estrogen, as its name indicates, inhibiting the activity of the enzyme aromatase, 

responsible for the biosynthesis of estrogen from androgens (Caciolla et al., 2020). 
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2.1.4.2. HER-2 Target Therapy 

The HER-2 targeting therapies relay basically into two approaches. One is the class of 

antibodies and their conjugates that use the HER-2 overexpression as a tumor cell 

identifier. Another category includes drugs that inhibit the signaling of HER-2 - tyrosine 

kinase inhibitors (TKIs) (Escriva-de-Romani et al., 2018). 

 
The most common antibodies are trastuzumab and pertuzumab, being trastuzumab the 

standard of care in the HER-2 BC subtype. Trastuzumab is a monoclonal antibody 

directed to the sub-domain IV, a juxtamembrane region of the HER-2 extracellular 

domain. Although the mechanisms of action of trastuzumab are not fully understood, it 

is thought to involve the inhibition of HER-2 dimerization and suppression of HER-2-

mediated downstream signaling pathways involved in the mechanisms of tumor growth 

(Maximiano et al., 2016). Pertuzumab is another approved drug for use in combination 

with trastuzumab and docetaxel in patients with HER-2-positive metastatic BC and as 

neoadjuvant treatment for patients with HER-2-positive early BC (Kirschbrown et al., 

2019).  

 
Antigen-drug conjugates (ADCs) consist of the combination of a monoclonal antibody 

with a cytotoxic drug that is released in antigen-expressing cells (Diamantis and Banerji, 

2016). This technology improves the efficacy of the treatment and minimizes the 

exposure of non-target cells. The Ado-trastuzumab emtansine (T-DM1, Kadcyla is 

already approved for HER-2 metastatic BC in patients previously treated with 

trastuzumab and taxane (Trail et al., 2018). 

 
This anti-HER-2 therapy has a significant impact on HER-2-positive patients, but 

additional options such as TKI (e.g., lapatinib, neratinib, or pyrotinib) have been 

developed due to antibody resistance. They are small molecules that compete for the 

adenosine triphosphate binding domain within the cytoplasmic portion of HER-2, which 

prevents the phosphorylation and consequent signaling transduction pathways (Escriva-

de-Romani et al., 2018). 

 
2.1.5. Combination Therapy 

Combination therapy is a treatment modality that combines two or more therapeutic 

agents (Bayat Mokhtari et al., 2017). The combination of drugs evolved over many 

centuries as in traditional Chinese medicines it was common to use a combination of 

herbs to treat diseases (Chou, 2006). The use of adjuvant combined chemotherapy using 

two different drugs with distinct mechanisms of action is a common practice in the 
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oncology field as it may offer benefits: lower drug dosage with consequent less toxicity 

without compromising the level of efficacy of the treatment, and lower possibility of drug 

resistance as different pathways are targeted (Foucquier and Guedj, 2015). The use of 

one single drug (monotherapy) is more prone to drug resistance because the constant 

treatment with that compound can make cancer cells recruit alternative pathways to 

escape from cell death. Thus, the use of drugs with different mechanisms for killing the 

tumor cells is more appropriate to face the multi-factorial process of drug resistance 

(Khdair et al., 2010), as cancer cells have more difficulty of escaping from different 

cytotoxic effects caused by the use of more than one drug (Zimmermann et al., 2007). 

However, it is important to mention that the drug combination can also be harmful as 

synergistic toxicity can occur (Yilancioglu et al., 2014). 

 
Initially, the combination therapy for BC used a combination of an alkylating agent (e. g 

cyclophosphamide) and an antimetabolite (5-FU). Then, over the years, various 

combinations of different classes of agents have been under investigation. In BC, there 

are some drug combinations approved by FDA, combining two or three drugs. In these 

combinations, Dox is a common drug, e.g. Dox with cyclophosphamide, Dox with 

cyclophosphamide followed by paclitaxel (taxol), Dox with cyclophosphamide, and 5-

fluorouracil (Correia et al., 2021). However, there are other approved drug combinations 

and others under investigation (Hatem et al., 2018, Ahmad et al., 2020, Domchek et al., 

2020, Kang and Syed, 2020), especially for metastatic BC, including the combination of 

immunotherapy and targeted therapy (Esteva et al., 2019). 

 
2.1.6. Complementary Therapies 

The term “complementary therapies” embraces a wide range of treatments that are not 

considered traditional in Western countries (Crocetti et al., 1998). It is widespread to find 

in the literature the acronym CAM which stands for Complementary and Alternative 

Medicine. Complementary therapies are adjunctive procedures that can be applied 

alongside mainstream treatment to control symptoms and/or provide well-being. On the 

other side, alternative therapies are often promoted as surrogates for mainstream 

treatment (Cassileth et al., 2009). The use of complementary therapies has gained more 

relevance in the past decades, especially in the oncology field (Abrahão et al., 2019). 

 
Some patients believe they can benefit from complementary techniques such as 

homeopathy, yoga, acupuncture, medicinal plant intake, and manual healing methods. 

The use of complementary therapies is commonly applied to alleviate side effects of 

treatment-related symptoms, reduce the toxicity of the treatments (Abrahão et al., 2019), 
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stimulate immunity (Chandwani et al., 2012), or relieve physical distress (Crocetti et al., 

1998). 

 
Although most patients do not refer these complementary medicines to their oncologists, 

many studies that investigated the proportion of patients that use those therapies showed 

that their use ranged from 10-60% of patients (Crocetti et al., 1998). This range is related 

to many factors, such as the socio-demographic characteristics of the patients and 

cultural differences relative to the use of these therapies (Irmak et al., 2019). About BC, 

the percentage of survivors that used some CAM also reached 62% (Buettner et al., 

2006). The most problematic question about this type of therapy is whether patients use 

it in a desperate attempt to secure a cure together or after the failure of conventional 

medicine. 

 
Unfortunately, there is a cultural fallacy: “Anything natural is good”, and the ingestion of 

natural products has no secondary effects. In the context of this thesis, the intake of 

herbs and dietary supplements is the only complementary therapy that will be considered 

as some of the seaweed compounds tested here are sold free on the internet or by 

herbalists without needing any medical prescription. Doctors need to be aware of the 

intake of herbs and herbal-derived compounds, as they can interact with cytochrome 

P450 (Zhou et al., 2003, Russo et al., 2014, Cho and Yoon, 2015, Zhang et al., 2020b) 

and P-Glycoprotein (Cho and Yoon, 2015), which can compromise the efficacy of 

medications, including chemotherapeutic agents or have unpredictable effects (Cassileth 

et al., 2009, Lin et al., 2020a). Indeed, many botanical extracts and herbal products do 

not possess a well-defined composition and often contain unidentified compounds (Deng 

and Cassileth, 2014). Moreover, they are sold without strict governmental regulations or 

verification by competent authorities. Therefore, the possibility of interference in the 

intake of herbal compounds with conventional therapies should not be undervalued and 

certainly requires further investigation. As a precaution, doctors should include questions 

about this kind of consumption in medical history taking. 

 
Paradoxically, the general public does not know that many anticancer medications are 

made from natural substances found in plants, fungi, or marine sources. Examples are 

the cases of plant-derived drugs: taxanes (paclitaxel and docetaxel), camptothecin 

analogs, vinca alkaloids (vinblastine, vincristine, and vindesine), epipodophyllotoxins 

(etoposide and teniposide) (Mann, 2002, Amin et al., 2009). Some of these are directly 

extracted, and other serves as a base to produce semi-synthetic or synthetic analogs. 
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Given the above scenario, either from a perspective of prevention of misuse or medical 

use, it is vital to investigate the combination of natural compounds with anticancer drugs, 

as they can potentially augment or interfere with the efficacy of the anticancer drugs. 

 

3. Breast Cancer Caveats and Needs 

3.1. Drug Resistance 

In advanced healthy systems, 80-85% of BC patients will be cured after treatment, 

although a systemic failure of these initially cured patients can occur over the next 5-10 

years (Becker, 2015). The remaining 15% die from the disease, generally associated 

with complications of metastasis or due to the appearance of drug resistance and 

recurrence. Despite significant advances in cancer treatments, the development of drug 

resistance and, in some cases, multidrug resistance (MDR) continues to be a great 

challenge in fighting against the disease. Apart from metastasis, MDR is the leading 

cause of tumor relapse and failure of the therapy (Mansoori et al., 2017). Drug resistance 

can be classified as intrinsic (de novo) or acquired. De novo resistance occurs before 

drug exposure, while acquired resistance occurs after initially sensitive tumors 

(Hazlehurst and Dalton, 2006). 

 
There are several mechanisms and factors that can influence drug resistance in BC, 

such as: 1) efflux pumps that reduce the concentration of the drugs inside the cells; 2) 

alterations in the membrane structure that alters the cellular uptake; 3) increased and 

altered drug targets; 4) metabolic alterations of the drugs; 5) inhibition apoptosis; 6) 

repair of DNA damage (Núñez et al., 2016); 7) cancer resistance genes and micro RNAs; 

8) tumor heterogeneity; 9) tumor microenvironment conditions; and 10) cancer stem cells 

(Ji et al., 2019). 

 
The efflux pumps have a major contribution to MDR. They are mediated by ATP-binding 

cassette (ABC) transporters, like the most well-described P-glycoprotein (P-gp), 

overexpressed in 40-50% of BC patients. The P-gp efflux transporters need ATP from 

the mitochondria to pump the chemotherapy drugs out of cells. Thus, mitochondrial 

metabolism has been investigated for future cancer therapies (Weinberg and Chandel, 

2015). 

 
Alterations in the membranes and other drug targets, due to either a secondary mutation 

in the target protein or changes in epigenetics, also interfere with the efficacy of drugs, 

contributing to drug resistance. The drug’s action can also be dependent on its 

interaction with other proteins that can alter these drugs, consequently interfering with 
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their efficacy. One example is the glutathione S-transferase (GST) which has a major 

role in the detoxification of drugs. These enzymes increase drug resistance through the 

detoxification of anti-cancer drugs or indirectly by the mitogen-activated protein kinase 

(MAPK) pathway inhibition (Mansoori et al., 2017). 

 
Another relevant mechanism that plays an essential role in drug resistance is enhanced 

DNA damage repair, especially in drugs that cause DNA damage by cisplatin (Wang et 

al., 2019b). 

 
Moreover, several genetic and epigenetic changes can occur within the tumor, leading 

to tumor heterogeneity. Other extrinsic factors, including pH, hypoxia, and paracrine 

signaling interactions with stromal and other tumor cells, can also interfere with the genes 

and their respective products associated with drug resistance (Mansoori et al., 2017). 

There is a complex crosstalk between the neoplastic cells and the microenvironment. 

This crosstalk influences tumor development and the resistance to anticancer therapies. 

Among the molecules involved in this process are the microRNAs, which help induce 

pro-tumoral traits and fuel tumor aggressiveness (Cosentino et al., 2021). Along this line, 

some genes, such as Twist and MRD1 have been associated with drug resistance in BC. 

Twist one is a regulator of EMT and MRD1 encodes proteins such as P-gp, GTS, and 

p53, all related to drug resistance mechanisms (Ji et al., 2019). 

 
The presence of breast cancer stem cells (BCSCs) has been pointed out as an important 

cause of drug resistance, as they are described to be more resistant to chemotherapeutic 

agents and radiotherapy (Pavlopoulou et al., 2016). BCSCs possess stem cell 

characteristics as the self-renewal capacity and are characterized by the expression of 

surface marker CD44 and a low or complete absence of surface marker CD24 

(CD44+/CD24−/low) (Butti et al., 2019). BCSCs with high aldehyde dehydrogenase 1 

(ALDH1) activity have also been associated with an increased tumorigenic potential 

(Gote et al., 2021). 

 
It is important to mention that drug resistance can occur in any treatment with 

chemotherapy, endocrine, and target therapies. For instance, 20-30% of hormone-

positive tumors develop resistance to SERMs (Viedma-Rodríguez et al., 2014, Ali et al., 

2016). Therefore, the search for more new drugs and more selective compounds with 

fewer side effects or compounds that can contribute to lowering cancer therapy 

resistance is of paramount importance. In this scenario, several scientists and the 

pharmacology industries have been exploring natural and natural-inspired compounds 

to fulfill this need. 
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4. Natural and Nature-Inspired Compounds for Cancer Prevention and 

Treatment 

“Natural products” include a large and diverse group of substances from various sources. 

They are produced by marine organisms, bacteria, fungi, and plants. The term 

encompasses complex extracts from these producers and the isolated compounds 

derived from those extracts. It also includes vitamins, minerals, and probiotics” 

(Milshteyn et al., 2014). 

 
In folk medicine, natural products have historically been part of treating human ailments 

(Cragg and Pezzuto, 2016). Thus, plants and other natural products have been a source 

of interest for investigation for drug discovery, including in the cancer field. Currently, 

over 50% of anticancer drugs are derived from natural products or are synthetic analogs 

of natural products (Newman and Cragg, 2020). A good example of this translational 

medicine from folk to modern medicine was the first plant-derived anticancer drug, vinca 

alkaloids, derived from the Madagascar periwinkle, Catharanthus roseus 

(Apocynaceae). Because several populations traditionally used this plant to treat 

diabetes (Al-Shaqha et al., 2015), there was an investigation into its application as an 

oral hypoglycemic drug in rats. Surprisingly, its extracts also reduced white blood cell 

counts and caused bone marrow depression, so it was tested for the treatment of 

lymphocytic leukemia in mice and later in humans and approved as an anti-leukemia 

drug (Cragg and Pezzuto, 2016). 

 
Natural products are one of the main starting points for drug discovery and have 

demonstrated considerable potential in the biomedical area (Ruiz-Torres et al., 2017). 

Therefore, in oncology, natural derived products are used as first‐line treatments for 

different cancers, like vinblastine, vincristine, and their analogs, paclitaxel, and the 

analogs, docetaxel, and cabazitaxel, podophyllotoxin and analogs, etoposide, 

camptothecin and analogs, topotecan and irinotecan (Jimenez et al., 2018). 

 
Another "front of attack" for natural compounds is their use in combination therapy with 

anticancer drugs; in certain situations, these combinations have been highlighted as a 

rising research focus with potentially successful outcomes (Kapadia et al., 2013, Lichota 

and Gwozdzinski, 2018, Rejhová et al., 2018, Mosca et al., 2020, Sauter, 2020). A 

revision by Lin et al. (2020a) is recommended for a thorough analysis of the pre-clinical 

data of natural compounds as potential adjuvants to cancer therapy. 

 
Similarly, recent attention has been given to the role of natural products in the 

chemoprevention setting. The concept of chemoprevention was introduced in the mid-
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seventies (Sporn et al., 1976). It refers to the use of natural or synthetic 

pharmacologically active substances to prevent, postpone, or reverse the 

carcinogenesis process (before the invasion step) (Sporn and Suh, 2000, Cragg and 

Pezzuto, 2016, Melo et al., 2018). A plethora of natural-derived compounds from plants, 

fruits, vegetables (Melo et al., 2018), seaweeds (Namvar et al., 2013a, Park and 

Pezzuto, 2013b, Moussavou et al., 2014), fungi-derived compounds (Petrova et al., 

2008, Park and Pezzuto, 2013b, Pięt et al., 2021) have been indicated as possible 

chemopreventive agents. 

 
Most studies of putative chemopreventive agents came from in vitro or in vivo studies 

with animal models. The results show that some nutrients and bioactive foods regulate 

different epigenetic mechanisms. Other agents have been associated with anti-

inflammatory effects by triggering reactive oxygen species (ROS) scavenging, inducing 

apoptosis, inhibiting EMT, and epigenetic regulation (Melo et al., 2018). However, the 

mechanisms behind these chemopreventive effects are generally not fully understood. 

 
4.1. Marine-derived Compounds in Cancer Prevention  

There are on the global market a great variety of food supplements that correspond to 

extracts and semi-purified fractions of edible marine organisms such as seaweeds that 

are publicized as antioxidant, immunostimulatory, and cancer-preventive (Suleria et al., 

2015). This commercial trend agrees with the fact that some marine-derived products 

have long been used in the folk medicine of many Asian countries to treat different 

pathological conditions, including cancer (Bandaranayake, 1998, Ntie-Kang and Svozil, 

2020). 

 
Some evidence of chemopreventive effects is based on observation of low incidence of 

a certain type of tumors in a population, which is commonly associated with eating habits 

such as the low incidence of BC in Asian countries associated with seaweeds intake 

(Yang et al., 2010, Teas et al., 2013). Consistent with the epidemiological association, 

seaweed’s compounds have exhibited several in vitro chemopreventive effects (Gamal-

Eldeen et al., 2009, Lee et al., 2013, Park and Pezzuto, 2013a, Vishchuk et al., 2016), 

including in BC cell lines (Funahashi et al., 2001). There are available revisions on the 

topic for more detailed information about the chemopreventive action of marine-derived 

compounds, such as Stonik and Fedorov (2014), Dyshlovoy (2021). 
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4.2. Marine-derived Compounds in Cancer Treatment 

The search for new compounds with pharmacological activity has been largely extended 

to the oceans as they harbor enormous biodiversity in fauna and flora that live in different 

conditions, such as a wide range of temperatures, light exposure, oxygen levels, pH, 

pressure, nutrients availability, salinity, and predators attacks. Due to this huge diversity 

of environments, marine organisms such as fishes, microalgae and seaweeds, mollusks, 

sponges, other invertebrates and microorganisms, mainly bacteria and fungi, developed 

adaptive mechanisms and symbiotic interactions, that are, in part, responsible for the 

production of compounds with bioactive activity, mostly corresponding to secondary 

metabolites (Wang et al., 2020). 

 
Secondary metabolites mean that these compounds are not part of or are not generated 

by the main metabolic basic pathways (Cappello and Nieri, 2021) and have no primary 

function in the development, growth, or reproduction (Martins et al., 2014). Still, they are 

part of organisms' homeostasis and natural defense against extreme environmental 

stress (Kaur et al., 2018). Among the biological activities of the secondary metabolites, 

there have been reported many with health benefits, such as antimicrobial, antioxidant, 

antidiabetic, anti-obesity, anticoagulant, anti-inflammatory, and anticancer effects (Jha 

and Zi-rong, 2004, Yatiwella et al., 2018, El-Demerdash et al., 2019, Cotas et al., 2021, 

Wibowo et al., 2022). 

 
Undoubtedly, the marine milieu is a reservoir of bioactive compounds with uncommon 

and unique chemical features that can be used as scaffolds in drug discovery and 

development (Ercolano et al., 2019). A preclinical cytotoxicity screening from the USA 

National Cancer Institute demonstrated that marine samples had a ten times higher 

incidence of antitumor properties than terrestrial ones (Munro et al., 1999). 

 
In the last decades, the number of scientific publications about the anticancer properties 

of marine compounds has been showing an upward trend (Ruiz-Torres et al., 2017), and 

several compounds entered the drug discovery pipeline. The first marine-derived 

approved drug was cytarabine, a synthetic pyrimidine nucleoside derived from 

spongothymidine, isolated from a Caribbean sponge species Tethya crypta (Lindequist, 

2016). Until 2021, more than ten compounds have already been approved for cancer 

treatment (Table S1) by FDA and EMA (European Medicines Agency) (Cappello and 

Nieri, 2021), and one more by the Australian authorities (Gomes et al., 2020). There are 

three marine-derived drugs under phase III while at least six are in Phase II clinical trials 

(Table S2), and many others are under preclinical experiments. However, some marine-
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derived compounds failed to be effective against cancer cells in phase I and II clinical 

trials, such as the folastatin-10 and 15, derived from the shell-less mollusk Dolabella 

auricularia (Edwards et al., 2012), and the PM02734 of kahalalide F derived from other 

marine mollusk, Elysia rufescens (Petty et al., 2016). A recent work presents more 

detailed information on the high number of marine-derived compounds in the earlier 

phases of clinical trials (Jimenez et al., 2020). 

 
The approved drugs or those under clinical trials belong to different drug classes, such 

as terpenes and terpenoids, peptides, macrolides, alkaloids, and ADCs with diverse 

mechanisms of action (Malve, 2016). It is relevant to mention that most of these drugs 

are synthetic analogs of the initially isolated natural products. As with other drugs, these 

marine-derived drugs can have side effects such as gastrointestinal toxicity, diarrhea, 

intestinal ulceration, oral mucositis, hematologic side effects, hepatotoxicity, and 

septicemia that varies according to the different drugs (Nigam et al., 2019). Also, they 

are commonly used in second-line chemotherapy in advanced tumors, such as eribulin 

mesylate, which is used in metastatic or locally advanced BC previously treated with an 

anthracycline and a taxane (Dybdal-Hargreaves et al., 2015). Another example is the 

trabectedin that is applied in the treatment of unresectable or metastatic liposarcoma or 

leiomyosarcoma that has failed a prior anthracycline regimen (Gordon et al., 2016). 

These drugs have been under several cohort studies in combination therapy with other 

drugs like cytarabine and daunorubicin for the treatment of acute myeloid leukemia 

(Murphy and Yee, 2017) or brentuximab-vedotin in combination with doxorubicin, 

vinblastine, and dacarbazine in patients with newly diagnosed early-stage, unfavorable-

risk Hodgkin lymphoma (Kumar et al., 2021). 

 
5. An Overview of Marine-derived Anticancer Bioactive Compounds  

From a broad perspective, “bioactive compounds can be defined as nutrients and non-

nutrients present in the food matrix (vegetal and animal sources) that can produce 

physiological effects beyond their classical nutritional properties” (Cazarin et al., 2022). 

Still quoting verbatim other authors’ opinions, “bioactive compounds are capable of 

modulating metabolic processes and demonstrate positive properties such as 

antioxidant effect, inhibition of receptor activities, inhibition or induction of enzymes, and 

induction and inhibition of gene expression” (Carbonell-Capella et al., 2014). 

 
Marine bioactive compounds display diverse biological activities with nutraceutical and 

pharmacological potential. From the vast number of marine species, in this thesis, we 
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dedicated efforts to one marine fungus and seaweed, more specifically brown seaweeds, 

derived compounds. 

 
5.1. Marine Fungi-derived Bioactive Compounds - Sources, Molecules, Uses, and 

Mechanisms of Action 

Fungi are heterotrophic eukaryotes involved in the decomposition of dead plant tissues 

and animal tissues to a lesser extent (Bugni and Ireland, 2004). Fungi species produce 

multiple secondary metabolites, and a significant part of their genomes is responsible for 

encoding and regulating these metabolites (Bills and Gloer, 2016). The main metabolites 

from fungi include flavonoids, amines and amides, steroids, indole derivatives, quinones, 

phenylpropanoids, aliphatic compounds, and phenylpropanoids (Kornienko et al., 2015). 

Marine-derived fungi have also been described as a source of new metabolites with 

promising pharmacological activities (Bugni and Ireland, 2004, Rateb and Ebel, 2011), 

including anticancer effects (Rateb and Ebel, 2011, Deshmukh et al., 2018, Uzma et al., 

2018). Fungi-derived drugs have played a crucial role in the treatment of various 

diseases. Examples of this are the already mentioned β-lactam antibiotics, including 

penicillin and cephalosporins (Bills and Gloer, 2016), and the “blockbuster” drugs known 

as statins used to lower cholesterol (Parihar et al., 2019). Also, it is worth mentioning 

that paclitaxel, one of the most used drugs to treat BC, was discovered in an endophytic 

fungus Taxomyces andreanae, from the yew plant Taxus brevifolia (Ji et al., 2006). 

 
Marine fungi are a chemically and biologically diverse group of microorganisms (Bugni 

and Ireland, 2004) that can be found free in water or sediments or, more commonly, 

associated with other marine organisms, mostly sessile invertebrates (sponges, 

mollusks, and crustaceous), and also as endophytes (fungi internally living in plants) in 

micro and macroalgae. These fungal-host interactions have physiological and ecological 

relevance as they comprise nutritional enhancement, stabilization of the host skeleton, 

and secondary metabolite production, representing a great potential for drug discovery 

(Debbab et al., 2012). Marine fungi produce cytotoxic metabolites to survive in the harsh 

conditions of the oceans, which is also useful for protecting the associated organisms 

(Wahl et al., 2012). 

 
Among the fungi-associated organisms, sponges harbor the greatest microbiota diversity 

(mainly fungi and bacteria), also corresponding to the source of the largest number (33%) 

of bioactive compounds in the literature (Bugni and Ireland, 2004). Marine sponges are 

multicellular, sessile, filter-feeding animals. While they feed, many microorganisms are 

inhaled from the seawater and start residing in the sponge or are phagocytized. As 
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sessile organisms, their mechanisms of protection against predators rely mostly on 

chemical protection that is partially obtained due to their interactions with 

microorganisms such as marine fungi. In the same way, these microorganisms benefit 

from the sponge nutrient supply (Taylor et al., 2007). Microbial associates comprise as 

much as 40% of sponge volume (Ji et al., 2006). Sponges and their symbionts' evolution 

are closely linked, favoring the production of new metabolites (Moitinho-Silva et al., 

2017). Furthermore, sponges live in harsh conditions, including low temperatures, 

elevated hydrostatic pressure, absence of light, high concentrations of metals, and 

hypoxic conditions, which may be responsible for producing secondary metabolites with 

promising activities (Jin et al., 2016). There have described several bioactive compounds 

isolated from sponge-associated fungi with cytotoxicity against different cell lines, being 

effective from low to high micromolar concentrations (˂ 1 to nearly 100 µM) (Deshmukh 

et al., 2018). Aspergillus and Penicillium are the most common marine genera, probably 

due to their salt tolerance and rapid growth (Jin et al., 2016). 

 
5.1.1. Preussin 

In this thesis, we studied just a secondary metabolite isolated from one of these 

interactions between sponges and marine fungi: preussin. This naturally occurring 

compound was originally isolated from the fermentation of Aspergillus ochraceus 

(Schwartz et al., 1988) and Preussia sp. (Johnson et al., 1989). Since then, several 

methodologies for the synthesis of preussin and its analogs have been reported (Armas 

et al., 1998, Okue et al., 2001, Zhou et al., 2014), altogether over thirty synthetic 

approaches using novel reactions and strategies (Huang et al., 2015). 

 
Preussin demonstrated broad-spectrum effects in microorganisms: antifungal activity 

(Schwartz et al., 1988, Kasahara et al., 1997), antibiotic (Buttachon et al., 2018), and 

antiviral activities (Goss Kinzy et al., 2002). Interestingly, preussin is structurally related 

to anisomycin (Johnson et al., 1989), which is also used as an antibiotic. In turn, 

anisomycin targeted leukemia cell lines and CD34 stem/progenitor cells and had little 

effect on normal bone marrow cells (Li et al., 2018b). 

 
Additionally, preussin also revealed in vitro anticancer effects, showing inhibition of cell 

growth and induction of apoptosis with nuclei fragmentation in normal rat fibroblasts 

(Kasahara et al., 1997). Other authors reported that preussin inhibited cell growth in 

human cell lines, including a BC one (MCF7) (Achenbach et al., 2000, Buttachon et al., 

2018, Abd El-Hack et al., 2019). Achenbach et al. (2000) associated the inhibition of cell 

growth with the inhibition of the cyclin E kinase, causing a consequent block of cell cycle 
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progression in the G1 phase. Preussin also induced apoptosis through the release of 

cytochrome c and the activation of caspases 3 and 8. The same authors reported that 

the induction of cell death by preussin was p53-dependent and simultaneously was not 

responsive to Bcl-2 blocking, suggesting that preussin could be a lead structure for the 

design of novel antitumor drugs (Achenbach et al., 2000). 

 
Buttachon et al. (2018) have chemically characterized several bis-indolyl benzenoids 

from the ethyl acetate extract of the marine fungus Aspergillus candidus KUFA 0062 

(Kasetsart University Fungal Collection 0062) isolated from the marine sponge 

Epipolasis sp., collected from the coral reef at the Similan Islands National Park in 

Phang-Nga province, Southern Thailand. Among these compounds, there were two 

hydroxypyrrolidine derivatives, preussin (Figure 5a) and preussin C (Figure 5b). 

Although preussin has been previously isolated from other fungi species, this was the 

first report of the isolation of hydroxypyrrolidine alkaloids from marine Aspergillus 

candidus. Besides the importance of terrestrial filamentous fungi Aspergillus candidus in 

medical and industrial applications and their role in food spoilage (de Vries et al., 2017), 

its marine counterpart is poorly chemically investigated. 

 
Preussin and preussin C (Figures 5a and b) demonstrated cytotoxic effects on eight 

human cell lines from different cell types, including the BC cell line MCF7. The effects of 

preussin were more effective than preussin C, which was attributed to the presence of 

the N-methyl group on the pyrrolidine ring in preussin (Buttachon et al., 2018). The IC50 

for preussin varied among cell lines from 2.3 µM (in HT29) to 74.1 µM (in U251), while 

in the case of preussin C, the IC50 values ranged from 57.2 µM (in HT29) to 215.7 µM (in 

A549). Concerning the BC cell line MCF7, the IC50 for preussin and preussin C were 56.3 

and 128.8 µM, respectively. 

 

Figure 5 - Chemical structure of preussin (a) and preussin C (5b). 

 

In the following Table S3 we summarized the main in vitro anticancer effects of preussin. 

In this case, we did not focus only on impacts on BC cell lines because studies are still 

very scarce. 
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Other preussins have been reported, like preussin B isolated from Simplicillium 

lanosoniveum (Huang et al., 2015). Preussin B has already been synthetically produced; 

however, its biological activities have not been explored. 

 
A more recent work reports the synthesis of other preussin such as preussin C-I, and 

preussins J and K were isolated from the sponge-derived fungus Aspergillus flocculosus 

(KM605191) isolated from the marine sponge Phakellia fusca. These preussins revealed 

moderate to strong inhibition of IL‐6 expression on THP-1, A549, and HepG2 cell lines 

(Gu et al., 2018). L-6 is a pleiotropic cytokine that plays an essential role in the host 

immune defense mechanism and the modulation of tumor growth and antitumor 

immunity (Gu et al., 2018). 

 
5.2. Seaweeds-derived Compounds - Sources, Molecules, Uses, and Anticancer 

Effects 

Seaweeds or macroalgae are multicellular photosynthetic organisms found in all oceans, 

rivers, and other water bodies. According to their natural pigmentation, seaweeds are 

classified into three main groups: Chlorophyta (green algae); Rhodophyta (red algae), 

and Phaeophyta (brown algae), with more than 25,000 species (Costa et al., 2021). 

Seaweeds historically have been used as food, folk medicine, dyes, and fertilizers 

(Shannon and Abu-Ghannam, 2019). In the last decades, new applications have 

appeared in the food, cosmetic, pharmaceutical, and biotechnological industries (Rhein-

Knudsen et al., 2015, Jesumani et al., 2019, Aslam et al., 2021). This multiplicity of the 

current uses of macroalgae has raised their economic interest, and their production more 

than duplicated in the last decade (Costa et al., 2021). Moreover, they present some 

advantages in production because they can be aquacultured and have high-growth rates, 

fast processing, and a short harvesting cycle (Ercolano et al., 2019). 

 
Seaweed consumption has been a common practice in many East Asian coastal 

populations. Additionally, the global human consumption of seaweeds is increasing, and 

according to the Seafood Source report, the global seaweed market is expected to grow 

to USD 22.1 billion by 2024 (Blank, 2018). This trend is in line with increasing consumers' 

awareness of the benefits of consuming healthier and more sustainable products. 

 
Seaweeds possess an excellent nutritional profile presenting a high level of essential 

minerals (sodium, calcium, iron, iodine, magnesium, phosphorus, potassium, zinc, 

copper, manganese, selenium, and fluoride), vitamins (A, B1, B2, B9, B12, C, D, E, and 

K), dietary fibers, proteins and polysaccharides (Shannon and Abu-Ghannam, 2019). 
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However, this nutritional content can vary according to many factors, such as species, 

maturity, and environmental conditions, including season, temperature, salinity, oceanic 

currents, waves, or even depth of immersion, as well as post-harvesting storage and 

processing conditions of the seaweeds (Afonso et al., 2021). 

 
Because seaweeds have low lipid and polyunsaturated fatty acid content and human 

intestinal enzymes cannot completely digest their carbohydrates, such algae are low-

caloric and appealing to healthy diets (Ganesan et al., 2019). Aside from their nutritional 

relevance, in seaweed-consuming populations, there has been observed a lower 

incidence of some chronic diseases, such as hyperlipidemia, coronary heart disease, 

diabetes, and cancer, compared to Western countries (Bocanegra et al., 2009, Brown et 

al., 2014, Peñalver et al., 2020). 

 
Seaweeds have been demonstrated as functional foods, having several health benefits 

such as anticancer (Lichota and Gwozdzinski, 2018, Al-Muqbali et al., 2019, Khan et al., 

2019), anti-obesity (Gammone and D'Orazio, 2015, Hu et al., 2016, Ojulari et al., 2020), 

anti-diabetic (Beppu et al., 2012, Maeda, 2015, Lin et al., 2017), anti-oxidative (Lee et 

al., 2013, Park et al., 2019) and cardiovascular protective effect (Mayakrishnan et al., 

2013, Shannon and Abu-Ghannam, 2019). In this line, seaweed and seaweed-derived 

compounds have been incorporated as functional food ingredients in meat products, 

allowing consumers to continue eating while reducing their risk of adverse health effects 

(Shannon and Abu-Ghannam, 2019). 

 
Despite all the potential health benefits of seaweed consumption and its bioactive 

compounds, caution should be taken as to the excessive intake, as some worrying 

incidents have been reported. An example is that seaweeds may contain heavy metals 

such as arsenic in the form of arsenosugars and other metals such as cadmium, plumb, 

and mercury (Lee et al., 2022). Also, the intake of brown seaweeds such as Laminaria 

spp. (kombu) is many times considered healthy due to its high content of iodine. Although 

the latter is essential for the normal functioning of the thyroid, excess iodine as high as 

1000 mg can eventually lead to deranged thyroid levels (Zava and Zava, 2011). Some 

individuals are also sensitive to iodine and should be careful about the amount of 

seaweed intake to prevent symptoms of hyperthyroidism, such as nervousness, 

insomnia, and increased heart rate (Kumar and Sharma, 2021). Additionally, its high 

sodium can increase blood pressure and cause heart disease (Kumar and Sharma, 

2021). 
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It is also noteworthy to mention that it can occur interactions of seaweed supplements, 

such as the kelp ones, with drugs like digoxin, potassium supplements, spironolactone, 

amiloride, and thyroid supplements. Kelp can also increase the effects of 

antihypertensive and anticoagulant agents. Thus, much care should be taken when 

ingesting herbal supplements in general (Tachjian et al., 2010). Kelps are known as large 

brown seaweed with high nutritional value within the orders Laminariales (‘true kelps’) 

and Fucales (forest-forming ‘fucoids’) (Vergés and Campbell, 2020), and their 

supplement is used as fat burner (Jeukendrup and Randell, 2011). High potassium levels 

in Laminaria may also lead to kidney damage and thus are contraindicated with anti-

hypertensive agents. Seaweeds may also decrease the pharmacological effect of 

anticoagulants (aspirin, warfarin) (Holbrook et al., 2005). These examples raise concern, 

as there is a general lack of knowledge about herb-drug interactions among patients and 

health care providers (Tachjian et al., 2010). 

 
5.2.1. Seaweed Consumption and Breast Cancer 

In Traditional Chinese Medicine, seaweeds and other edible natural products were used 

in an attempt to treat BC (Namvar et al., 2013b). Even in modern times, some people 

use natural products or derived formulations alone or as adjuvants to existing 

chemotherapy regimens to improve efficacy, reduce drug-induced toxicity, and alleviate 

drug side effects (Liao et al., 2013). The early intake of seaweed has been associated 

with a lower risk of BC in a case-control study in South Korea (Yang et al., 2010) and 

other studies reported that dietary seaweed may help explain lower BC incidence and 

mortality among postmenopausal women in Japan (Teas et al., 2013). Accordingly, the 

mekabu solution, an extract of the wakame seaweed (Undaria pinnatifda), showed a 

potent suppressive effect on rat mammary carcinogenesis and induced apoptosis in 

human BC cell lines MCF7, MDA-MB-231, and TD47, without toxicity to the normal 

breast cell line MCF10A (Funahashi et al., 2001). 

 
5.3. Brown Seaweed Bioactive Compounds 

Brown algae are the most consumed species (66.5%), followed by red (33%) and green 

(5%) algae, generally part of the diet in Asian countries such as Japan, China, and Korea 

(Afonso et al., 2019). This type of seaweed is usually large and ranges from giant kelp 

to smaller species. The typical brown color of these seaweeds is due to the abundant 

presence of a pigment called fucoxanthin (Lourenço-Lopes et al., 2021). They have 

many health claims as they are rich in nutrients and bioactive compounds. 
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The most common brown seaweeds used in human consumption are Fucus vesiculosus, 

Fucus serratus, Himanthalia elongata, Undaria pinnatifida, Ascophyllum nodosum, 

Laminaria digitata, Laminaria saccharina, Laminaria japonica and Alaria esculenta 

(Afonso et al., 2019). As many brown seaweeds live in harsh environmental conditions, 

they possess a great variety of bioactive compounds (Lomartire et al., 2021). 

 

This section is dedicated to the main bioactive compounds of brown seaweeds, 

highlighting their chemical structure and relevant bioactivities, with a special focus on 

their anticancer effects in BC cells. The bioactive compounds included in this thesis 

belong to the group of carotenoids (astaxanthin and fucoxanthin), polysaccharides 

(laminarin and fucoidan), sterols (fucosterol) and phlorotannins (phloroglucinol). 

 
5.3.1. Carotenoids 

Carotenoids are the most widely distributed natural pigments that can exhibit yellow, 

orange, red, and purple colors. They are present in photosynthetic organisms like 

bacteria, fungi, seaweeds and plants. Most carotenoids consist of eight isoprene units 

with a 40-carbon backbone (Maoka, 2020). Still, they can present different double bond 

distributions in the polyene chain and other cyclic end groups at both ends, making them 

lipophilic (Takaichi, 2011, Maoka, 2020). 

 
Carotenoids include two main groups: carotenes and xanthophylls. Xanthophylls are 

oxygenated derivatives of carotenes. The presence of oxygen makes them more polar 

than carotenes, but they still are non-polar compounds (Pereira et al., 2021a). 

 
Carotenes include, among others, α and β carotenes, lycopene, and phytoene. 

Xanthophylls contain fucoxanthin (the most abundant carotenoid), astaxanthin, 

zeaxanthin, neoxanthin, lutein, and violaxanthin (Pereira et al., 2021a). Animals cannot 

synthesize carotenoids, so the only way to access these compounds is through ingestion 

of diet, dietary supplements, or food additives (Galasso et al., 2017). 

 
In the last decades, many works have highlighted several health-beneficial properties of 

carotenoids including their antioxidants properties that are described to prevent the 

damage caused by oxidative stress and chronic diseases (Agarwal and Rao, 2000, 

Cooper, 2004), anti-inflammatory (Pereira et al., 2021b), antimicrobial (Karpiński and 

Adamczak, 2019), and anticancer effects (Kozuki et al., 2000, Eid et al., 2012, Almeida 

et al., 2020). 
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The intake of antioxidants of natural origin has been suggested as cancer 

chemopreventive (Nishino et al., 2002, Tanaka et al., 2012) and anticancer effects 

(Linnewiel-Hermoni et al., 2015). However, the intake of antioxidants during cancer 

treatments is highly controversial (Mut-Salud et al., 2016, Akanji et al., 2020). The most 

common relevant questions are: (i) do antioxidants increase or decrease the efficacy of 

anticancer agents?; (ii) do antioxidants protect normal tissue and ameliorate toxicity or 

protect cancer cells from chemotherapy? (Singh et al., 2018). 

 
The studies about these relevant questions differ in conclusions. In relation to BC, using 

vitamins C and E in the period following BC diagnosis was associated with a decreased 

likelihood of recurrence. In contrast, frequent use of a combination of carotenoids was 

associated with increased mortality, pointing out that the effects of antioxidant 

supplements after BC diagnosis can differ by type of antioxidant (Greenlee et al., 2012). 

Others showed that administering vitamins C, D, and E supplements in the first six 

months after BC diagnosis, could reduce the risk of mortality and tumor recurrence 

(Nechuta et al., 2011). 

 
Contrarily, some studies advised against the intake of antioxidants during BC treatment 

proposing that antioxidant use during cancer treatment was associated with worsened 

BC prognosis in postmenopausal women (Jung et al., 2019). Currently, there is 

insufficient data from clinical studies, so clinicians should advise their patients against 

using antioxidant dietary supplements during chemotherapy or radiotherapy (D'Andrea, 

2005, Khurana et al., 2018). The inconsistency of the results suggests they can depend 

on the dose intake (Pan et al., 2011). A recent study calls attention to the importance of 

patient stratification based on “redoxidomics” to define the dosage for future personalized 

treatment of patients with antioxidants (Griñan-Lison et al., 2021). Moreover, many 

antioxidants can often exert both anti-oxidant and pro-oxidant properties, depending on 

the type of antioxidants and the used concentration (Greenlee et al., 2012), cell type, 

exposure time, and environmental conditions (Sznarkowska et al., 2017). 

 

5.3.1.1. Astaxanthin (Asta) 

Astaxanthin is a xanthophyll carotenoid found in various marine organisms, including 

seaweeds (Ambati et al., 2014). It is a yellow to red pigment, considered a super-

antioxidant, as it has more antioxidant activity than other carotenoids. For instance, 

Asta's antioxidant capacity is 10 times stronger than β carotenes and 65 times more 

potent than acid ascorbic (Pereira et al., 2021a). The explanation for its enhanced 
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antioxidant activity is related to its chemical structure with two hydroxyl and keto groups 

on each ring (Tanaka et al., 2012), as shown in Figure 6. 

 

 

Figure 6 - Chemical structure of astaxanthin.  

 
This particular configuration also makes this compound polar-nonpolar-polar. The polar 

parts turn it fat-soluble and thus easily incorporated into cell membranes. This special 

chemical structure allows Asta to scavenge and quench ROS in the inner and outer 

layers of cellular membranes, differing from most antioxidants that can only act on the 

side of the membrane (Sztretye et al., 2019). Its antioxidant properties repressed ROS 

production and displayed anti-inflammatory effects in vitro and in vivo (Yasui et al., 2011, 

Dose et al., 2016, Bi et al., 2017, Farruggia et al., 2018), as well as presented a protective 

effect against aging (Davinelli et al., 2018), neuroprotective (Grimmig et al., 2017), 

hepatic and cardiovascular protective effects (Yang et al., 2013b). Its efficacy in 

counteracting all categories of photodamages, in vitro and in vivo is one area of much 

interest, especially in dermatology (Davinelli et al., 2018, Catanzaro et al., 2020). 

 
In vitro studies showed that Asta has anticancer activities. The induction of apoptosis 

was a very common effect in several cell lines (Palozza et al., 2009, Song et al., 2011, 

Li et al., 2015), including BC ones (Sowmya et al., 2017, Vijay et al., 2018, Kim et al., 

2020b). Asta also exerted cell cycle arrest and inhibition of growth in cells lines from 

different origins (Kotake-Nara et al., 2001, Palozza et al., 2009, Sun et al., 2020) and 

including BC cells (McCall et al., 2018), and inhibition of cell migration in MCF7 and 

MDA-MB-231 cells (McCall et al., 2018). One study reported that Asta induced cell death 

in the BC cell lines T47D and MDA-MB-231 without cell cytotoxicity for non-cancerous 

cells of the MCF10A cell line (Karimian et al., 2022). 

 
In 3D culture, the effects of Asta are still poorly explored. However, its effects have been 

tested in the BC cell lines T47D and BT20 in which Asta inhibited cancer stem cell (CSC) 

stemness genes; being proposed that Asta could be used in combination with other anti-

cancer therapies against BC cells (Ahn et al., 2020b). When combined with 

antineoplastic drugs, Asta demonstrated some interesting synergistic effects, e.g., in 

combination with Dox, it potentiated drug effect in MDA-MB-231 (Vijay et al., 2018) and 
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MCF7 cell lines (Fouad et al., 2021). Also, it enhanced the antiproliferative effect of 

carbendazim, while alleviating the carbendazim treatment-associated ROS production in 

MCF7 cells (Atalay et al., 2019). A summary of the main findings of Asta's effects on 

human breast cell lines is presented in Table S4. 

 
Asta displayed in vivo anticancer effects. An Asta-supplemented diet reduced the 

severity of Helicobacter pylori infection in mice, which is marked by an increase in 

myeloperoxidase activity, lipid peroxide expression, pro-inflammatory cytokine IFN-, c-

myc oncogene, cyclin D1, and ROS generation (Han et al., 2020). The same study also 

proposed that Asta could also protect gastric mucosa from inflammatory and oncogenic 

responses and from the oxidative damage resulting from gastric Helicobacter pylori 

infection. Indeed, Asta's antioxidant activity can protect normal tissues against the 

oxidative stress of some antineoplastic drugs (Akca et al., 2018). Moreover, the 

anticancer activities of Asta in rodent models include the diminished development of the 

urinary bladder (Tanaka et al., 1994), colon carcinogen-induced tumors (Tanaka et al., 

1995a), and oral cancer (Tanaka et al., 1995b). 

 
In humans, oral ingestion of Asta suppressed the transplantable methylcholanthrene-

induced fibrosarcoma tumor (Meth-A-tumor) growth and stimulated host immunity 

against Meth-A tumor antigen (Jyonouchi et al., 2000). In accordance, dietary Asta 

increased in a dose-dependent manner the stimulation of the immune system and 

decreased oxidative stress and  DNA damage biomarkers (Park et al., 2010). 

 
Asta is a lipid-soluble molecule with low oral bioavailability compared to other potential 

therapeutic agents (Hussein et al., 2006, Madhavi et al., 2018). Still, it is considered the 

carotenoid with the highest bioavailability (Sy et al., 2012), and its absorption seems 

influenced by the type of oil consumed (Yang et al., 2013b). Asta is marketed in various 

forms, including oils, tablets, capsules, syrups, soft creams, biomass, or ground (Ambati 

et al., 2014). The daily intake of Asta was established by 0.2 mg/kg body weight by 

European Food Safety Authority (Ambati et al., 2014) and FDA (2010) recognized Asta 

as GRAS “Generally recognized as safe”. Asta from Haematococcus pluvialis is 

approved for human consumption at 12 mg per day and up 24 mg per day for no more 

than 30 days (Visioli and Artaria, 2017). 

 
5.3.1.2. Fucoxanthin (Fx) 

Fucoxanthin is a xanthophyll carotenoid whose color is orange to brown and is the most 

abundant carotenoid of brown algae (accounting for around 10% of the total carotenoids) 

(Peng et al., 2011). It is produced by many algae as a secondary metabolite and is 
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localized in the chloroplasts, where it is involved in photosynthesis (Pereira et al., 2021a). 

The content of Fx is highly variable amongst different species and dependent on extrinsic 

environmental factors (Afonso et al., 2019). Fx has a unique molecular structure 

consisting of an oxygenated carotene backbone with an unusual allenic bond (with a C8 

ketone and an epoxide), and different functional groups such as epoxy, hydroxyl, 

carbonyl, and carbonyl moieties (Peng et al., 2011) (Figure 7). The presence of the 

allenic bond is linked to Fx's greater ability to scavenge free radicals than other 

carotenoids (Sachindra et al., 2007). 

 

C

 

Figure 7 - Chemical structure of fucoxanthin.  

 
The biological activities of Fx in vitro and in vivo are very vast, including antidiabetic 

(Maeda, 2015, Oliyaei et al., 2021), anti-inflammatory (Kim et al., 2010b, Tan and Hou, 

2014, Liu et al., 2020), anti-obesity (Gammone and D'Orazio, 2015, Maeda, 2015, Gille 

et al., 2019), anti-malarial (Afolayan et al., 2008) and antioxidant activities (Xia et al., 

2013, Lourenço-Lopes et al., 2021). Several protective effects have been reported: 

hepatic (Woo et al., 2010, Chang et al., 2018, Zheng et al., 2019), cardiovascular (Martin, 

2015, Satomi, 2017, Chang et al., 2019), ocular (Shiratori et al., 2005) and skin protective 

activities (Heo and Jeon, 2009). 

 
The in vitro anticancer effects of Fx included different mechanisms. The most studied is 

the induction of apoptosis in cell lines from different origins like prostate, colon, bladder, 

lymphoid, and others (Hosokawa et al., 2004, Kotake-Nara et al., 2005, Yamamoto et 

al., 2011, Kumar et al., 2013, Wang et al., 2014). Generally, the apoptosis triggering was 

related to caspase pathways and other proteins like Bax/Bcl-2, MAPK, nuclear factor 

kappa B families (NF-kB) (Kotake-Nara et al., 2001, Hosokawa et al., 2004, Kotake-Nara 

et al., 2005, Tafuku et al., 2012, Kumar et al., 2013, Wang et al., 2014, Martin, 2015). 

For example, in colon cancer cells, Fx induced apoptosis via caspase-3 and suppressed 

the expression of Bcl-2 proteins (Hosokawa et al., 2004). Interestingly, one study 

described less Fx cytotoxicity in non-transformed cells compared to several cancer cell 

lines and that subtoxic doses of Fx (up to 5 µM) caused a significant delay in cell 

migration (Garg et al., 2019). 
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Antiproliferative effects (Hosokawa et al., 2004) and cell cycle arrest (Kumar et al., 2013, 

Satomi, 2017) were also commonly described mechanisms. For instance, Fx arrested 

the cell cycle in G0/G1 in a dose-dependent manner in liver cell lines (Das et al., 2005, 

Das et al., 2008, Satomi, 2012). In the human gastric MGC-803 cell line induced cell 

cycle arrest in G2/M with down-regulation of surviving and cyclin B1 (Yu et al., 2011). 

 
Fx was also reported to exert anti-metastasis effects in lung cancer cells (Ming et al., 

2021) and a highly metastatic melanoma cell line B6-F10 by downregulation of 

metalloproteinase-9 (MMP-9); which plays a vital role in the cell migration as it degrades 

collagen IV, a major constituent of basement membranes. Additionally, Fx also inhibited 

angiogenesis (Sugawara et al., 2006, Jang et al., 2021). 

 
There is some evidence showing that the use of Fx in combination therapy with other 

drugs can bring some benefits in different scenarios. Liu et al. (2013) observed that Fx 

potentiated the chemotherapeutic efficacy of cisplatin by enhancing cisplatin-induced 

apoptosis in HepG2 cells via NF-κB-mediated pathway and downregulation of DNA 

repair gene expression. Fx sensitized lung cancer cells to Gefitinib, an EGFR inhibitor 

(Ming et al., 2021), and presented synergistic effects with Dox in multidrug-resistant cell 

lines, including BC ones (Eid et al., 2020). Another example of Fx sensitization is their 

combination with TRAIL (Tumor necrosis factor-related apoptosis-inducing ligand), a 

promising anti-cancer drug in cervical cancer (Ye et al., 2020). Drug resistance was also 

reverted in Caco-2 cells using a carotenoid mixture, including Fx, by interfering with ABC-

transporters, with the conclusion that these carotenoids were competitive inhibitors of 

ABC-transporters (Eid et al., 2012). Similarly, Fx enhanced several drug effects, such as 

5-Fu effects in colon cancer cells (Lopes-Costa et al., 2017, Manmuan and Manmuan, 

2019), Cis effects via NF-κB-mediated pathway on Hep-G2 cell line (Liu et al., 2013). In 

the combinations of Fx plus Dox and Imatinib, Fx inhibited cell proliferation in human 

leukemia cell lines K562 and TK6, but it did not differ from Fx alone (Almeida et al., 

2018). On the other side, Fx also attenuated Dox-induced cardiotoxicity in mouse 

cardiomyocytes (Zhao et al., 2019). 

 
Fx was claimed as a chemopreventive agent by inhibiting the enzyme activity of CYP1A2 

(cytochrome P450-1A2) and CYP3A4, xenobiotic metabolizing enzymes responsible for 

the activation of pro-carcinogens (Satomi and Nishino, 2013). Over the years, other 

authors also reported the cytotoxicity of Fx against BC cell lines, for instance, in MCF7 

and MDA-MB-231 cell lines (Konishi et al., 2006, Ayyad et al., 2011, de la Mare et al., 

2013, Vijay et al., 2018) but with a lower extent in the non-transformed BC cell line 
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MCF12A (de la Mare et al., 2013). Besides cytotoxic effects, Fx inhibited cell migration 

and invasion in MDA-MB-231 cells at 25 µM (Wang et al., 2019a). 

 
All the above-mentioned studies are relative to monolayer-2D cultures, as the literature 

on the effects of Fx in 3D culture is very scarce. As far as we know, it is limited to three 

studies (just one with BC cells). In one of each, Fx inhibited the maturation of 

melanosomes and the synthesis of melanin in human-melanocytes spheroids (Zurina et 

al., 2020). The other study consisted of the injection of HT-29 colon spheres in BALB/c 

nu/nu mice administered with Fx for 4 weeks and reported that in these mice there was 

a significative reduction of tumor formation in comparison to the control ones with 

concomitant suppression of cyclin D1 expression in tumors cells (Terasaki et al., 2019b). 

To the best of our knowledge, in BC cell lines only Rwigemera et al. (2014) described, in 

3D, the cytotoxic effect of Fx and Fxol in MCF7 and MDA-MB-231 cell lines. The 

decrease in cell viability was associated mainly with the modulation of the NF-kB 

pathway. Further, the same authors concluded that Fxol had a more rapid effect on the 

nuclear translocation of NF-ĸB (Rwigemera et al., 2015). The only study that evaluated 

the effect of Fx in the inhibition of mammospheres concluded that it did not affect the 

formation of the mammospheres (de la Mare et al., 2013). 

 
As for the combination of Fx with anticancer drugs, only Vijay et al. (2018) evaluated the 

effects of Fx in combination therapy, in this case with Dox in MCF7 and MDA-MB-231 

cell lines, where the effects of inhibition of cell growth were more effective in the 

combination than in the compounds alone. Table S5 summarizes the main findings of Fx 

effects on human breast cell lines. 

 
Regarding in vivo studies, Fx presents similar anticancer effects to those reported in vitro 

studies. For example, Fx reduced cancer growth in the intestinal and liver when orally 

administrated to mice (Kumar et al., 2013, Satomi, 2017). In S180 xenografts-bearing 

mice, Fx induced apoptosis and significantly inhibited lung metastasis when the 

melanoma cell line B6-F10 was injected into a mice model (Chung et al., 2013). Terasaki 

et al. demonstrated that Fx caused anoikis as a cancer-preventive activity in a model of 

AOM/DSS-induced colon carcinogenesis (Terasaki et al., 2019a). Recent studies 

described the chemopreventive effects of Fx in colorectal carcinogenesis in 

azoxymethane/dextran sodium sulfate murine model by administration of Fx-containing 

biscuits (Terasaki et al., 2022) and in pancreatic cancer in C57BL/6J transplanted mice 

(Murase et al., 2021). In an MDA-MB-231 BC xenograft model using BALB/c nude 

mouse, Fx also decreased the micro-lymphatic vascular density (Wang et al., 2019a). 
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In humans, dietary Fx is absorbed in the small intestine similarly to other lipids, where it 

is metabolized by the intestinal esterases undergoing deacetylation resulting in 

fucoxanthinol (Fxol) (Terasaki et al., 2017). Then, the circulating Fxol is further converted 

into amarouciaxanthin A in the liver (Asai et al., 2004). Both metabolites, Fxol and 

amarouciaxanthin, also displayed several biological activities, namely anticancer 

activities (Asai et al., 2004, Konishi et al., 2006, Ishikawa et al., 2008, Beppu et al., 2009, 

Terasaki et al., 2017, Tamura et al., 2019). Indeed, Fxol displays more potent effects on 

the viability of human cell lines (Rwigemera et al., 2015). 

 
The bioavailability of Fx is relatively high, and its metabolites are detected, according to 

the animal model, in plasma, liver, or adipose tissue (Lourenço-Lopes et al., 2021).  

However, its pharmacokinetics and metabolism can differ among species. In humans, its 

bioavailability and metabolism are higher than in mice (Matsumoto et al., 2010, 

Hashimoto et al., 2012). In a human trial where Fx from Undaria pinnatifida was ingested 

as supplementation of an extract for one week, Fx was not detected in the blood, and 

the metabolite Fxol was found at a very low concentration, which indicated a limited 

intestinal absorption (Asai et al., 2008). Mechanisms to improve Fx absorption have been 

investigated, such as its encapsulation in micelles or liposomes (Wang et al., 2017b) or 

dietary combination with edible oil or lipids (Peng et al., 2011). 

 
The toxicity of Fx has not been observed in animal studies (Beppu et al., 2009, Iio et al., 

2011). In humans, there are insufficient clinical trials for assessing Fx safety. However, 

FDA approved the ingestion of Fx extracted from the algae Phaeodactylum tricornutum, 

3 mg daily with no time limit or 5 mg daily up to 90 days (NDI 1048 – Fucoxanthin). There 

is one clinical trial in phase II on Fx intake to test its effects on metabolic syndrome 

(ClinicalTrials.gov Identifier: NCT03613740). Even with limited human trials studies, Fx 

has raised increasing interest in the scientific community, which quickly grew in recent 

years, as reported by a recent bibliometric review (Khaw et al., 2021). Meanwhile, it is 

possible to buy Fx as food supplements with the commercial name ThinOgen® and 

Fucovital® (Pereira et al., 2021a). 

 
5.3.2. Polysaccharides 

Polysaccharides constitute the main component of the algae cell wall (Deniaud-Bouët et 

al., 2017). Brown-algal polysaccharides are present in large amounts in algal biomass. 

More precisely, depending on the seaweed species and other factors such as season 

and environmental conditions, they can vary from 40% to 70% of dry weight 

(Zvyagintseva et al., 2003). Brown algae's principal polysaccharides include alginates, 

Chapter 1

 40



 

 

fucoidans, and laminarin, which form the cell wall and the core carbohydrate reserve (Li 

et al., 2021b). Polysaccharides are easily isolated, with numerous biological activities 

allowing their widespread use in food, cosmetic, pharmaceutical, and technological 

industries (Abbott and Kaplan, 2015, Fitton et al., 2015, Sanjeewa et al., 2018). They 

have been investigated, for instance, for wound dressings (Andryukov et al., 2020), drug-

delivered systems (Cardoso et al., 2016, Bilal and Iqbal, 2019), tissue engineering 

scaffolds for different tissue formation (Bilal and Iqbal, 2019). This thesis investigated the 

cytotoxic effects of laminarin (Lm) and fucoidan (Fc). 

5.3.2.1. Laminarin (Lm) 

Laminarins, also known as laminarans, are relatively underexploited polysaccharides. 

Laminarins are low-molecular-weight, branched polysaccharides made of a linear β-

(1→3)–linked glucose-based chain (β-glucans) (Becker et al., 2020) (Figure 8). Glucans 

are FDA-approved compounds to lower cholesterol levels (Park et al., 2012). 

 
Their structure and percentages in dry weight, similar to fucoidan the other studied 

polysaccharide, can vary among species (Kadam et al., 2015b). Moreover, other 

environmental conditions such as water temperature, salinity, depth of immersion in the 

harvest period, and extraction methodology can also influence the biological activity of 

the laminarins. 

 

n

 

Figure 8 - Chemical structure of laminarin. 

 

The primary function of Lm in brown algae is related to reserve metabolites and is located 

in cells' vacuoles (Kadam et al., 2015b). Similar to fucoidans the other studied 

polysaccharides, the structure of these compounds and percentages in seaweeds dry 

weight can vary among species (Kadam et al., 2015b). 
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Due to its high solubility in an aqueous medium and the biodegradable nature of Lm, 

sustained release in the physiological condition has attracked attention for several 

biomedical applications (Zargarzadeh et al., 2020) such as microparticles, biocompatible 

polymeric carriers for a sustained/controlled drug-delivery and Lm has revealed to be an 

efficient, biocompatible and biodegradable system (Castanheira et al., 2020). 

 
Laminarin has exhibited some biological activities similar to other glucans such as 

immuno-stimulating (Kim et al., 2006, Song et al., 2017a), antibacterial (Kadam et al., 

2015a, Ercolano et al., 2019), hypoglycemic (Kim et al., 2020a), antioxidant (Choi et al., 

2011, Kadam et al., 2015a), anti-inflammatory (Neyrinck et al., 2007), anticoagulant 

(Miao et al., 1995) and anticancer activities (Kim et al., 2006, Ercolano et al., 2019). 

 
Regarding its anticancer activity in vitro, Lm inhibited cell growth in human colon cancer 

HT-29 by decreasing cell proliferation and inducing apoptosis (Park et al., 2012). Lm has 

also shown a dose-dependent sub-G1 and G2-M phase cell cycle arrest, followed by 

apoptosis in the highly proliferative HT-29 colon cancer cell (Park et al., 2013). Lm also 

demonstrated antiproliferative effects, inhibiting the proliferation in the human hepatic 

cell lines (Bel-7404 and HepG2) by upregulating the senescence marker protein-30 

(SMP-30) (Tian et al., 2020b). In ovarian cancer cell lines, Lm decreased cell growth by 

cell cycle arrest regulating PI3K/MAP intracellular signaling and increased cell death 

through different mechanisms, including DNA damage, ROS generation, endoplasmic 

stress regulation of calcium levels interfering with the axis endoplasmic reticulum-

mitochondria (Bae et al., 2020b). 

 
Modifications of the backbone of Lm have improved its physicochemical and mechanical 

properties leading to increased biological activity. In this vein, sulfated Lm induced 

apoptosis in colon cancer LoVo cells, via a death receptor pathway (Ji and Ji, 2014). 

Moreover, sulfated Lm had higher antitumor activity than conventional Lm at the same 

concentration (Ji et al., 2013), showing anti-angiogenic effects by suppressing tubule 

formation by endothelial cells cultured on Matrigel and inhibiting vascularization of the 

chick chorioallantoic membrane assay (Hoffman et al., 1996). 

 
Another study reported the inhibition of cell proliferation, colony formation, and migration 

in human cell lines from colorectal, melanoma, and breast adenocarcinomas 

(Malyarenko et al., 2016). In vitro inhibition of colony forming was demonstrated in 

melanoma SK-MEL-28 and colon cancer DLD-1 cell lines (Menshova et al., 2014). 

Concerning Lm effects in 3D cell cultures, the studies are still scarce. Lm from brown 
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alga Alaria angusta inhibited viability, colony growth, and the invasion of the colon HCT 

116 spheroids (Malyarenko et al., 2021b). 

 
Specifically in BC, laminarins and their sulfated derivatives from Saccharina japonica 

and Fucus evanescens, strongly inhibited cell proliferation, colony formation, and 

migration by suppressing the activity of the MMP-2 and 9. Interestingly, the same effect 

was not observed with the laminarins from Saccharina cichorioides (Malyarenko et al., 

2016). However, Malyarenko et al. (2020) described that when this Lm was chemically 

changed to aminated laminarin, it decreased survival and colony formation in the MDA-

MB-231 cell line and had a synergistic impact with X-ray radiation, resulting in fewer cell 

colonies. This radiosensitizing effect was accompanied by induction of apoptosis 

induction with the involvement of caspases 3 and 9 and poly [ADP (ribose)] polymerase 

1 (PARP) enzyme, which prevents the repair of DNA damage in irradiated cells. The 

main findings and mechanisms of Lm reported in human breast cell lines are summarized 

in Table S6. 

 
Regarding combination therapy, Lm has also been applied in combination with cisplatin, 

showing protective effects on cisplatin-induced ototoxicity in HEIOC1 auditory cells (Han 

and Shi, 2016). 

 
The available studies with Lm in vivo models are more related to its the immune - 

stimulatory effects (Song et al., 2017a, Zhu et al., 2019, Tian et al., 2020a). Additionally, 

in a zebrafish embryo xenograft model, Lm inhibited the growth of ovarian cancer cells 

without demonstrating cytotoxicity to the animals until the dose of 2 mg/mL (Bae et al., 

2020b). 

 

5.3.2.2. Fucoidan (Fc) 

The designation fucoidan is commonly applied to complex polysaccharides. Fc is 

isolated from marine algae, mainly consisting of polymer of α-(1→3) linked fucose, but 

also can have many other monosaccharides, with sulfate and/or acetyl groups (Bilan et 

al., 2002) (Figure 9). However, it is common to find in the literature other denominations, 

such as fucan or fucosan (Cunha and Grenha, 2016). Fc is the main component of the 

brown algae cell wall, and its function is mainly related to preventing dehydration. 

However, its structure can also vary according to the species, habitat, harvesting time, 

and maturity stage of seaweeds (Sanjeewa and Jeon, 2021). Thus, the term “fucoidan” 

does not refer to one specific structure but corresponds to a heterogenous group with 

different basic chemical structures, including the type of sugar and sulfate content, 
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obviously having different molecular weights. Because of such heterogeneity, some 

authors name this group fucoidans (Malyarenko and Ermakova, 2017).  
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Figure 9 - Chemical structure of fucoidan. 

 

Accordingly, different chemical structures correspond to diverse physicochemical and 

biological properties (Ale et al., 2011). For instance, the molecular weight of Fc was 

considered a critical factor for its anticancer activity. Low-molecular-weight fucoidans 

were more effective against the proliferation of BC cells than the high molecular weights 

of Fc (Lu et al., 2018). Another example of the influence of the molecular weight was that 

low molecular weight Fc was generally considered to be pro-angiogenic. In contrast, Fc 

with high-molecular-weight demonstrated the opposite effect displaying antiangiogenic 

activity. Another study reported that the inhibition of cell proliferation by Fc was related 

to its degree of sulfation (Koyanagi et al., 2003, Ermakova et al., 2011). Moreover, the 

methods used for extraction and purification can interfere with the biological activity of 

this compound, for instance, destroying its sulfation pattern (Cunha and Grenha, 2016). 

Furthermore, low-molecular-weight Fc presented a higher absorption rate and 

bioavailability than medium-molecular-weight Fc (Matsubara et al., 2005). Additionally, 

Fc can be easily modified by chemical or enzymatic procedures, making them a good 

candidate for therapeutic applications, alone or adjuvant to another chemotherapeutic 

(Reyes et al., 2020). 

 
In seaweeds, Fc isolated from Fucus vesiculosus and Undaria pinnatifida are the most 

studied for their chemical and biological properties (Ercolano et al., 2019), and both were 

approved by FDA as “Generally Recognized As Safe” category as food ingredients at 

levels up to 250 mg/day (Citkowska et al., 2019). 
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Fc exhibit several biological activities, including antibacterial (Ahmadi et al., 2015, 

Ayrapetyan et al., 2021), antiviral (Lee et al., 2004a, Ahmadi et al., 2015, Apostolova et 

al., 2020), anti-inflammatory (Phull and Kim, 2017, Takahashi et al., 2017, Apostolova et 

al., 2020), immunomodulatory (Apostolova et al., 2020), immune system activation (Jin 

et al., 2014, Vetvicka and Vetvickova, 2017), anticoagulant (Cumashi et al., 2007, Qi et 

al., 2022) and hypolipidemic (Huang et al., 2010). Moreover, fucoidans have been 

associated with the prevention of some illnesses, such as Parkinson’s (Zhang et al., 

2018, Silva et al., 2019), and Alzheimer’s diseases (Subaraja et al., 2020), AIDS (Thuy 

et al., 2015, Sanniyasi et al., 2019), and diabetes (Mabate et al., 2021, Wen et al., 2021). 

In the cancer field, Fc also has demonstrated several anticancer effects as revised by 

the following authors Senthilkumar and Kim (2014), Malyarenko and Ermakova (2017), 

Lin et al. (2020b). 

 
Studies conducted in vitro have identified potential mechanisms for the anticancer effects 

of Fc: induction of apoptosis in several cell lines (Aisa et al., 2005, Kim et al., 2010a, 

Banafa et al., 2013), cell cycle arrest (Chantree et al., 2021), inhibition of cell growth 

(Vishchuk et al., 2016), epithelial-mesenchymal transition (Wu et al., 2016, He et al., 

2019) and migration (Han et al., 2015) and anti-angiogenic effects (Koyanagi et al., 2003, 

Hsu et al., 2020). Some authors associated ROS generation as the cause of apoptosis 

triggering (Yang et al., 2013a, Han et al., 2017). In 3D culture, one study described that 

Fc from Fucus evanescens inhibited the viability of SK-MEL-28 spheroids (Malyarenko 

et al., 2021a). 

 
Relatively to BC cells, Fc induced apoptosis (Yamasaki-Miyamoto et al., 2009, Jin et al., 

2010, Zhang et al., 2011, Zhang et al., 2013a), inhibited cell proliferation (Yamasaki-

Miyamoto et al., 2009, Zhang et al., 2011, Banafa et al., 2013), adhesion and 

invasiveness (Haroun-Bouhedja et al., 2002), while displaying antimetastatic effects 

(Cumashi et al., 2007, Hsu et al., 2013, Wu et al., 2016) and anti-estrogenic effects 

(Zhang et al., 2016). Fucoidan has also been tested in combination with other drugs in 

BC cells. Co-exposure of Fc with cisplatin, tamoxifen, or paclitaxel potentiated the effect 

of the drug in the MCF7 and MDA-MB-231 cell lines (Zhang et al., 2013b). 

 
Table S7 overviews the main in vitro findings and proposed mechanisms of Fc effects 

on human breast cell lines. 

 
Concerning in vivo anticancer effects, oral administration of Fc in a mouse xenograft 

model suppressed HCT 116 colon tumor growth (Vishchuk et al., 2016). Sulfated Fc 

demonstrated antiangiogenic effects by suppressing the neovascularization induced by 
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Sarcoma 180 cells implanted in mice (Koyanagi et al., 2003) and antiangiogenic and 

anti-micrometastatic activities in an in vivo zebrafish model (Hsu et al., 2020). 

 
In vivo, Fc has also been tested in combination therapy. Fc enhanced (also in vitro) the 

action of arsenic trioxide and all-trans retinoic acid in acute promyelocytic leukemia, 

(Atashrazm et al., 2016). Fc synergized with lapatinib, exhibiting more inhibition of tumor 

growth in combination than the drug alone in melanoma cell lines, also reducing the 

morbidity associated with prolonged lapatinib treatment in mice (Thakur et al., 2017). 

Additionally, Fc increased the sensitivity to gefitinib in lung cancer cells (Qiu et al., 2020). 

In mouse models, sulfated Fc demonstrated antimetastatic effects in C57Bl/6 mice with 

transplanted lung adenocarcinoma and potentiated the toxic effect of cyclophosphamide  

(Alekseyenko et al., 2007). Similarly, Fc in another lung model association with cisplatin 

promoted greater inhibition of tumor volume (Hsu et al., 2018). Still, in a mouse model 

inoculated with MCF7 and ZR-75D BC cells, Fc demonstrated improved activity 

compared to tamoxifen. While in combination with paclitaxel, it had an antagonistic effect 

(Burney et al., 2017). Another finding of using Fc in combination with drugs is alleviating 

the drug´s side effects. In rats, Fc attenuated doxorubicin-induced acute cardiotoxicity 

(Zhang et al., 2020a). 

 
In humans, Fc as a complementary cancer therapy, enhanced the activation of NK cells 

in male cancer survivors (Nagamine et al., 2020), and demonstrated anti-inflammatory 

effects in advanced cancer (Takahashi et al., 2017). 

 
Otherwise, some clinical trials concerning the intake of Fc, mainly as low molecular 

weight fucoidan, with chemotherapy drugs have been performed in colorectal cancer, 

where the combination with Fc significantly improved the disease control rate (Tsai et 

al., 2017). The effects of Fc in combination with platinum-based chemotherapy in 

advanced non-small cell lung carcinoma patients have been subjected to clinical trials. 

However, it was withdrawn due to an insufficient target population (ClinicalTrials.gov. 

identifier NCT  03130829). Another ongoing phase II study (NCT04066660) evaluates 

the antitumoral effect of Fc dietary ingestion in advanced hepatocellular cancer. 

 
Besides the lack of sufficient scientific evidence of the benefits of the intake of Fc with 

chemotherapy in cancer patients, it has been prescribed as a food supplement to reduce 

chemotherapy-related side effects, such as fatigue (Ikeguchi et al., 2011, Hsu et al., 

2018). The digestive product of fucoidan from Sargassum fusiforme showed a potential 

to alleviate hematopoietic damage caused by cyclophosphamide (Ma et al., 2022). 
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In BC, the objective of one study was to evaluate the interaction of Fc with letrozole or 

tamoxifen, and the results suggested that Fc could be taken concomitantly with either 

drugs without the risk of clinically significant interactions (Tocaciu et al., 2016). 

 
Fucoidan cytotoxic effects lead to the investigation of fucoidan-based nanoparticles or 

for coating nanoparticles of other compounds in drug delivery (Tengdelius et al., 2015). 

Its negative ionic nature favors the formation of complexes with other, oppositely charged 

molecules. Fc has been used as a nanocarrier for several medications, including 

anticancer treatments, which is an attractive approach since Fc not only functions as a 

drug excipient and nanocarrier but also has therapeutic properties (Citkowska et al., 

2019). An example of this was a study in BC cells using immunotherapeutic 

nanoparticles where Dox was prepared with Fc (Pawar et al., 2019). The results revealed 

in vitro and in vivo, the improvement of cytotoxicity, cell cycle arrest in the G1-S phase, 

and apoptosis in tumor cells compared to free Dox. 

 
Despite all the above evidence, insufficient research analyzed the adverse 

consequences of fucoidan, which should be investigated further. 

 

5.3.3. Sterols  

5.3.3.1. Fucosterol (Fct) 

Fucosterol (Fct) is a sterol that belongs to the class of cholesterol-like molecules. Sterols 

are an integral part of the cellular membranes of plants and algae, having a role in the 

organization of the fluid bilayer of the membranes, thus related to their permeability and 

signal transduction (Mouritsen et al., 2017). They also act as plant hormones and 

hormonal precursors (Milovanovic et al., 2009). Brown algae possess a greater amount 

of Fct than green and red algae, and their amounts can also vary among species (Meinita 

et al., 2021). The chemical structure of Fct resembles the molecule of cholesterol in 

vertebrates, and it consists of four rings, a hydroxyl group at C-3, and a side chain with 

an alkyl group at C-24 (Lopes et al., 2014) (Figure 10). 
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Figure 10 - Chemical structure of fucosterol. 

 

Previous studies have reported several bioactivities of Fct: antioxidant (Lee et al., 2003, 

Jayawardena et al., 2020), antidiabetic (Lee et al., 2004b), anti-inflammatory (Jung et 

al., 2013, Fernando et al., 2019, Jayawardena et al., 2020), anti-obesity with suppression 

of lipogenesis (Lee et al., 2017, Song et al., 2017b), antimicrobial (Kumar et al., 2010), 

osteoprotective (Bang et al., 2011, Lee et al., 2014), neuroprotective (Hannan et al., 

2019), hepatoprotective (Choi et al., 2015) and antiphotoaging (Kim et al., 2013). 

 
Fct also displayed in vitro anticancer effects in several cell lines acting by several 

mechanisms of action as cytotoxicity as induction of apoptosis (Ji et al., 2014, Jiang et 

al., 2018, Mao et al., 2019), cell cycle arrest (Jiang et al., 2018, Mao et al., 2019, Bae et 

al., 2020a), inhibition of cell migration (Jiang et al., 2018), ROS production and 

mitochondrial dysfunction (Bae et al., 2020a). Interestingly, some studies reported that 

Fct cytotoxicity was more pronounced in cancer cell lines than in non-tumoral cell lines 

(where the cytotoxic effects were not detected or were minimal). As examples of this, 

Ramos et al. (2019) reported that Fct at 10 µM only displayed cytotoxicity to colon cancer 

cells without affecting the non-tumoral cells. Mao et al. (2019) reported an IC50 of 15 µM 

in lung cancer cells with minimal cytotoxic effects in non-tumoral lung cell lines (IC50 over 

100 µM). 

 
The pointed pathways involved in the anticancer activities were mitochondrial-mediated 

apoptosis, the downregulation of key proteins of the mTOR/PI3K/Akt signaling pathway 

in HeLa cells (Jiang et al., 2018), and PI3K and MAPK signal pathways in the ovarian 

cancer cell lines ES2 and OV9 and activation of Raf/mitogen-activated protein 

kinase/extracellular-signal-regulated kinase (MEK/ERK) pathway in non-small cell lung 

cancer cells (Li et al., 2021a). In addition, Fct increased the expression of Bax and 

cleaved caspase-3 in lung cells while decreasing the expression of Bcl-2 (Mao et al., 

2019). In the latter study, the cell cycle arrest was related to a decrease in the expression 
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of Cdc2, Cyclin A, Cyclin B1, and upregulation of the negative regulators of cell cycle 

progression (p21Cip1, and p27Kip1). 

 
According to all the above information, there has been a rising trend in the number of 

publications with Fct in the last twenty years (Meinita et al., 2021), however, concerning 

its effects on BC cell lines, the information is very scarce, and the mechanisms of action 

are not explored. Table S8 summarizes the remaining limited evidence on the effects of 

Fct in BC cells derived from in vitro studies. 

 
As far as we know, until October of 2022, there is only one study reporting the effect of 

Fct in 3D cultures. In this study Ramos et al. (2019), compared the effects of Fct alone 

and combined with 5-Fu in colon cancer cells in 2D and 3D, reporting that the 

concentrations used in 2D had no effects in 3D culture. 

 
Fct was already tested in combination therapy with 5-Fu in cancer colon cells, showing 

higher antiproliferative effects than the Fct and drug alone (Ramos et al., 2019). Also, in 

combination with Cis and paclitaxel in ovarian cancer cells, revealed a synergistic effect 

with both drugs showing higher caspase cleavage and cytochrome C release and 

decreased expressions of different VGFE (Bae et al., 2020a). 

 
In vivo, Fct decreased ovarian tumor formation in a zebrafish xenograft model and 

suppressed angiogenesis, without cytotoxicity to the animals (Bae et al., 2020a). In a 

zebrafish embryo assay, Fct at a low concentration of 0.1-3 µg/mL reduced the embryos’ 

pigmentation without embryo cytotoxicity until the concentration of 100 µg/mL. In mice, 

Fct inhibited the growth of xenografted lung tumors (Mao et al., 2019). 

 
Despite all the studies reporting Fct biological activities, there is still little knowledge 

about its toxicity and bioavailability in animals and humans. In mice, one study showed 

that Fct from Sargassum fusiforme had poor absorption and slow elimination, mainly 

through fecal excretion (Wang et al., 2022). Until the present data, there seems to be no 

clinical trial with Fct. Further studies are necessary to elucidate the Fct effects and clarify 

its potential as a new compound for different therapeutical uses, including anticancer 

purposes. 

 
5.3.4. Phlorotannins 

Seaweeds are rich in polyphenolic compounds such as phlorotannins, bromophenols, 

flavonoids, phenolic terpenoids, and mycosporine-like amino acids (Cotas et al., 2020). 
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However, phlorotannins are exclusively found in brown seaweeds, accounting for about 

5–12% of the brown seaweed’s dry mass (Venkatesan et al., 2019). 

  
Phlorotannins are formed by polymerizing phloroglucinol (Phg) units through diaryl ether 

or C–C bonds (Kumar et al., 2022). Phlorotannins can have different molecular weights 

according to the oligomerization of the Phg units, and their presence and activity vary 

depending on the seaweed species and environmental conditions (Heffernan et al., 

2015). 

 
5.3.4.1. Phloroglucinol (Phg) 

Phloroglucinol (1,3,5-trihydroxybenzene) is a phenolic compound constituted by one 

aromatic ring with 3 hydroxyl groups (Figure 11). This forms a unique structure as other 

phenolic compounds have only one hydroxyl bound to the benzene ring (Crozier et al., 

2009). Phg has several functions ranging from structural cell wall components 

contributing to cell wall resistance, protection of seaweeds against UV radiations, and 

stress (Kang et al., 2006), and defense against herbivores acting as herbivore deterrents 

(Catarino et al., 2017). Phg extracted from natural sources is commercially used in 

medicine, cosmetics, pesticides, cement, and dyes (Singh et al., 2010). 

 

 

Figure 11 - Chemical structure of Phloroglucinol. 

 

Data from in vitro and in vivo studies revealed several biological activities of Phg and 

Phg-based compounds. Among them, the most representative activities are antioxidant 

(Kang et al., 2006, Zou et al., 2008, Queguineur et al., 2012), anti-inflammatory (Kim and 

Kim, 2010, Li et al., 2018a), antimicrobial (Khan et al., 2022), antidiabetic (Lee and Jeon, 

2013, Yoon et al., 2017), antiadipogenic (Jung et al., 2014a, Karadeniz et al., 2015) 

hepatoprotective (Kang et al., 2012a, Jung et al., 2014b), cardioprotective (Ahn et al., 

2017) and neuroprotective (Kang et al., 2012b). The antioxidant activity of Phg-based 

compounds also seems to act in a chemopreventive way against the carcinogenesis 

process (Kang et al., 2006, Kim and Kim, 2010). 
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Phg-based compounds have also demonstrated several in vitro anticancer properties 

against different types of cell lines (Kang et al., 2014, Almeida et al., 2020, Catarino et 

al., 2021a), including in  BC ones (Kong et al., 2009, Kim et al., 2015a, Kim et al., 2015b). 

Catarino et al. (2021a) reported cytotoxicity of Fucus vesiculosus-derived phlorotannins 

on gastric and colon tumor cell lines, without affecting normal cells. Similarly, the 

absence of cytotoxicity on normal cells was also observed in another study with colon 

cell lines (Lopes-Costa et al., 2017). 

 
The anticancer effects on BC cell lines included induction of apoptosis, cell proliferation, 

migration inhibition, and invasion capacity (Kong et al., 2009, Kim et al., 2015a, Kim et 

al., 2015b, Young-Ju, 2020). Phg has also been tested in BC cell lines in the form of 

biopolymer, encapsulated with starch (Kumar et al., 2014) and as Phg engineered silver 

nanoparticles (Kumar et al., 2018), revealing cytotoxic effects against the tested BC cell 

lines. In 3D cell culture, Phg suppressed the sphere formation in MCF7 (Kim et al., 

2015b). Table S9 summarizes the main effects and mechanisms of Phg and its 

derivatives in BC cell lines. 

 
After verifying that, in vitro, Phg inhibited the invasiveness of BC cells, Kim et al. (2015a) 

tested the metastatic suppression potential of Phg in vivo. This activity was tested in 

NOD-scid gamma (NSG) mice, in which GFP-labeled metastatic MDA-MB-231 cells 

were transplanted into mammary fat pads. Primary tumor formation was attenuated in 

the group treated with Phg, and less lung metastasis was detected compared to vehicle-

treated mice. Another part of this study involved injecting the same cells in athymic nude 

mice; similarly, Phg-treated mice presented less lung metastasis. 

 
The effects of the combination of Phg-derived compounds have also been tested in vivo, 

using a BALB/c nude mice model (Yang et al., 2015). It was shown that phlorotannin-

rich extract from Ecklonia cava improved the efficacy of cisplatin in ovarian cancer by 

enhancing cancer cell apoptosis via the ROS/Akt/NF-κB pathway and reduced 

nephrotoxicity by protecting against normal kidney cell damage. 

 
In general, phlorotannins from brown seaweeds displayed low toxicity in microalgae, 

seaweeds, plants, invertebrates, and vertebrates (fish, mice, rats, dogs, and humans) 

(Negara et al., 2021). 

 
In humans, a few studies are dedicated to the bioavailability and toxicity of phlorotannins. 

From these studies, the consumption of 250 mg/capsule/day, especially dieckol, is safe 

with extremely mild adverse effects, including mild fatigue, dizziness, nausea, and 
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abdominal distension (Okeke et al., 2021). Recent studies on the bioavailability of 

phlorotannins in humans demonstrated that they are degraded throughout the 

gastrointestinal tract, remaining just a small amount accessible for further absorption 

(Catarino et al., 2021b). 

 

6. Role of In Vitro Models for Drug Screening and Mechanistic Insights  

In the current scenario of cancer burden, with the number of new cases in a continuously 

increasing trend (Sung et al., 2021), the run for new anticancer drugs is in the spotlight 

of the pharmaceutical industry. This constant search is dedicated to finding new drugs 

or adjuvants of prescription drugs that can be more effective, safe, with fewer secondary 

effects, and economically viable (Kitaeva et al., 2020). Associated with this is the major 

concern of drug resistance which is one of the leading causes of unsuccessful cancer 

treatment (Rezayatmand et al., 2022). These issues canalize the drug screening 

process, which includes several preclinical steps using in vitro and in vivo studies, by 

which potential drugs are identified, optimized, and validated (Hughes et al., 2011). 

 
In a very simplistic way, the classical drug development process consists of three steps: 

in vitro study, in vivo study, and clinical trials (Liu et al., 2015). It starts with basic 

research, and many widely used drugs have their origins in academia (Frearson and 

Wyatt, 2010). Most in vitro screening studies start in a 2D monolayer culture of human-

immortalized cell lines from different origins (Allen et al., 2005). Within this type of culture, 

some approaches tried to increase the complexity of these models, that was the case of 

co-cultures, e.g., growing epithelial cancer cells with stromal cells and the called 2.5 D 

cultures, which consist of cells growing on top of a thick layer of ECM proteins (Langhans, 

2018). 

 
A 2D culture is a straightforward methodology with many advantages. It is also possible 

to cultivate in 2D primary cultures cells directly derived from living tissue that, in theory, 

are more likely to reflect the properties of native cells in vivo. However, primary cell 

cultures have limited applications due to the difficulties in assessing primary human cells 

compared to the cell lines and because their lifespan is very short, normally with a small 

number of divisions achievable in vitro, which hampers long-term studies (Vidi et al., 

2013). However, due to several limitations associated with this type of culture, 2D cell 

culture has been recognized as inadequate for predicting drug responses. 

 
Regarding the cell and tissue-based systems, other models such as three-dimension 

(3D) culture, 3D co-culture, tissue slices, patient-derived explant, matrix embedded 
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cultures (Sant and Johnston, 2017), Boyden’s chamber, microfluid systems, 3D 

bioprinting organoids (Kitaeva et al., 2020) and organ-on-a-chip models (Azimi et al., 

2020) have been developed. 

 
In recent decades there has been a special interest in optimizing 3D culture generation. 

This change of paradigm from 2D to 3D cell cultures aims to narrow the gap between in 

vitro and in vivo studies (Froehlich et al., 2016), especially in the field of drug screening, 

constituting a more predictive model of the in vivo response to anticancer drugs (Antoni 

et al., 2015, Fang and Eglen, 2017, Langhans, 2018). 

 
According to current regulatory requirements, before a novel drug moves to clinical trial, 

it must be tested in vivo in at least two species of animal models (rodent and non-rodent) 

(Prior et al., 2018). This effort represents several issues of costs, feasibility in terms of 

facilities and time, and ethical concerns, as most experiments cause pain or reduce the 

quality of life of these animals (Antoni et al., 2015). Additionally, the politics of the 3Rs 

(replacement, reduction, and refinement) applied to animal studies has led scientists to 

more appropriate in vitro models (Martinez-Pacheco and O'Driscoll, 2021). Moreover, 

other animal models such as the invertebrates, e.g., Caenorhabditis elegans (nematode) 

and Drosophila melanogaster (fruit fly), have gained relevance because they imply lower 

costs, have genetic amenability and easy high-throughput screening (Singh and Seed, 

2021). 

 
In vivo testing in animals has the advantage of the complexity of a whole living organism. 

However, it has some handicaps as the different animal physiology, drug metabolism, 

and tissue microenvironment can be very different from humans. For instance, the 

immune system of xenograft models is compromised, and xenograft tumor growth is 

faster than in primary human tumors (Sant and Johnston, 2017). Besides all the efforts 

to find potential new drugs, the most promising compounds selected by in vitro and in 

vivo trials fail during the different phases of clinical trials. It is estimated that only 7% of 

potential anticancer drugs gained clinical (Hay et al., 2014). 

 
Here we describe the main in vitro tools used in drug screening, giving a broad view of 

their applications and drawbacks. 

 

6.1. 2D Cell Culture 

The simplest in vitro screening tools are established cell lines cultured in monolayer - 

two-dimensional (2D) cultures, in which cells normally are cultivated attached to plastic 

surfaces (Baker and Chen, 2012), in an artificial environment consisting of a culture 
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medium with the essential nutrients (amino acids, carbohydrates, vitamins, minerals), 

growth factors, hormones, oxygen and carbon dioxide, and regulated the 

physicochemical environment (pH, osmotic pressure, temperature) (Antoni et al., 2015). 

The large use of this methodology is closely related to its easy handling, cost-

effectiveness, good reproducibility, and the possibility to apply to a vast diversity of cell 

types (Breslin and O'Driscoll, 2013). An exception is the hematopoietic cells that grow 

on cell suspensions (Ribeiro-Filho et al., 2019). 

 
Two-dimensional cell cultures have largely contributed to a better knowledge of many 

processes related to carcinogenesis, such as migration (Baker and Chen, 2012), 

invasion, and drug screening (Kitaeva et al., 2020). The screening on 2D is considered 

the baseline in the pipeline of preclinical tests in drug discovery, as at this level is easy 

to perform high-thought screening in a fast low-cost way (Capula et al., 2019). By the 

end of the 1980s, National Cancer Institute (NCI) developed for in vitro drug screening a 

panel consisting of 60 different human cell lines originating from tumors (leukemia, 

melanoma, tumors of the central nervous system, cancer of the lungs, colon, ovaries, 

breast, kidney, and prostate), which was called NCI60 (Shoemaker, 2006). Since then, 

many studies have reported drug screening in the referred panel and other smaller cell 

line panels (Close et al., 2019, Krushkal et al., 2021). In vitro screening, especially in 

monolayer cultures, has some limitations as the lack of tissue microenvironment (TME) 

and extracellular matrix (ECM) (Kitaeva et al., 2020). The TME includes the interactions 

with cells like cancer-associated fibroblasts, mesenchymal cells, adipocytes, different 

types of immune-inflammatory cells, and the blood and lymphatic vascular networks 

(Wang et al., 2017a) included in an ECM. ECM is constituted by a complex mixture of 

proteins, glycoproteins, polysaccharides, proteoglycans, and glycosaminoglycans that 

provides physical support for the interactions of the TME cells (Insua-Rodríguez and 

Oskarsson, 2016). These drawbacks make this model inaccurate or insufficient for the 

assessment of the effects of the screened compounds (Costa et al., 2016). The main 

advantages and disadvantages of 2D cell culture are presented in Table 1. 
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Table 1 - Advantages and disadvantages of 2D cultures compared to 3D cultures. 

Advantages References 

Simple and low-cost effective screening of multiple compounds or libraries (Breslin and O'Driscoll, 2013, Kapalczynska et 

al., 2018) 

Easy cell observation and measurement of viability, image capture (Freshney, 2010) 

Very reproducible (Breslin and O'Driscoll, 2013, Antoni et al., 2015) 

Fast cellular growth (Antoni et al., 2015, Verjans et al., 2018) 

Easy to high-throughput screening  (Barbosa et al., 2022) 

Disadvantages References 

Lacks ECM interactions (Breslin and O'Driscoll, 2013, Kitaeva et al., 2020) 

Altered morphology and polarity for growing in 2D, also influence the cell’s secretion and signaling (Kapalczynska et al., 2018) 

Lack of 3D tissue architecture, with hypoxic conditions and other effects of barrier to oxygen and 

nutrients present in tumors 

(Kapalczynska et al., 2018, Barbosa et al., 2022) 

Lack of communication between tumor cells and the tumor microenvironment (Barbosa et al., 2022) 

Lower gene expression and biosynthesis of drug-metabolizing enzymes (Wang et al., 2021) 

Poor correlation between preclinical in vitro and in vivo data (Kitaeva et al., 2020) 

Cell lines undergo genetic drift over time (Kimlin et al., 2013) 
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6.2. 3D Cell Culture 

The 3D cell culture models consist of systems where cells are grown in more complex 

cell arrangements that offer more cell-to-cell interactions comprising a more 

physiological and functional environment (Friedrich et al., 2009, Antoni et al., 2015, 

Imamura et al., 2015), with the gene expression profiles more similar to the in vivo (Souza 

et al., 2018, Melissaridou et al., 2019, Jensen and Teng, 2020). 

 
Classical 3D structures are described as a spherical or nearly spherical shape cultures, 

with a decreasing gradient of nutrients, growth factors, oxygen, and pH value (Sutherland 

et al., 1986, Friedrich et al., 2007). Heterogeneous cell populations constitute these 3D 

cell arrangements within a 3-layer configuration: 1) an outer proliferative zone (where 

cells have direct access to the oxygen and nutrients); 2) an intermediate zone with 

quiescent cells; and 3) an inner core with dying cells due to the lack of nutrients and 

oxygen (Mehta et al., 2012, Costa et al., 2016, Reynolds et al., 2017, Sant and Johnston, 

2017) (Figure 12). 

 

Figure 12 - Schematic figure of the structure of spheroids with three layers, consisting of an outer 

layer with proliferating cells, an intermediate layer with quiescent cells and a central core 

containing cells in dying processes. 

 
Relatively to this central core with dying cells, it is named differently according to different 

authors, with some calling it necrotic core (Mehta et al., 2012, Costa et al., 2016), and, 

in a contradictory way, using apoptosis markers for assessing cell death (Costa et al., 

2016). Other studies use a mixture of nomenclatures, indiscriminately called necrotic or 

apoptotic cores (Reynolds et al., 2017). Nonetheless, it is imperative to note that necrosis 

and apoptosis are not synonymous, notwithstanding the hypoxia in the central core can 

induce both apoptosis and necrosis; thus, the nomenclature apoptotic/necrotic core can 

be applied (Daster et al., 2017). Similarly, both types of cell death can be simultaneously 
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detected in tissues and cell cultures (Dursun et al., 2006, Hirschhaeuser et al., 2010, 

Yoon et al., 2014). 

 
In 3D cell cultures, cells interact and adhere with each other through the formation of 

desmosomes, membrane adhesion specializations and by secretion of ECM proteins 

(collagen, fibronectin, tenascin, laminin, etc.) (Chan et al., 2013). These close 

interactions, plus the barrier formed by multilayers of cells, enhance spheroid density, 

increasing the interstitial fluid pressure (Minchinton and Tannock, 2006), constituting a 

barrier to compounds’ penetration, not only for nutrients and oxygen but also to drugs 

(Sant and Johnston, 2017). Moreover, this close cell arrangement allows tissue 

recapitulation, showing a more differentiated morphology (Sant and Johnston, 2017). 

 
This type of cell culture model is particularly useful for studying metabolic and 

proliferative gradients as well as the responsiveness of hypoxic cells (Friedrich et al., 

2007). The presence of a hypoxic environment is related to a decrease in some drugs’ 

effects, as in the case of Dox, which needs oxygen to induce an effective anticancer 

effect through the formation of reactive oxygen species (ROS) (Daster et al., 2017, 

Nunes et al., 2019). It is known that under anaerobic conditions cells undergo a metabolic 

switch from oxidative phosphorylation to glycolysis called the Warburg effect, where 

pyruvate is converted into lactate. Lactate accumulation acidifies the microenvironment, 

which is related to the emergence of chemoresistance (de la Cruz-López et al., 2019). 

Moreover, the low pH in the central core can alter some drugs, such as melphalan, 

preventing its effective action (Wojtkowiak et al., 2011). 

 
Related to drug resistance, 3D models also can better mimic in vivo response because 

stem cell markers are upregulated in 3D cell cultures (Chaicharoenaudomrung et al., 

2019, Zhang et al., 2020), including the ones of  BC cell lines such as MCF7 (Yilmazer, 

2018). Additionally, spheroids have a lower proliferation rate (Verjans et al., 2018) and 

the inner cells of the 3D arrangements are less proliferative, being cells less susceptible 

to drugs that interfere with cell division (Jensen and Teng, 2020). 

 
Having into consideration all the above-mentioned characteristics, the 3D cell cultures 

resemble avascular tumor nodules or can mimic micro-metastases (Sant and Johnston, 

2017). Despite the cited advantages of 3D cell culture, there are also several drawbacks. 

Table 2 presents the main advantages and disadvantages of using 3D cell culture 
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Table 2 - Advantages and disadvantages of 3D cultures. 

Advantages References 
Complex architecture where cell-cell interactions predominate over cell-substrate interactions (Sant and Johnston, 2017) 
Paracrine and direct intercellular interaction (Bogdanowicz and Lu, 2014) 

Expression of genes and biochemistry of cells more similar in vivo 
(Kapalczynska et al., 2018, Verjans 
et al., 2018) 

Gradient diffusion of oxygen and nutrients, hypoxic conditions in the center of the spheroid, mimicking how drug 
delivery might occur in vivo 

(Mehta et al., 2012, Langhans, 2018) 

Adhesion and tight junction barriers (Mehta et al., 2012) 
Heterogeneous tumor cell populations of proliferating cells, senescent cells, and dying cells (Costa et al., 2016) 

Greater stability and longer life span (Antoni et al., 2015) 

Simple measurements of spheroids size by phase-contrast microscopy and computer image analysis (Friedrich et al., 2007) 

Disadvantages References 
More complex, time-consuming, and expensive 
  

(Jensen and Teng, 2020, Barbosa et 
al., 2022) 

More difficult to standardize and analyze (Kapalczynska et al., 2018) 
Do not completely reproduce the interaction between ECM and cells (Yamada et al., 2022) 
Individual cell analysis, such as flow cytometry, requires techniques of cell dissociation like the use of enzymes (Demuynck et al., 2020) 
Worse performance and reproducibility, difficult to interpret, cultures more difficult to carry out (Hickman et al., 2014) 
More difficult to compare with other studies due to the large variabilities between 3D models (Barbosa et al., 2022) 

Lack of standard methodologies and efficient assays for evaluation of cell viability on 3D (Barbosa et al., 2022) 

More difficult for high-throughput screening (Antoni et al., 2015) 

Difficulty in obtaining spheres for some cell lines 
(Froehlich et al., 2016, Ahn et al., 
2020) 
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Importantly, there are several methodologies described for the generation of 3D cell 

cultures, but according to the used technique and the internal cell lines characteristics, 

the outcomes can be very distinct, varying in size, shape, density, and surface features 

(Harma et al., 2014, Froehlich et al., 2016, Zanoni et al., 2016, Gencoglu et al., 2018). A 

good example of this is the study of Froehlich et al. (2016) in which 42 different 

experimental setups were tested using the BC cell lines MCF7, SKBR3, and MDA-MB-

231, and within the same cell line, e.g., MDA-MB-231 different types of 3D structures 

were formed according to the methodology used, with outcomes varying from multiple 

small spheroids, loose aggregates to single cell suspensions. Indeed, other studies 

described the formation of 3D aggregates of different morphologies rather than the 

spheroid, e.g., grape-like, stellate, mass (Thakuri et al., 2018), compact vs loose 

aggregates (Vinci et al., 2012, Froehlich et al., 2016). These types of morphologies are 

not in accordance with the definition of spheroids, which considers spheroids as typically 

round or elliptic, globe-like, compact structures (similar to in vivo tumors) that allow 

manipulation without causing mechanical damage (Nagelkerke et al., 2013). Despite 

these incongruences, most studies use spheroids for all the morphologies of multicellular 

aggregates forming a 3D cell culture. 

 
In the same vein, there is no consensus on the nomenclature of the 3D cell cultures. The 

most common name is spheroid (Ivascu and Kubbies, 2007, Zanoni et al., 2016). 

However, as detailed reviewed by Weiswald et al. (2015), there is a wide range of terms, 

e.g., microtumors (Benton et al., 2015), microtissues (Vantangoli et al., 2015), or 

multicellular cancer aggregates (MCAs) (Azadi et al., 2019). In the case of breast cells, 

sometimes they are referred to as mammospheres (Cioce et al., 2014, Lombardo et al., 

2015). 

 
A further consideration related to the differences in the 3D cell cultures is that the 

morphology directly affects drug delivery and the consequent outcome (Verjans et al., 

2018). Based on this, many researchers call attention to the need for more studies 

dedicated to the morphological and physiological characterization of 3D cell cultures to 

understand better the results, reduce the variability between different experimental 

setups, and properly compare results (Froehlich et al., 2016, Katt et al., 2016, Verjans et 

al., 2018, Huang et al., 2020). 

 
There are several methodologies to form 3D cell cultures, but there are two main big 

groups: scaffold-based and scaffold-free techniques (Langhans, 2018, Nunes et al., 

2019, Barbosa et al., 2022). Most common 3D cell culture systems use monocultures, 

i.e., only one cell type. At the same time, others introduced heterotypic cultures, i.e., 
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using two or more cell types, normally co-culture epithelial cells with fibroblasts, immune 

cells such as macrophages, endothelial cells, and adipocytes (Weigelt et al., 2014). 

 
6.2.1. Scaffold-based Methods 

In scaffold-based systems, cells can grow on matrices that attempt to mimic the natural 

microenvironment of the cells, giving physical support and biochemical components to 

cell growth (Valdoz et al., 2021). Thus, better mimicking the interactions between stromal 

cells and ECM, and allowing cell proliferation, migration, and growth (Zanoni et al., 2019). 

Over the past years, considerable progress has been made in finding different matrices 

serving as scaffolds for 3D cell culture. The scaffolds can be made from a great variety 

of materials. A popular option for 3D culture is the use of hydrogels that can be of natural 

origin (e.g., collagen, alginate, Matrigel TM) or synthetic matrices (e.g., polyethylene glycol 

(PEG), poly(vinyl alcohol) (PVA), polyglycolic acid (PGA) and polylactic acid (PLA)) and 

hybrid scaffold-based models (Ferreira et al., 2018). The matrices also can have different 

porosities, pore sizes, permeabilities, and mechanical characteristics. These various 

attributes of the matrices determine not only the size and shape of the scaffold but also 

is important to the nutrient supply and functional effects (Antoni et al., 2015). 

 
Scaffolds of natural origin are largely used in research due to their abundance and facility 

in isolation from plants and animals and their high biocompatibility, as they share many 

biochemical similarities with natural ECM (Zanoni et al., 2019). Synthetic scaffolds are 

relatively cheap and inert; however, they do not provide a good tumor microenvironment 

as they do not have critical biochemical molecules such as growth factors and hormones 

(Zanoni et al., 2019). 

 
In these culture systems, the main difficulties are the variability between batches of 

scaffolds, and it is more difficult to extract all cells for analysis of cellular responses to 

drug interactions, such as dose-dependent cell viability (Antoni et al., 2015). Also, some 

matrices require gelation, which can be challenging to automate. Moreover, the great 

variability in the form and sizes of the 3D cultures and the opacity of gels or matrices can 

be very challenging for cell morphological analysis (Sant and Johnston, 2017). 

 
A more sophisticated approach called microfluid devices consists of a chip composed of 

microchambers and microchannels, where cells typically are involved in hydrogels are 

under a continuous flow of medium/exposure drug exposure (inlet/outlet) due to the use 

of external pumps (Young and Beebe, 2010), enabling improved supply of nutrients and 

oxygen, and efficient removal of metabolic waste (Järvinen et al., 2020). Also, the 

development of automatic 3D bioprinting is a promising technology that allows the 
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dispensing of both low and high-viscosity polymer solutions with high levels of 

reproducibility, and the manipulation and control of selected features of complex 

scaffolds that can better mimic a tissue model (Dankó et al., 2022). 

 
6.2.2. Scaffold-free Methods 

In scaffold-free, cells are usually obtained from a single cell suspension derived from a 

cell line or primary cell cultures, formed by self-assembling in stationary or agitation-

based systems 3D cell cultures (Zanoni et al., 2019).  

 
6.2.2.1. Stationary Methods 

The most common stationary systems are the hanging drop and forced floating with low 

attachment surfaces. In these systems, normally, cells cannot adhere by being in a drop 

(Hanging drop method) or by the presence of a coated surface (Forced floated method). 

Magnetic levitation is less commonly used because it involves pre-loading metallic 

nanoparticles to the cells under an external magnetic field, like a magnet placed on the 

top of the plate lid, forcing cells to be aggregated to form multicellular aggregates (Lewis 

et al., 2017). 

 
In the hanging drop technique, cells aggregate at the bottom of a drop formed by the 

inversion of a plate lid. The drops remain in place due to surface tension, and the cells 

aggregate, forming a spheroid at the air-liquid interface (Kelm et al., 2003). However, 

after the formation, spheroids have to be transferred to a new plate for the desired 

exposure (Amaral et al., 2017). Another disadvantage of this technique is that the 

spheroid shape is not homogenous (Kelm et al., 2003). 

 
The forced floating (Breslin and O'Driscoll, 2013), also called liquid overlay (Froehlich et 

al., 2016, Verjans et al., 2018), is a method in which cells are seeded in non-adhesive 

coated surfaces. This coat can be agarose (Ho et al., 2012, Abe-Fukasawa et al., 2018, 

Gao et al., 2018), poly-Hema (Ivascu and Kubbies, 2006, Froehlich et al., 2016), or a 

hydrophilic neutrally charged coating that covalently bound to the polystyrene well 

surface, as in the commercially available ultra-low attachment (ULA) plates (Selby et al., 

2017, Melissaridou et al., 2019). The plates have most commonly U-shaped bottomed 

wells. As cells cannot adhere, they are forced to stay suspended, forming one spheroid 

per well (Friedrich et al., 2007, Vinci et al., 2012). A centrifugation step is commonly 

included to help cells aggregate and form spheroids (one per well) (Zanoni et al., 2016, 

Malhão et al., 2019). The formation of the spheroids comprises an initial phase in which 
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cells aggregate and the spheroids’ volume increases (the period of spheroidization), and 

then the volume tends to decrease until it stabilizes (Zanoni et al., 2016).  

 
Additionally, ULA plates allow easy plating, observing, photographing, accessing, and 

manipulating of the spheroid before, during, and after drug exposure, and just a small 

amount of volume is needed for the drug exposure (Friedrich et al., 2007). Furthermore, 

it is possible to adjust the spheroid size by increasing or decreasing cell density (Baru et 

al., 2022). Also, it is possible to culture spheroids of just one cell type (homotypic 

spheroids) or with two or more cell types (heterotypic spheroids) (Zanoni et al., 2019). 

Likewise, some assays can be performed directly on ULA plates (Bresciani et al., 2019). 

 
ULA plates are described as an easy technique, able to generate reproducible and 

uniform size-controlled spheroids, suitable for throughput drug screening (Breslin and 

O'Driscoll, 2013, Sant and Johnston, 2017), high content analysis, automation systems, 

and some viability measurements (Piccinini, 2015, Zanoni et al., 2016, Mittler et al., 

2017). 

 
As with any other methodology, ULA plates also have some disadvantages. First, due to 

their wells' curvature, it is necessary to transfer the MCAs to flat-bottom plates when 

performing techniques that require absorbance or immunofluorescence measurements. 

Besides being time-consuming, this step can also disrupt the MCAs, especially if the 

spheroids are not very compact. Furthermore, if exposure medium change is considered, 

this method can be a low throughput strategy due to the difficulty of implementing 

automation to medium change without aspirating the MCAs (Katt et al., 2016). 

 
3D cultures of different cell lines, including BC ones, have been obtained using ULA 96-

well plates (de la Mare et al., 2013, Howes et al., 2014, Froehlich et al., 2016, Raghavan 

et al., 2016), either alone or as co-cultures with human fibroblasts or HUVECs (Howes 

et al., 2014). This methodology has already been used for drug screening (Rotem et al., 

2015, Mittler et al., 2017, Kochanek et al., 2020, Roper and Coyle, 2022). 

 
In both hanging drop and ULA techniques, some studies have reported the unsuccessful 

formation of spheroids from different cell lines (Piggott et al., 2011, Froehlich et al., 2016, 

Gencoglu et al., 2018). Another possibility commonly reported in the literature is the 

addition of MatrigelTM, a commercially used ECM gel, or other ECM constituents such as 

collagen and fibronectin as an attempt to serve as a more biologically relevant model 

system (Lee et al., 2007, Badea et al., 2019, Ruud et al., 2020). Also, the adding other 

compounds that work as viscosity raisers, e.g., methylcellulose, improves spheroid 
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assembly (Casey et al., 2001, Ivascu and Kubbies, 2006, Maritan et al., 2017, Badea et 

al., 2019). 

 
6.2.2.2. Agitation-based Systems 

In this system, cells are suspended under continuous spinning in flasks or culture plates 

with a treated surface that prevents them from settling down. Examples of these systems 

are spinner flasks and rotary vessels that produce spheroids via continuous spinning of 

the cell suspension to keep cells from settling down. These systems have the advantage 

of forming a great number of spheroids and long-term culture; however, they are very 

heterogenous in size (Mehta et al., 2012). Moreover, the spheroidization time can take 

up to 15 days; after that, they can be transferred to ULA plates (Zanoni et al., 2016). 

 
Also, agitation-based systems are not a good choice for drug testing as they need high 

quantities of the medium, which is impractical for testing new drug candidates that 

generally are available in small amounts (Friedrich et al., 2007). Some sophisticated 

devices, such as bioreactors, can grow an immense number of 3D MCAs under 

controlled temperature, pH, medium flow rate, oxygen, nutrient supply, and waste 

metabolite removal (Antoni et al., 2015). 

 

The main techniques used for generation of 3D cell cultures are schematically 

represented in Figure 13. 
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Figure 13 - Schematic representation of the different 3D cell culture techniques. (a) scaffold-free 

methods and (b) scaffold -based methods (Figure created with BioRender.com and paint.net). 

 
6.3. Breast Cancer 3D In Vitro Models 

Several studies reported the formation of 3D cell cultures from breast human cell lines 

using different methodologies, e.g., Ivascu and Kubbies (2007), do Amaral et al. (2011), 

Nagelkerke et al. (2013), Froehlich et al. (2016), Brancato et al. (2018), Swaminathan et 

al. (2019).  
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The 3D BC models have been used to study the effects of chemotherapeutic agents 

(Halfter et al., 2016, Fong et al., 2017, Lanz et al., 2017, Augustine et al., 2021, Boyer et 

al., 2021), the process of invasion and metastasis (Li et al., 2011, Roarty and Echeverria, 

2021, Nanou et al., 2022) and radiotherapy (Yakavets et al., 2020, Ravichandran et al., 

2021), but also for screening new anticancer drugs (Imamura et al., 2015, Stock et al., 

2016, Fitzpatrick et al., 2017). Generally, these models are poorly characterized. Few 

studies in the literature are dedicated to the characterization of 3D cell BC models 

(Bowers et al., 2020, Huang et al., 2020, Dankó et al., 2022). 

 
There is a great level of inconsistency concerning the formation of these structures in 

terms of successful obtention, times for spheroidization, and time viable in culture, as 

well as morphologies and degree of compactness. The inconsistencies can be due to 

several factors: the technique used to obtain the 3D aggregates, different medium 

supplementations, different cell lines, and time. 

 
To illustrate these different results among studies, we made three supplementary Tables 

(Tables S10, S11, and S12) comparing various works that used the same cell lines used 

in our studies, focusing only on the ones that applied similar methodologies as the one 

applied to this thesis: stationary scaffold-free models only in homotypic cultures. In the 

literature survey, the encountered information relative to the culture conditions for the 

generation of the 3D cell culture is very diverse and sometimes incomplete or even 

omitted. For instance, some studies report that the cell density for plating do not refer to 

the volume plated per well. Thus, it was impossible to use the same units among studies 

directly. In the presented Tables, it is possible to observe the great diversity not only in 

methodologies used but also in culture mediums and respective supplementations, also 

reflecting different outcomes in the 3D cell culture. 

 
6.4. Breast Cell Lines Used in This Study 

6.4.1. MCF7 

MCF7 is probably the most used BC cell line. It was isolated from a pleural effusion of 

metastatic adenocarcinoma in 1973 by the Michigan Cancer Foundation, being named 

MCF as an acronym for its foundation of origin (Comsa et al., 2015). MCF7 has been 

described to express epithelial markers such as E-cad, β-catenin, and cytokeratin 8/18 

and the absence of mesenchymal markers such as vimentin. These cells in culture 

condition with egg white, exhibited features of differentiation such as polarized MCF7 

forming acini and mammary duct-like structures with secretory vesicles in the apical part, 

toward the lumen, corresponding to high levels of β-casein (D'Anselmi et al., 2013). This 
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cell line is considered a poorly aggressive, noninvasive cell line (Gest et al., 2013) and 

poorly angiogenic (Aonuma et al., 1999).  

 
MCF7 cells are ER and PR positive representing the Luminal A, the BC subtype with 

high levels of Erα and Erβ (Papoutsi et al., 2009). Thus, it is widely used for studying 

hormone resistance, anti-hormone compounds, or compounds that interfere with 

hormonal receptors (Leung et al., 2014, Lee et al., 2015). 

 

MCF7 generally formed multicellular 3D aggregates using different methodologies. 

However, some studies like Ivascu and Kubbies (2007) obtained compact spheroid 

without the need to add 2.5 % of the reconstituted basal membrane (rBM) to the medium. 

Similarly, do Amaral et al. (2011) showed that the addition of Matrigel was not necessary 

to obtain the MCF7 cell line spheroids. In contrast, others report the need for additives 

like methylcellulose or Matrigel to successfully obtain 3D structures (Ivascu and Kubbies, 

2006, Nagelkerke et al., 2013). Table S10 resumes the main scaffold-free techniques 

used for generating 3D cell cultures of MCF7. 

 

Lumen-like structures were also observed (Krause et al., 2010, do Amaral et al., 2011)  

and justify their existence because this cell line was derived from an invasive ductal 

carcinoma metastasis (do Amaral et al., 2011). The immunomarking for E-cad was 

maintained in 3D culture (Krause et al., 2010). Indeed E-cad is described as a mediator 

in the formation of the MCF7 spheroids (Ivascu and Kubbies, 2007). 

 
6.4.2. SKBR3 

SKBR3 is a human BC cell line isolated from pleural effusion cells of a female breast 

adenocarcinoma (ATCC, SKBR3 HTB 30TM). SKBR3 overexpresses the HER-2, thus, it 

is commonly used in cancer research to represent the HER-2 BC subtype and the 

context of HER-2 targeting (ATCC, 2022). It is considered highly proliferative and 

responsive to trastuzumab and chemotherapy (Holliday and Speirs, 2011). 

 

Most studies reported difficulties obtaining a compact 3D culture of the SKBR3 cell line. 

Only in very specific conditions does SKBR3 form a compact spheroid. Froehlich et al. 

(2016) have tested 42 different conditions, and only in one best condition (Cell star cell-

repellent surface with 3.5% of Matrigel) was it possible to obtain compact spheroids; the 

others generated loose aggregates, multiple small spheroids, or cell suspensions. Ivascu 

and Kubbies (2007) only obtained compact spheroid when 2.5% rBM was added to the 

medium, describing that the formation of the 3D aggregates is not involved with E-cad, 
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but is mediated by the collagen I/integrin ß1 interaction, which is considered related to a 

more aggressive phenotype. One study reported that SKBR3 formed compact spheroids 

in ULA plates (Balalaeva et al., 2017). Contrarily, other study concluded that it does not 

form spheroids (Ahn et al., 2020). Interestingly, there were increased HER-2 levels when 

SKBR3 cells were grown in 3D (Azimi et al., 2020). Table S11 resumes the main scaffold-

free techniques used for generating 3D cell cultures of SKBR3. 

 
6.4.3. MDA-MB-231 

The MDA-MB-231 was established in the 1970s at M. D. Anderson Cancer Center. It is 

one of the most used BC cell lines in cancer research, especially when representing the 

TNBC cells in in vitro studies due to its plasticity, invasive phenotype, and high metastatic 

potential. Some authors consider it a basal-like subtype (Chavez et al., 2010). It 

possesses a spindle-shaped cell morphology and mesenchymal phenotype with cells 

expressing vimentin and over 90% of cells expressing CD44+/CD24 low (Hero et al., 

2019). According to genetic profiling, it was classified into the Basal B subtype (Kao et 

al., 2009). However, it has also been mentioned as the claudin-low subtype (Rädler et 

al., 2021). 

 

Concerning MDA-MB-231 3D cell cultures, the obtained results show a great disparity. 

Some authors reported the formation of loose aggregates without medium additives, like 

Ivascu and Kubbies (2007), describing that the formation of MDA-MB-231 spheroids was 

related to the collagen I/integrin ß1 interaction. The formation of loose spheroids without 

medium additives was also reported by other authors (Piggott et al., 2011, Nagelkerke 

et al., 2013), while others were unable to form MDA-MB-231 spheroids (Iglesias et al., 

2013, Imamura et al., 2015). In practical terms, compact MDA-MB-231 spheroids were 

only obtained when medium additives, mostly different basal membrane commercial 

reagents, were incorporated into the culture (Ivascu and Kubbies, 2006, Nagelkerke et 

al., 2013). Table S12 resumes the main scaffold-free techniques used for generating 3D 

cell cultures of MDA-MB-231. 

 
6.4.4. MCF12A 

MCF12A cell line is a non-tumorigenic epithelial cell line from tissue taken at reduction 

mammoplasty from a nulliparous patient with fibrocystic breast disease with focal areas 

of intraductal hyperplasia, according to the product data sheet of ATCC (MCF-12A, 

ATCC CRL-10782TM). Like MCF7, this cell line is also deposited by Michigan Cancer 

Foundation (Sweeney et al., 2018) and is described as forming round polarized acini-like 
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structures similar to those seen in normal human breast tissue (Holliday and Speirs, 

2011). 

 

Just a few studies performed 3D cultures of this cell line. The literature we identified uses 

Matrigel (Marchese and Silva, 2012, Weber-Ouellette et al., 2018, Engel et al., 2019). All 

the cited studies referred to the formation of well-differentiated acinus-like structures in 

the 3D cell culture of this cell line after 14-20 days in culture. 

 
6.4.5. Cell Lines Characterization 

Diverse groups that employed these cell lines in scientific studies performed some cell 

line characterization for different purposes and used various techniques such as 

polymerase chain reaction (PCR), Western blot (WB), and immunocytochemistry (ICC), 

reaching some conflicting results that are highlighted in gray in Table 3. Most studies 

refer to monolayer cell culture, whenever information was available in 3D cell cultures, it 

was discriminated in the table. 
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Table 3 - Characterization of the cell lines used in this study highlighting in gray the information that is not in agreement with the literature. 

Marker MCF7 SKBR3 MDA-MB-231 MCF12A 

CK  +  

(Sommers et al., 1989, 
Holliday and Speirs, 2011, 
Bock et al., 2012) 
 
CK19 + 
(Alix-Panabières et al., 
2009, Keyvani et al., 2016) 
 
CK 8/18 + 
(Taylor et al., 2010) 

+ 

(Sommers et al., 1989, Bock 
et al., 2012)  
 
CK19 + 
(Keyvani et al., 2016, 
Uawisetwathana et al., 2016) 
 
Weak CK19 
(Zhang et al., 2010) 

- 

(Sommers et al., 1989, 

Keyvani et al., 2016) 

+ 

(Keyvani et al., 2016) 
 
CK19 + 

(Taylor et al., 2010) 

+ 

(Sweeney et al., 2018) 

 

 

 

Vim - 

(Sommers et al., 1989, 
Taylor et al., 2010, Comsa 
et al., 2015) 
 
Low expression 
 
(Tanaka et al., 2016) 

- 

(Sommers et al., 1989, 
Serrano et al., 2014) 
 
 
Low expression 
 
(Tanaka et al., 2016) 

+ 

(Sommers et al., 1989, 
Taylor et al., 2010) 

+ 

(Gelfand et al., 2016, 
Sweeney et al., 2018) 

E-cad + 

(Lombaerts et al., 2006, 
Kenny et al., 2007, 
Vamvakidou et al., 2007, 
D'Anselmi et al., 2013) 
 
in 3D: 

+ 

(Dittmer et al., 2009, 
Iglesias et al., 2013, 
Amaral et al., 2017) 

- 

(Kenny et al., 2007, Iglesias 
et al., 2013, Tanaka et al., 
2016) 
 

 

 

in 3D: 
- 
(Iglesias et al., 2013) 

- 

(Lombaerts et al., 2006, 
Kenny et al., 2007, 
Vamvakidou et al., 2007) 
 
 
Weakly express 
 
(D'Anselmi et al., 2013) 
 

- 

(Lombaerts et al., 2006) 
 
+ 

(Kenny et al., 2007, 
Sweeney et al., 2018, 
Weber-Ouellette et al., 2018) 
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Marker MCF7 SKBR3 MDA-MB-231 MCF12A 

ER + 

(Sommers et al., 1989, 
Neve et al., 2006, Bock et 
al., 2012) 
 
in 3D: 
+ 
(Iglesias et al., 2013) 

- 

(Sommers et al., 1989, Neve 
et al., 2006, Holliday and 
Speirs, 2011) 
 
in 3D: 
- 
(Iglesias et al., 2013) 

- 

(Sommers et al., 1989, Neve 
et al., 2006, Kenny et al., 
2007, Bock et al., 2012) 
 
in 3D: 
- 
(Iglesias et al., 2013) 

- 

(Zeillinger et al., 1996, Neve 
et al., 2006, Kenny et al., 
2007, Subik et al., 2010, 
Sweeney et al., 2018) 
+ 

(Dai et al., 2008, Marchese 
and Silva, 2012, Schröder et 
al., 2017, Engel et al., 2019) 

PR + 

(Neve et al., 2006, Dai et 
al., 2008, Holliday and 
Speirs, 2011) 
 
in 3D: 
+ 
(Iglesias et al., 2013) 

- 

(Neve et al., 2006, Holliday 
and Speirs, 2011) 
 

in 3D 
- 
(Iglesias et al., 2013) 

- 

(Neve et al., 2006, Kenny et 
al., 2007, Dai et al., 2008, 
Holliday and Speirs, 2011) 
 
in 3D: 
- 
(Iglesias et al., 2013) 

- 

(Neve et al., 2006, Kenny et 
al., 2007, Subik et al., 2010) 
+ 

(Dai et al., 2008) 

HER-2 - 

(Neve et al., 2006, Bock et 
al., 2012, Gelfand et al., 
2016) 
 
in 3D: 
- 
(Iglesias et al., 2013) 
 
+ 
(Comsa et al., 2015) 

+ 

(Neve et al., 2006, Kenny et 
al., 2007, Holliday and 
Speirs, 2011, Bock et al., 
2012) 
 
in 3D: 
+ 
(Iglesias et al., 2013) 

- 

(Neve et al., 2006, Kenny et 
al., 2007, Holliday and 
Speirs, 2011, Bock et al., 
2012) 
 
in 3D: 
- 
(Iglesias et al., 2013) 

- 

(Neve et al., 2006, Kenny et 
al., 2007) 
 

+ stands for positive presence according to the different techniques used (ICC, WB, and PCR) 

- stands for the absence of according to the different used techniques (ICC, WB, and PCR) 
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6.5. Outputs in 3D Cell Culture 

Besides all the efforts in constructing 3D cell culture models, there is a vast number of 

studies concerning drug testing that relies only on 2D cell cultures (Cox et al., 2015, 

Langhans, 2018), probably due to the already referred advantages related to low costs, 

easy performance and reproducible results (Jensen and Teng, 2020). 

 

There has been a great effort to improve 3D culture to obtain more appropriate preclinical 

models for testing new anticancer drugs and drug leads and, consequently, meliorate 

the success rate of drug candidates in the screening pipeline. In this vein, a complete 

characterization of these 3D cultures is of extreme importance, using different readout 

techniques for model validation in preclinical assays (Zanoni et al., 2019). 

 

Many different readouts are used to interfere with the state of health of the cells after 

exposure to a drug or tested compound. The main studied readouts are colorimetric, 

fluorometric, and luminescent techniques for studying the effects of a compound, 

generally by evaluating the activity of specific enzymes. Examples of this type of assay 

are the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Ho et al., 

2012, Guzmán et al., 2021), Alamar Blue (Walzl et al., 2014, Eilenberger et al., 2018), 

lactate dehydrogenase (LDH) (Perche and Torchilin, 2012, El Hassouni et al., 2020)  and 

CellTiterGlo® (Zanoni et al., 2016, Murali et al., 2019).  

 

Another technique used for evaluating multiparametric outputs, for instance, cell death 

and the effects on cell cycle, is flow cytometry, however in this technique, a cell 

suspension is required; thus it is necessary to disaggregate the 3D cell cultures using 

enzyme (e.g. trypsin or Accutase ®) and mechanical dissociation (Patra et al., 2016). 

The 5′-Bromo-2′-deoxyuridine (BrdU) assay is also frequently used to evaluate cell 

proliferation (Ivascu and Kubbies, 2006, Khaitan et al., 2006). Techniques that assess 

the protein and gene expressions, such as Western Blot (Xu et al., 2016, Kopp et al., 

2018a) and quantitative real-time polymerase chain reaction (qRT-PCR) (Kopp et al., 

2018b, Li et al., 2021), respectively are commonly used. Other alternatives, like 

immunocytochemistry using fluorochromes or enzyme-substrate visualization, allow the 

evaluation of the expression of specific antigens, such as proteins and localizing them 

into the 3D structure (Costa et al., 2016, Bresciani et al., 2019). 

 

Additionally, the 3D cell culture morphology evaluation can give some useful information 

about their response to different exposure conditions. The morphology can be assessed 
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by a phase-contrast microscope or other optical microscopes, usually equipped with 

digital cameras that allow image capture for further software-assisted image analysis. 

 

Similarly, alterations in the inner structure of the 3D models can be investigated by optical 

and electron microscopes after adequate cell processing (Costa et al., 2016) . Moreover, 

there are other techniques to investigate the invasive and metastatic potential of cancer 

cells in a 3D context (Vinci et al., 2015, Hira et al., 2020). 

 

Besides the great number of assays that can be performed to discover new drugs or 

drug leads and their mechanisms of action, their application in 3D cultures still requires 

optimization and validation. 
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7. Thesis Aims and Objectives 

7.1. Aims 

This thesis aimed to obtain new information in the research fields of bioactivity of natural 

compounds derived from selected seaweed and marine fungi compounds and their drug 

interactions, and contribute to new fundamental insights that, in the long run, may help 

to support better BC treatment in the future. 

 
7.2. Objectives 

1. Generate and characterize 3D cell cultures using one non-tumoral breast cell line and 

three human breast cancer (BC) cell lines representing the three main BC subtypes. 

 
2. Analyse in the four breast cell lines the cytotoxic and antiproliferative effects of 

preussin, a bioactive compound isolated from a marine-sourced fungus. 

 
3. Likewise, in all breast cell lines, examine the cytotoxic and antiproliferative effects of 

bioactive compounds found in brown seaweeds — astaxanthin, fucoidan, fucosterol, 

fucoxanthin, laminarin, and phloroglucinol. 

 
4. Investigate the modeling effects of the tested seaweed compounds on the cytotoxicity 

of anticancer drugs (cisplatin and doxorubicin) in the same cell lines. 

 
5. Compare the data obtained in monolayers with those acquired in 3D cultures to 

determine the degree of consistency of effects between the two procedures and improve 

the screening to identify the most promising compounds. 

 
6. In some of the most impactful situations, start uncovering the processes underlying 

the modeling effects of the tested bioactive compounds. 
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Table S1 - Marketed marine-derived drugs approved by the EMA and/or the FDA for cancer treatment. 

Drug 

(Generic name) 

Commercial name Species of origin Chemical Class Approved for Approved by FDA 

or EMA 

References 

Cytarabine  Cytosar-U® 

Ara-C 

Marine sponge 

Tethya crypta 

 

 

Antimetabolite 

DNA polymerase 

inhibitor 

Lymphocytic and 

acute myeloid 

leukemias non-

Hodgkins 

lymphoma, and 

myelodysplastic 

syndrome 

1969 

(FDA) 

 

 

(Mayer et al., 2010, 

Ercolano et al., 

2019) 

Fludarabine Fludara® Marine sponge 

 

Antimetabolite Chronic 

lymphocytic 

leukemia  

1994 (EMA) 

2004 (FDA) 

(Ricci et al., 2009) 

Nelarabine Arranon® (US) 

Atriance ® (EU) 

Marine sponge 

 

Antimetabolite Relapsed or 

refractory T-cell 

acute lymphoblastic 

leukemia and T-cell 

lymphoblastic 

lymphoma 

2005 (FDA)  

2007 (EMA) 

(Cooper, 2007) 

Trabectedin Yondelis® Tunicate  

Ecteinascidia 

turbinata 

Alkylating agents 

 

Advanced ovarian 

cancer and tumor 

soft tissue sarcoma 

2007 (EMA)  

2015 (FDA) 

(Gordon et al., 

2016) 
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Table S1 (Cont.).       

Drug 

(Generic name) 

Commercial name Species of origin Chemical Class Approved for Approved by FDA 

or EMA 

References 

Eribulin mesylate 

 

Halaven® Sponge 

Halichondria okadai 

and Lyssodendoryx 

sp 

Macrolide 

inhibitor of 

microtubule 

function 

Metastatic BC 2010 (FDA) 

2011 (EMA) 

(Dybdal-

Hargreaves et al., 

2015, Swami et al., 

2015) 

Brentuximab 

vedotin 

 

Adcetris® Mollusk/ 

Cyanobacterium 

Dolabella 

auricularia/ Genus 

Symploca 

ADC 

 

Mitotic arrest and 

apoptosis 

Advanced Hodgkin 

lymphoma 

2011 (FDA)  

2012 (EMA) 

(Scott, 2017) 

Lurbinectedin Zepzelca® Tunicate 

Mollusk/ 

Ecteinascidia 

turbinata 

Alkylating agents Ovarian cancer 

Small cell lung 

cancer 

2020 (FDA) 

2019 (FDA) 

(Gaillard et al., 

2021) 

(Kepp et al., 2020) 

Polatuzumab 

vedotin 

Polivy® Mollusk/ 

cyanobacterium 

ADC Relapsed/refractor 

diffuse large B-cell 

lymphoma  patients

who have received 

at least two prior 

therapies 

2019 (FDA)  

2020 (EMA) 

(Deeks, 2019) 
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Table S1 (Cont.)       

Drug 

(Generic name) 

Commercial name Species of origin Chemical Class Approved for Approved by FDA 

or EMA 

References 

Enfortumab vedotin Padcev® Mollusk/ 

cyanobacterium 

ADC Metastatic urothelial 

cancer 

2019 (FDA)  

2021 (EMA 

(Powles et al., 

2021) 

Belantamab 

mafodotin 

Blenrep® Mollusk/ 

cyanobacterium 

ADC Relapsed or 

refractory multiple 

myeloma 

2020 (FDA)  

2020 (EMA) 

(Lassiter et al., 

2021) 

Plitidepsin 

 

 Tunicate Aplidium 

albicans 

 

Depsipeptides 

Induces apoptosis 

and cell cycle arrest 

Multiple myeloma 

 

Approved only in 

Australia 

Muñoz-Alonso et 

al., 2009, Leisch et 

al., 2019) 

Adapted from (Nigam et al., 2019, Cappello and Nieri, 2021) 
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Table S2 - Marine-derived drugs under phases II and III of clinical trials for cancer treatment. 

Drug Species of origin Clinical Trial Phase Chemical Class Type of cancer References 

Plinabulin 

 

Fungus 

Aspergillus sp. 

III Diketopiperazine 

Interacts with 

microtubule dynamic 

Non-small lung cancer 

carcinoma 

(Hardin et al., 2017) 

Gemcitabine Sponge III Nucleoside Advanced Urothelial 

Carcinoma 

(Rosenberg et al., 

2021) 

Marizomib 

(salinosporamide A) 

Fungus 

Actinomycetes 

III γ-lactam-β-lactone Glioma, ependymoma, 

other solid cancers 

(Bota et al., 2021) 

Glembatumumab 

vedotin 

Mollusk/ 

cyanobacterium 

IIb 

 

 

 

II 

 

 

II 

ADC TNBC 

 

 

 

Advanced melanoma 

 

 

Metastatic Uveal 

Melanoma 

(Vahdat et al., 2021) 

 

 

 

(Ott et al., 2019) 

 

 

(Hasanov et al., 2020) 

Elisidepsin Mollusk II Depsipetide Metastatic or advanced 

gastroesophageal 

cancer 

(Petty et al., 2016) 

Plocabulin (PM060184) Sponge 

 

II Polyketide Advanced colorectal 

cancer  

(Cappello and Nieri, 

2021) 
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Table S2 (Cont.). 

Drug Species of origin Clinical Trial Phase Chemical Class Type of cancer References 

Tisotumab vedotin Mollusk/cyanobacterium II ADC Recurrent or metastatic 

cervical cancer 

(Coleman et al., 2021) 

Ladiratuzumab vedotin 

(SGN-LIV1A) 

Mollusk/cyanobacterium II ADC Prostate cancer (Sher et al., 2021) 

Telisotuzumab vedotin Mollusk/cyanobacterium II ADC Recurrent squamous 

cell lung cancer and 

patients with c-MET-

positive 

(Waqar et al., 2021) 

CAB-ROR2 (BA-3021) Mollusk/cyanobacterium II ADC Non-small cell lung 

cancer 

TNBC 

Melanoma  

Head and Neck Cancer 

(Cappello and Nieri, 

2021) 
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Table S3 - Sources, main effects, and mechanisms of preussin in in vitro studies. 

Cell 

type 

Preussin 

source 

Main 

effects 

Mechanisms 

of action 

Tested 

concentrations 

References 

Normal rat fibroblast 

3Y1 

Aspergillus sp., strain 

693 

(Extract) 

Inhibition of cell  

growth 

Induction of apoptosis 

Inhibits G1 phase cell 

progression 

Nuclei fragmentation 

1 -100 µg/mL (Kasahara et al., 1997) 

HeLa 

A549 

PC-3 

MeWO 

Du-145 

LNCap  

MCF7* 

Sintetic Inhibition of cell growth 

 

 

Induction of apoptosis 

↓ cyclin E kinase, block 

of cell cycle 

progression in the G1 

phase 

↑ caspases 3 and 8 

5 - 20 µM (Achenbach et al., 

2000) 

Hep G2  

HT29  

HCT116  

A549 

A375 

U251 

T98G 

 MCF7 * 

Aspergillus candidus 

(Extract) 

Cytotoxic effects Not studied 100 µM (Buttachon et al., 2018) 

 

*The only breast cell line 
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Table S4 - Sources, main effects, and mechanisms of Asta on breast cell lines. 
Cell 

Type 

Asta 

Source 

Main 

effects 

Mechanisms 

of action 

Tested 

Concentrations 

References 

MCF7 Commercial Induction of apoptosis 

and inhibition of cell 

proliferation 

↓ Cyclin D1 

↓Bcl-2 

↑ p53 

↑ Bax  

Cell cycle arrest at G0/ 

G1  

10 - 50 µM 

(IC50 20 µM) 

(Sowmya et al., 2017) 

MCF7 

MDA-MB-231 

MCF10A 

Commercial Induction of apoptosis 

Inhibition of cell 

proliferation 

Synergistic with Dox 

No effects on the non-

tumoral cell line 

Not studied for Asta, for 

other carotenoids: 

↑ caspases 3, 8 and 9; 

↓ Cyclin D1; Cell cycle 

arrest at G0/ G1  

2 -10 µM (Vijay et al., 2018) 

MCF7 

MDA-MB-231 

MCF10A 

Commercial Antiproliferative and 

inhibition of cell 

migration 

No effects on the non-

tumoral cell line 

Modulation of Bax and 

Bcl-2 

 

 

10 - 50 µM (McCall et al., 2018) 

MCF7 Blakeslea trispora 
(Extract) 
 

Inhibition of cell 

proliferation; Enhanced 

carbendazim 

antiproliferative effect 

Cell cycle arrest at 

G2/M  

↓ ROS levels caused 

by carbendazim 

5 - 30 µg/mL (Atalay et al., 2019) 
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Table S4 (Cont.)      

Cell 

Type 

Asta 

Source 

Main 

effects 

Mechanisms 

of action 

Tested 

Concentrations 

References 

SKBR3 

T47D  

BT20 

Not mentioned Cytotoxic effects 
Repression of 
stemness markers 

↓ Pontin 
↓ mutp53, 
↓ Oct4 
↓ Nanog 

20 -100 µM (Ahn et al., 2020) 

SKBR3 Commercial Induction of apoptosis ↓ mutp53 

↓ PARP-1 

↓ Bcl-2 

↓ intracellular ROS 

↓ SOD and Pontin; 

↑ Bax ↑ caspases 3, 9 

↑ phosphorylation of 

ERK1/2, JNK, and p38 

↑ MAPKs 

20 - 80 µM (Kim et al., 2020) 

MCF7 Commercial Enhanced Dox 

cytotoxic effects 

↑ Caspase 8 

↑ Bax/Bcl-2 ratio 

↑ Epigenetic histones 

acetylation 

↓ EGFR 

20 - 80 µM (Fouad et al., 2021) 

T47D 

MDA-MB-231 

MCF10A 

Commercial Induction of apoptosis 

and DNA damage with 

less damage to the 

normal cell line 

Modulation of Bcl-2 100 µM (Karimian et al., 2022) 
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Table S5 - Sources, main effects, and mechanisms of Fx and Fucoxanthinol (Fxol) on breast cell lines. 

Cell 

Type 

Fx and Fxol 

Source 

Main 

Effects 

Mechanisms 

of action 

Tested 

concentrations 

References 

MCF7 Fx, U. pinnatifida 

(Extract) 

Induction of apoptosis Not studied 12.5 - 50 µM (Konishi et al., 2006) 

MCF7 Fx  

Sargassum sp. 

(Extract) 

Induction of cytotoxicity Not studied 11.5 µg/mL 

(IC 50) 

(Ayyad et al., 2011) 

MCF7 

MDA-MB-231 

MCF12A 

Fx  

(Commercial) 

Induction of cytotoxicity 

lesser extent in 

MCF12A 

Not studied 5 -15 µM (de la Mare et al., 

2013) 

MCF7 

MDA-MB-231 

 

Fx and Fxol 

(Commercial) 

 

Induction of apoptosis ↓ NF-kB pathway 

↑Cleavage of pro-

caspase-3 and PARP 

↓ Nuclear Sox 9 in 

MDA-MB-231  

20 - 40 µM (Rwigemera et al., 

2014) 

MCF7 

MDA-MB-231 

Fx 

(Commercial) 

Induction of cytotoxicity 

↑ Dox effects  

↑ Lipid peroxides  

↑ ROS levels 

2 - 10 µM (Vijay et al., 2018) 

MCF7 

MDA-MB-231 

Fx 

(Commercial) 

Decreased cell viability 

Inhibited cell migration 

Not studied 1 - 30 µM (Garg et al., 2019) 
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Table S5 (Cont.)      

MDA-MB-231 

 

Fx, 

U. pinnatifida 

(Extract) 

Decreased cell viability, 

migration, invasion and 

lymphagenesis 

↓ VEGF‐C, MMP‐2, 

MMP‐9, NF-κB, p-Akt 

and p-PI3K 

25 - 100 µM (Wang et al., 2019) 
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Table S6 - Sources, main effects, and mechanisms of Lm on breast cell lines. 

Cell 

Type 

Lm 

Source 

Main 

effects 

Mechanisms 

of action 

Tested 

concentrations 

References 

MDA-MB-231 Saccharina japonica 

Fucus evanescens  

(Extract) 

Inhibition of cell 

proliferation, colony-

forming, and migration 

↓ MMP2 and 9 200 μg/mL (Malyarenko et al., 

2016) 

MDA-MB-231 

T-47D 

 

Saccharina cichorioides 

(Extract) 

* Aminated laminarin 

 

Apoptosis induction ↑ caspases 9 and 3 

↓ PARP enzyme 

100 - 800 μg/mL (Malyarenko et al., 

2020) 
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Table S7 - Sources, main effects, and mechanisms of Fc on breast cell lines. 

Cell 

Type 

Fc 

Source 

Main 

Effects 

Mechanisms 

of action 

Tested 

concentrations 

References 

MDA-MB-231 Ascophyllum nodosum 

(Extract) 

Inhibition of cell 

adhesion and 

invasiveness 

No specific mechanism 

was explored  

1 - 1,000 μg/mL (Haroun-Bouhedja et 

al., 2002) 

MDA-MB-231 

 

Laminaria. saccharina, 

Laminaria digitata, 

Fucus. serratus, Fucus 

distichus, and Fucus 

vesiculosus 

(Extracts) 

Antimetastatic Blocking of cell 

adhesion to platelets 

100 μg//mL (Cumashi et al., 2007) 

MCF7 

HMECs 

(Human mammary 

epithelial cells) 

Cladosiphon 

okamuranus 

(Commercial) 

Antiproliferative and 

cytotoxic without any 

effect on the viability of 

normal HMECs 

↑ Caspase 7, 8 and 9  

↑ DNA fragmentation 

 

1 - 1,000 µg/mL (Yamasaki-Miyamoto et 

al., 2009) 

MCF7 Cladosiphon novae-

caledoniae  

(Extract) 

Antiproliferative and 

cytotoxic  

↑Caspase-independent 

apoptotic pathway 

↑ROS-mediated MAP 

kinases 

Regulation of the Bcl-2 

 82 - 820 µg/mL (Zhang et al., 2011) 

T47D Saccharina japonica 

and Undaria pinnatifida 

(Extracts) 

Antiproliferative; Colony 

formation inhibition 

No specific mechanism 

was explored  

100 - 800 μg/mL (Vishchuk et al., 2011) 
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Table S7 (Cont.)      

Cell 

Type 

Fc 

Source 

Main 

Effects 

Mechanisms 

of action 

Tested 

concentrations 

References 

MCF7 Fucus vesiculosus 

(Commercial) 

Antiproliferative and 

cytotoxic  

↓Cyclin D1, CDK-4 

↑ ROS ↑ Cytochrome C 

↑ Caspase-8 

↑ Bax ↓ Bcl-2 

200 - 1,000 μg/mL (Banafa et al., 2013) 

 

MDA-MB-231 Fucus vesiculosus 

(Commercial) 

Antimetastatic ↑ Epithelial markers 

↓ Mesenchymal marker 

60 - 120 μg/mL (Hsu et al., 2013) 

MDA-MB-231 Cladosiphon navae-

caledoniae 

(Extract) 

Cytotoxic, 

antimetastatic, and 

anti-angiogenic 

↑ Caspases 

↓ Bcl-2 

1,640 μg/mL (Zhang et al., 2013a) 

MCF7 

MDA-MB-231 

Cladosiphon navae-

caledoniae 

(Extract) 

Enhanced the cytotoxic 

effects of cisplatin, 

tamoxifen, or paclitaxel 

↓ Bcl-xL and Mcl-1 

↓ ERK and Akt in MDA-

MB-231 

↑ ERK in MCF7 

↑ intracellular ROS 

levels and reduced 

glutathione 

200 - 400 μg/mL (Zhang et al., 2013b) 

MDA-MB-231 Fucus vesiculosus 

(Commercial) 

Induction of apoptosis 

and antiproliferative 

effects 

↓ Glucose regulated 

protein 78 

↑ ER stress cascades 

↑ p-CAMKII/Bax and 

caspase 12 

10-100 μg/mL (Chen et al., 2014) 
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Table S7 (Cont.)      

Cell 

Type 

Fc 

Source 

Main 

Effects 

Mechanisms 

of action 

Tested 

concentrations 

References 

MDA-MB-231 

MCF7 

Fucus vesiculosus 

(Extract) 

Cytotoxic 

anti-estrogenic 

↓ Aromatase activity 

↓ Phosphorylation of Ak 

↑ Caspases -3,7  

Expressed as % of the 

stock solution 

(Zhang et al., 2016) 

MCF7  

MCF12A 

Fucus vesiculosus 

(Commercial) 

Cytotoxic and 

antiproliferative in 

MCF7 

↑ Caspases -3, 7 and 9 400 - 1,200 μg/mL (Abudabbus et al., 

2017) 

MCF7  

MDA-MB-231 

Undaria pinnatifida 

(Extract) 

Antiproliferative and 

cytotoxic  

effects 

Apoptosis is triggered 

via both intrinsic and 

extrinsic pathways  

5 - 300 μg/mL (Lu et al., 2018) 

MCF7 Fucus vesiculosus 

(Conditioned serum 

from Fc-treated rats) 

(Commercial) 

Induction of apoptosis 

and antimetastatic  

↑ E-cadherin  

↓ MMP-9 

1,000 – 2,500 pg/mL (He et al., 2019) 

MDA-MB-231 Fucus vesiculosus 

(Commercial) 

Antimetastatic  

 

↓ N-Cadherin ↓ Vim  

↓Nuclear translocation 
of HIF-1α 
↓TWIST-1, SNAIL, 

CAIX and GLUT-1 

↑ ZO-1, ↑ E-Cadherin 

6.25 - 25 mg/mL (Li et al., 2019) 

MDA-MB-231 Laminaria japonica 

(Commercial) 

Antiproliferative 

Inhibition of migration 

and invasion 

↓ MAPK and PI3K 

↓ AP-1 and NF-κB 

signaling 

1,250 - 2,000 μg/mL (Hsu et al., 2020) 
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Table S7 (Cont.)      

Cell 

Type 

Fc 

Source 

Main 

Effects 

Mechanisms 

of action 

Tested 

concentrations 

References 

MCF7 

MDA-MB-231 

(Commercial) Induction of autophagy 

Inhibition of tumor  

enhanced sensitivity to 

Dox and Cis 

↓ mTOR/ 

p70S6K/TFEB pathway 

50 -1,600 μg/mL (Zhang et al., 2021) 
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Table S8 - Sources, main effects, and mechanisms of Fct on breast cell lines. 

Cell 

Type 

Fct 

Source 

Main 

effects 

Mechanisms 

of action 

Tested 

concentrations 

References 

MCF7 Fx from Sargassum sp. 

(Extract) 

Cytotoxic Not studied 79.2 μg/mL 

(IC50) 

(Ayyad et al., 2011) 

T47D Sargassum 

angustifolium 

(Extract) 

Cytotoxic (IC50 86-166 

mg/mL depending on 

the fraction) 

No specific mechanism 

was explored  

Not mentioned (Khanavi et al., 2012) 

MCF7 Dictyota ciliolata, 

Padina sanctae-crucis 

and Turbinaria 

tricostata 

(Extract, hexane 

fractions) 

Cytotoxicity (IC50 43.3 

mg/mL) 

No specific mechanism 

was explored 

Not mentioned (Caamal-Fuentes et al., 

2014) 

MCF7 Commercial Cytotoxicity (IC50 125 

μM) 

Not studied 160 μM (Jiang et al., 2018) 

MCF7 

MDA-MB-231 

Adenocystis utricularis 

(Extract) 

Inhibition of cell growth Not studied 200 μg/mL (Pacheco et al., 2018) 
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Table S9 - Sources, main effects, and mechanisms of Phg and Phg-derived compounds on breast cell lines. 

Cell 

Type 

Phg 

Source 

Main 

effects 

Mechanisms 

of action 

Tested 

concentrations 

References 

MCF7  

MDA-MB-231  

Phg derived 

Dioxinodehydroeckol 

from Ecklonia cava 

 

Inhibition of cell 

proliferation 

Induction of apoptosis 

↓NF-kB 

↑caspase-3 and 9 

↑DNA fragmentation 

↓ BCl-2 ↑ Bax 

1 - 100 μM (Kong et al., 2009) 

MDA-MB-231 Starch 

encapsulated  

(Commercial)  

Induction of apoptosis ↑ Nuclei condensation 

loss of mitochondrial 

membrane potential 

↑ caspase 3, 8 and 9 

50 - 250 µg/mL (Kumar et al., 2014) 

BT549  

MDA-MB-231 

(Commercial) Suppression of 

metastatic ability 

↓ SLUG 

↓ SNAIL-related zinc-

finger transcription 

factors 

↓ PI3K/Akt and 

Ras/Raf-1/ERK 

Without cytotoxic 

effects on cells 

100 μM (Kim et al., 2015a) 
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Table S9 (Cont.)      

Cell 

Type 

Phg 

Source 

Main 

effects 

Mechanisms 

of action 

Tested 

concentrations 

References 

MCF7 

SKBR3  

BT549 

(Commercial) Suppression of sphere 

formation, anchorage-

independent colony 

formation 

 ↓ CD44+ cancer cell 

population 

↓ CSC regulators such 

as Sox2, CD44, Oct4, 

Notch2, and β-catenin 

↓ PI3K/Akt and 

Ras/Raf-1/ERK 

Sensitized BC cells to 

cisplatin, taxol, 

etoposide, and 

radiation 

100 μM (Kim et al., 2015b) 

MCF7 Phg engineered silver 

(Ag) nanoparticles 

Cytotoxic effects Not studied 50 - 250 μg/mL (Kumar et al., 2018) 

MCF7  

MDA-MB-231  

Dieckol or 

phlorofucofuroeckol 

from Ecklonia cava 

(Phg-derived 

compounds) 

(Extracts) 

Inhibition of 

invasiveness and 

migration 

↓NF-kB 

↓MMP2 and MMP9 

 

50 μM (Young-Ju, 2020) 
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Table S10 - Examples of different scaffold-free techniques used for 3D cell culture of MCF7 cell line. 

Techniques used for 3D cell culture Cells/ spheroid or cell density  
Culture medium 
Spheroidization time or time in culture 

Formation of the spheroid References 

- Round bottom 96-well plated coated with 

0.5% of poly-Hema 

- Culture medium  

+ 2.5% rBM 

- Centrifugation of the plates at 1000 g for 

10 min in a swinging bucket centrifuge 

- 200 µL/well 

- 5,000 cells/spheroid 

- RPMI 1640 with 10% FCS and 2 mM L-

glutamine 

- Spheroidization time: 24 h 

- Formed compact spheroids 

generated without rBM 

 

(Ivascu and Kubbies, 
2006) 

- Hydrofobic Petri dishes  

- 5 mL/petri dish 

- 400,000 cells/plate 

- DMEM with 10% FBS 

- Days in culture 7-50 days 

- Formed compact spheroids (do Amaral et al., 2011) 

- ULA plates 

- 100 µL/well 

- 4,000 cells/spheroid 

- Serum-free epithelial growth medium 

supplemented with B27 20 ng/mL EGF 

Insulin, b-mercaptoethanol, and 

hydrocortisone 

- Spheroidization time: 7 days 

- Formed compact large spheroids (Piggott et al., 2011) 

- 96-well plate was pre-coated with 1% 

agar 

- 200 µL/ well 

- Centrifugation of the plates at 1000 g 5  

min 

- 50,000 cells/spheroid 

- DMEM with 10% of heat-inactivated FBS 

- Spheroidization time: 3 days 

- Formed compact spheroids (Ho et al., 2012) 

Chapter 1

 95



 

 

Table S10 (Cont.)    

Techniques used for 3D cell culture Cells/ spheroid or cell density  
Culture medium 
Spheroidization time or time in culture 

Formation of the spheroid References 

- V-shaped 96-wells plates coated with 

0.5% poly-Hema 

- Culture medium + 2.5% Matrigel 

- Centrifugation, 1000 g,10 min 

- 10,000 cells/spheroid 

- Culture medium not referred 

- Spheroidization time: 3 days 

- Formed compact spheroids (Nagelkerke et al., 2013) 

- 96 well, flat-bottom ultra-low adhesion 

plates coated with 50 μL of BME at 4°C 

- Culture medium + 2% ECM 

- Centrifugation 300 g, 4°C,10 min 

- 2,000 cells/spheroid 

- RPMI with 10% FBS 

 

 
 

- Formed compact spheroids (Benton et al., 2015) 

- 3D plates NanoCluture 96-well Plate® 

- 100 µL/well 

- 10,000 cells/spheroid 

- RPMI-164 with 10% FBS 

- Time in culture: 3 days 

- Uncessesful spheroid formation (Imamura et al., 2015) 

- Different types of 96-well plates, coated 

with 2% poly-Hema 

- Culture medium  

- 25% methocel, 25% methocel plus 1% 

Matrigel or 3.5%Matrigel 

- 100 μL/well 

- 10,000 cells/ spheroid 

- DMEM high glucose with 10% FCS 

- Spheroidization time: 3 days 

- Only formed compact spheroids in 

Cellstar® round bottom cell-

repellent surface plates with 3.5% of 

Matrigel and CellStar® suspension 

plated with 25 % Methocel 

(Froehlich et al., 2016) 

- ULA U-bottom plates - 500 cells/spheroid 

- RPMI 1640 with 10% FBS 

- Time in culture: 7 days 

- Formed compact spheroids (Raghavan et al., 2016) 

- ULA plates U-bottom - 5,000/spheroid - Formed compact spheroids (Selby et al., 2017) 
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- 190 μL/well - RPMI with 10% FBS 

- Spheroidization time: 2-3 days 

- 6-well flat ULA plates - 1.05 x(104; 103, or 102) cells/cm2 

-  DMEM high glucose with 10% FBS and 

1% Pen/strep 

- Spheroidization time: 3 days 

Formed a grape-like spheroid (Gencoglu et al., 2018) 
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Table S11 - Examples of different scaffold-free techniques used for 3D cell culture of SKBR3 cell line. 

Techniques used for 3D cell 
culture 

Cells/ spheroid or cell density  
Culture medium 
Spheroidization time or time in 
culture 

Formation of the spheroid References 

- Round bottom 96-well plated 

coated with 0.5% of poly-Hema 

- Culture medium  

+ 2.5% rBM 

- Centrifugation of the plates at 1000 

g for 10 min in a swinging bucket 

centrifuge 

- 200 µL/well 

- 5,000 cells/spheroid  

- McCoy’s 5A with 10% FCS and 2 

mM L-glutamine 

- Spheroidization time: 24 h 

- SKBR3 formed loose aggregates without 

medium additives.  

- Compacts spheroids were formed with 2.5% 

rBM 

 

(Ivascu and Kubbies, 

2006) 

- ULA plates 

- 100 µL/well 

- 20,000 cel/mL 

- Serum-free epithelial growth 

medium supplemented with B27 20 

ng/mL EGF Insulin, b-

mercaptoethanol, and 

hydrocortisone 

- Spheroidization time: 7 days 

- Formed loose and irregular spheroids (Piggott et al., 2011) 

 

 

 

 

 

 

 

 

 

    

    

Chapter 1

 98



 

 

Table S11 (Cont.)    

Techniques used for 3D cell 
culture 

Cells/ spheroid or cell density  
Culture medium 
Spheroidization time or time in 
culture 

Formation of the spheroid References 

- 6-well plates covered with poly-2-

hydroxyethylmethacrylate 

- Culture medium + 0.5% 

Methylcellulose 

- mL per well not referred 

- 1,000 cells/mL 

- Serum-free DMEM supplemented 

with 1% L-glutamine, 1% 

Pen/Strep, 30% F12, 2% B27, 20 

ng/mL EGF and 20 ng/mL FGFb 

- Time in culture: 7 days 

- Unsuccessful spheroid formation (Iglesias et al., 2013) 

- Different types of 96-well plates, 

coated with 2% poly-Hema 

- Culture medium + 25% methocel, 

25% methocel plus 1% Matrigel, or 

3.5% Matrigel 

- 100 μL/well 

- 10,000 cells/spheroid  

- DMEM high glucose with 10% FCS 

- Spheroidization time: 3 days 

- SKBR3 only formed compact spheroids in 

Cellstar® cell-repellent surface with 3.5% of 

Matrigel 

(Froehlich et al., 2016) 

- 96-well plates pre-coated with 1% 

agarose and 96-well ULA plates 

with flat or round bottom 

- Volume/ well not referred 

- 200-2,000/ spheroid 

- McCoy’s 5A with 10% FCS and 1.5 

mM L-glutamine 

- Spheroidization time: 24 h 

- SKBR3 formed compact spheroids only in 

ULA plates with round bottom 

(Balalaeva et al., 2017) 

- 6-well flat ULA plates - 1.05 × (104; 103, or 102) cells/cm2 

-  DMEM high glucose with 10% FBS 

and 1% Pen/strep 

- Spheroidization time: 3 days 

- SKBR3 did not form spheroids (Gencoglu et al., 2018) 
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Abstract: Three-dimensional cell cultures may better mimic avascular tumors. Yet, they still lack
characterization and standardization. Therefore, this study aimed to (a) generate multicellular
aggregates (MCAs) of four breast cell lines: MCF7, MDA-MB-231, and SKBR3 (tumoral) and MCF12A
(non-tumoral) using ultra-low attachment (ULA) plates, (b) detail the methodology used for their
formation and analysis, providing technical tips, and (c) characterize the MCAs using morphometry,
qualitative cytology (at light and electron microscopy), and quantitative immunocytochemistry (ICC)
analysis. Each cell line generated uniform MCAs with structural differences among cell lines: MCF7
and MDA-MB-231 MCAs showed an ellipsoid/discoid shape and compact structure, while MCF12A
and SKBR3 MCAs were loose, more flattened, and presented bigger areas. MCF7 MCAs revealed
glandular breast differentiation features. ICC showed a random distribution of the proliferating
and apoptotic cells throughout the MCAs, not fitting in the traditional spheroid model. ICC for
cytokeratin, vimentin, and E-cadherin showed different results according to the cell lines. Estrogen
(ER) and progesterone (PR) receptors were positive only in MCF7 and human epidermal growth factor
receptor 2 (HER-2) in SKBR3. The presented characterization of the MCAs in non-exposed conditions
provided a good baseline to evaluate the cytotoxic effects of potential anticancer compounds.

Keywords: 3D cell culture; breast cancer; model characterization; light and electron microscopy

1. Introduction

Human cancer cell lines are largely used to study the disease mechanisms and in vitro
drug screening. Most of these studies are based on two-dimensional (2D) cell cultures
in which cells grow in a monolayer adhered to a flat plastic surface [1,2]. This structural
geometry is associated with fewer cellular interactions leading to a restricted cellular mi-
croenvironment that is translated into more restricted biochemistry, gene expression, and
drug metabolism [3–5]. The strategy provides a model with limited predictive capacity,
especially in drug discovery [3,6,7]. Therefore, there has been a growing interest in upgrad-
ing the 2D culture models to approach them to the in vivo solid tumors. Three-dimensional
(3D) culture techniques have emerged as an attempt to mimic the physiological conditions
of tumors and therefore bridge the gap between 2D and in vivo studies [2,3].

Traditionally, 3D cell cultures are described as an agglomerate of cells with a spherical
shape, characterized by a decreasing gradient of nutrients, growth factors, oxygen, and pH
values from the surface to the core [8,9]. This cell line culture configuration encompasses
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three zones: (1) an outer proliferative zone (where cells have direct access to the oxygen
and nutrients); (2) an intermediate zone with quiescent cells; (3) an inner necrotic center
due to the lack of nutrients and oxygen [2,10–12].

The arrangement of cells into 3D aggregates favors their functionality [4,13–15]. While
morphological differentiation can be restored, cell multilayers promote diffusion gradients
with heterogeneous populations of dividing, quiescent and dead cells, thus mimicking well
nonvascular tumors [3,11,16]. These multilayers also constitute a barrier to the penetration
of compounds [11], offering better predictions of the in vivo drug efficacy and toxicity [17].
Additionally, more cell-to-cell interactions promote higher intercellular networks and
stimulate the production of extracellular matrix (ECM) proteins [6]. All the mentioned
differences between 2D and 3D cultures explain why the former provides insufficient or
inappropriate information and may sometimes overestimate the efficacy of some potential
antineoplastic drugs [8,15,18].

There are several techniques for generating 3D cell cultures, but they overall fall
into two main approaches: (a) scaffold-based, where cells are cultivated in synthetic or
biological matrices; (b) scaffold-free, where cells are cultivated only in a culture medium,
using, e.g., hanging drop or low attachment plates [19,20]. Different methodologies can
generate different 3D cell aggregates that vary in size, shape, density, compactness, surface
features, and internal structure [21,22].

One of the simplest methods for obtaining 3D cultures is the forced floating method [23].
This technique uses non-adhesive surfaces, such as the ultra-low attachment (ULA) plates
with U-shaped bottomed wells or other surfaces coated with hydrophilic substances (e.g.,
agar or poly-Hema), to minimize cell–substrate adhesion, and forcing cells to remain sus-
pended. A centrifugation step is commonly included to help cells aggregate and form
spheroids (one per well) [24,25]. These plates are described to generate reproducible
spheroids with uniform size and shape, suitable for high-throughput drug screening [1].

Breast cancer (BC) is the most commonly diagnosed cancer among women in western
countries [26,27] and a leading cause of cancer death [28]. Male BC is rare (1% of all cancer
in men), but the prognosis is much worse than in women [29]. BC comprises different bio-
logical subtypes with distinct histological and molecular characteristics, implying different
therapeutic approaches and clinical outcomes [30,31]. The main differences in the molecu-
lar subtypes rely on the presence or absence of estrogen (ER) and progesterone receptors
(PR), and the overexpression of the oncogene human epidermal growth factor receptor
2 (HER-2) [31]. Given the needs, new drugs continue to be investigated (particularly for
the most lethal triple-negative BC) and translated from the laboratory to patients [32].

Considering the presented scenario, the use of 3D cell cultures of breast cell lines
can be a very useful tool in the screening of anticancer compounds. Some authors have
already reported the formation of 3D cultures from different cell lines, including BC ones,
using ULA 96-well plates [22,33–35]. However, there are quite different results reported in
the literature, especially about their morphology. These differences can be related to the
characteristics of the cell line, and to the applied culture methodologies that many times
are not described in detail hampering the investigators to reproduce them. Furthermore,
we agree with other researchers who call for the need for a detailed morphofunctional and
phenotypic characterization of the 3D models to better understand the results and properly
compare studies [3,22,36,37].

For this study, three human BC cell lines were selected to represent the main BC
subtypes: (1) MCF7: ER+, PR+, and HER-2−, corresponding to the most common BC type-
Luminal A, (2) SKBR3: ER−, PR–, and HER-2+ representing the HER-2 BC subtype [38,39],
and (3) MDA-MB-231, a “triple-negative cell line” (ER−, PR−, HER-2−), corresponding
to the basal type breast carcinoma cell [38,40]. Additionally, we included a non-tumoral
breast cell line (4) MCF12A [38,40], as some studies also include non-tumoral cells when
screening new drugs or studying the toxicity of known compounds [41].

Given the above, the objectives of this study were: (1) to describe in detail the protocols
and give some technical tips for the formation and analysis of MCAs from the four men-
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tioned human breast cell lines using the ULA plates, and (2) to characterize the MCAs using
morphometry, descriptive morphology (at light and electron microscopy) and quantitative
immunocytochemistry (% labeled cells). This baseline characterization under no exposure
conditions may offer a good starting point to evaluate the possible cytotoxic effects of
compounds including potential anticancer ones.

2. Materials and Methods
2.1. Cell Lines and Culture Conditions

The MCF7 cell line was purchased from the European Collection of Authenticated
Cell Cultures (ECACC, London, UK). MCF12A, MDA-MB-231, and SKBR3 cell lines were
acquired from American Tissue Culture Collection (ATCC, Massanas, VA, USA). Cell
lines were cultivated in T75 cm2 culture flasks in an MCO 19AIC (Sanyo, Osaka, Japan)
incubator with 5% CO2 at 37 ◦C and subcultured at 80–90% confluence. MCF7, MDA-
MB-231, and SKBR3 cells were cultivated with Dulbecco’s modified Eagle’s medium-high
glucose (DMEM) without glutamine and phenol red, supplemented with 10% fetal bovine
serum (FBS) (v/v) and 1% penicillin/streptomycin (100 U/mL/100 µg/mL, respectively).
MCF12A cells were cultivated in Dulbecco’s modified Eagle’s medium/Ham’s nutrient
mixture F12 (DMEM/F12) medium supplemented with 20 ng/mL human epidermal
growth factor (EGFR), 100 ng/mL cholera toxin, 0.01 mg/mL insulin and 500 ng/mL
hydrocortisone, 10% FBS and 1% penicillin/streptomycin.

2.2. Cell Culture Reagents and Wares

Cholera toxin, insulin, human epidermal growth factor, and hydrocortisone (Sigma
Aldrich, St. Louis, MO, USA). DMEM without glutamine and phenol red, Trypsin/EDTA,
penicillin/streptomycin, and FBS (Biochrom KG, Berlin, Germany). DMEM/F12 medium
without phenol red (GE Healthcare, Chicago, IL, USA). All other used reagents and chemi-
cals were analytical grade. T75 cm2 flasks were from (Orange Scientific, Braine-l’Alleud,
Belgium) and ULA plates (Corning, New York, MA, USA).

2.3. 3D Cell Culture Procedure

Cell suspensions were obtained by trypsinization of confluent T75 cm2 flasks using
0.25% trypsin/0.02% EDTA, at 37 ◦C until cell detachment. Trypsin was inactivated by
adding twice the volume of the complete fresh medium. Cell suspensions were counted
using a Neubauer chamber and then cells were seeded in 96-well ULA plates (200 µL per
well). In a preliminary test, cells were seeded at different cell densities: MCF7 and SKBR3-
10, 20, and 40 × 104 cells/mL; MDA-MB-231-20, 40 and 50 × 104 cells/mL and MCF12A
5, 10 and 20 × 104 cells/mL. The plates were centrifuged with a Rotina 380 R (Hettich,
Tuttlingen, Germany), at 200× g for 10 min, at room temperature, and then placed in an
incubation chamber with 5% CO2 at 37 ◦C. A 7-day experiment was made, using 3 days
(72 h) for MCA formation [24,42], then the medium was replaced by a culture medium with
0.1% DMSO [24], simulating a potential drug/compound exposure for more 4 days (96 h).
On day 3, we collected MCAs of 2 independent replicas to compare their morphology with
MCAs collected on day 7.

2.4. Study Design

Nine independent replicas were performed, each one corresponding to one 96-well
microplate. The same MCAs were measured and paired at the two time points (days 3 and
7 in culture). The number of MCAs per replica was dependent on the studied parameter:
(a) 12 MCAs of each cell line per replica were used for morphometry (108 MCAs measured
per cell line); (b) 3 MCAs of each cell line per replica were harvested for cytological and
immunocytochemical analysis at light microscopy; (c) 2 MCAs of each cell line per replica
were harvested for transmission electron microscopy (TEM).
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2.5. Morphological Analysis
2.5.1. MCA Area Measurements

Each MCA (one per well) was photographed with an SZX10 stereomicroscope (Olym-
pus, Tokyo, Japan) linked to a DP21 digital camera (Olympus, Tokyo, Japan), at two time
points: day 3 (before removing medium for exposure simulation) and day 7 (after the
simulation of 96 h of exposure)—immediately before sampling. The images were submitted
to the AnaSP freeware [43] for area measurements.

Data were statistically analyzed using PAST 3.1 [44] and GraphPad Prism 6 (GraphPad
Software, San Diego, CA, USA). Data obtained from MCAs areas and corresponding to
nine independent replicates were presented as mean ± standard deviation (SD). Data sets
were tested for normality (Shapiro–Wilk test) and homogeneity of variances (Levene test)
and then paired Student t-tests were applied to compare the area variation of the same
MCAs between days 3 and 7. The significance level was set at 5%.

2.5.2. Cytological Analysis at Light Microscopy
Processing for Paraffin Embedding

First, the culture medium was removed from the wells containing the MCAs, and
then 200 µL/well of 10% buffered formalin (Bioptica, Milan, Italy) was gently added
and left for 20 min. This brief first fixation step into the wells helped to prevent the
disintegration of the MCAs during their collection. Then, the MCAs were transferred to
Eppendorf microtubes containing the same fixative, using a P1000 micropipette with a
sectioned tip to augment the diameter of the tip to prevent damaging the MCAs. After
24 h fixation, MCAs were embedded in histogel (Thermo Scientific, Waltham, MA, USA),
according to the manufacturer’s instructions, to avoid the loss of MCAs during processing
for paraffin embedding. Next, histogel containing MCAs was placed into tissue cassettes
and processed using an automatic tissue processor Leica TP120 (Leica, Nussloch, Germany).
The processing protocol consisted of 1 h in each of the following sequence of reagents:
ethanol (70%, 90%, 95%, and 100% (twice); xylene: ethanol (1:1); xylene (twice); liquid
paraffin (twice)). Paraffin blocks were performed in an embedding station EG 1140H
(Leica, Nussloch Germany). Three-micrometer thickness sections were obtained in a Leica
2255 microtome (Leica, Nussloch Germany) and placed onto silane-treated KP-frost slides
(Klinipath, Duiven, Nederland). For paraffin melting, slides were placed for 20 min at 60 ◦C
and then kept overnight at 37 ◦C. They were used either for standard hematoxylin-eosin
(HE) staining or immunocytochemistry (ICC).

HE Staining

MCA sections were deparaffinized in xylene (2 × 10 min) and hydrated following a
descendent sequence of ethanol (100%, 95%, 70%) and running tap water, 5 min each. Nuclei
were stained with Mayer’s hematoxylin (Merck, Darmstadt, Germany) for 3 min, and then
slides were washed in running tap water for 5 min to remove the excess dye. Next, slides
were immersed in aqueous 1% eosin Y for 5 min (Merck, Darmstadt, Germany), followed
by quick dips into distilled water. Lastly, slides were dehydrated in an ascending series of
ethanol (95%, 100%, 100%), 5 min each, cleared in xylene (2 × 5 min), and coverslipped
using Coverquik 2000 medium (VWR Chemicals, Briari, France).

2.5.3. Immunocytochemistry (ICC)

For ICC, MCA sections were deparaffinized and hydrated as described for HE staining.
Heat antigen retrieval was performed in a pressure cooker, where slides were immersed
in boiling citrate buffer 0.01 M, pH 6.0. The cooker was then closed, and slides were left
3 min after reaching maximum pressure. After slowly cooling, endogenous peroxidase
blocking was made with 3% hydrogen peroxide in methanol (10 min). The excess hydrogen
peroxide was removed by washing twice (5 min each) in Tris-buffer saline pH 7.6 (TBS).
Slides were dried around the sections (without leaving them to dry or damage), and the
sections were circled with a hydrophobic pen (Leica Biosystems, Milton Keynes, UK). In
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sequence, unspecific reactions were blocked using the protein block-specific reagent for that
of the Novolink™ Polymer detection kit (Leica Biosystems, Milton Keynes, UK) (5 min),
followed by two washes in TBST (TBS with 0.05% of Tween 20). Primary antibodies were
diluted in phosphate buffer saline (PBS) with 5% of bovine serum albumin and incubated
overnight at 4 ◦C (corresponding to 16 h of incubation), using a humidified chamber (details
of antibodies and used dilutions in Table 1).

Table 1. Antibodies used in ICC characterization.

Antibody, Brand, City, Country Host Type, Clone Dilution

Ki67, Biocare Medical, Pacheco, CA, USA Rabbit Monoclonal, SP6 1/200
Caspase-3 ab 13847, Abcam, Cambridge, UK Rabbit Polyclonal 1/5000

E- cadherin, Dako, Santa Clara, CA, USA Mouse Monoclonal, NCH-38 1/200
Cytokeratin, Cell Marque, Rocklin, CA, USA Mouse Monoclonal, AE1/AE3 1/1000

Vimentin, Novocastra, Milton Keynes, UK Mouse Monoclonal, V9 1/1600
Estrogen receptor (ER), Biocare Medical, Pacheco, CA, USA Rabbit Monoclonal, SP1 1/200

Progesterone receptor (PR), Biocare Medical, Pacheco, CA, USA Rabbit Monoclonal, 16 1/200
HER-2, Biocare Medical, Pacheco, CA, USA Rabbit Monoclonal, EP3 1/400

For negative control, the primary antibody was substituted by antibody diluent
only. According to antibody datasheet recommendations, the positive controls used corre-
sponded to human tissues where the target antigens are expressed.

The mentioned Novolink™ Polymer detection system was used for signal amplification,
according to the manufacturer’s instructions, using the chromogen 3,3′-Diaminobenzidine
(DAB). After the primary antibody incubation and after each step of the detection system,
slides were washed twice (5 min each) in TBST. For nuclear counterstain, cells were im-
mersed in Mayer’s hematoxylin (1 min), washed, then slides were dehydrated with an
ascendant sequence of ethanol (90%, 95%, absolute ethanol (twice)), cleared in xylene, and
mounted. Lastly, slides were observed with a light microscope BX50 (Olympus, Tokyo,
Japan) and photographed with a DP21 digital camera (Olympus, Tokyo, Japan).

We selected a panel of antibodies targeting different outputs for the MCAs’ ICC
characterization. First, we investigated the proliferating and death status of the cells within
the MCAs using Ki67 and caspase-3 antibodies as markers of proliferation [45,46] and
apoptosis [47,48], respectively.

Additionally, we evaluated the expression of the cell surface E-cadherin, a protein
related to cell adhesion [49] and cell polarity [50]. Additionally, the epithelial-mesenchymal
transition was evaluated by using the epithelial marker AE1/AE3 [51] and the mesenchy-
mal marker vimentin [52].

Finally, we investigated the expression of the ER and PR and the overexpression of
HER-2, both described as discriminative characteristics of the used breast cell lines [38,39,53].

2.5.4. Immunocytochemistry Quantitative Analysis

For each tested antibody, three representative images corresponding to the central part
(equator) of three random MCAs were analyzed. Estimation of the percentage of immuno-
marked cells was made by superimposing to the section a sampling grid with forbidden
lines to prevent edge effects [54]. Only cells with a sectioned nucleus were counted. A min-
imum of 150 cells was counted per MCA, and a total of 500 cells were counted per cell line.
Data were statistically analyzed using PAST 3.1 [44] and GraphPad Prism 6 (GraphPad Soft-
ware, San Diego, CA, USA). Normality and homogeneity of variances were tested using the
Shapiro–Wilk and Levene tests, respectively. Significant differences (p < 0.05) were assessed
by one-way ANOVA, followed by the post hoc Holm–Šídák multiple comparison test.

2.5.5. Transmission Electron Microscopy (TEM)

MCAs were collected as described for the analysis by light microscopy. After harvest-
ing to Eppendorf microtubes, MCAs were fixed for 2 h in 2.5% glutaraldehyde in 0.15 M
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sodium cacodylate-HCl buffer, pH 7.2, 4 ◦C, and then washed (2 × 10 min) in the same
buffer. Post fixation was carried out using a 1% osmium tetroxide solution in the mentioned
buffer for 2 h at 4 ◦C, followed by two washes of 10 min. MCAs were then sequentially
dehydrated (30 min in each reagent) in: 50%; 70%; 95%, 100% ethanol (twice); propylene
oxide (30 min, twice). For epoxy resin embedding, we used consecutive mixtures consisting
of different parts of propylene oxide and epoxy resin, respectively, (3:1); (1:1); (1:3), and
ultimately only resin (1 h each), to allow an optimal and gradual resin penetration in the
MCAs. After embedding in rubber molds, they were placed in the oven at 60 ◦C for 48 h for
resin polymerization. Semithin (1.25 µm thick) and ultrathin (90 nm thick) were obtained in
an ultramicrotome EM UC7 (Leica, Nussloch, Germany). Semithin sections were collected
onto silane-coated slides (Klinipath, Duiven, The Netherlands) and stained with a mixture
of aqueous azure II and methylene blue (1:1), observed in a BX50 light microscope (Olym-
pus, Tokyo, Japan) and photographed with a DP21 digital camera (Olympus, Tokyo, Japan).
Ultrathin sections were obtained with a diamond knife (Diatome, Nidau, Switzerland),
placed onto 200 mesh copper grids (Agar Scientific, Stansted, UK), and contrasted with 3%
aqueous uranyl acetate (20 min) and Reynold’s lead citrate (10 min). TEM observations
used a 100CXII microscope (Jeol, Tokyo, Japan), operated at 60 kV, equipped with an
Orius SC1000 CCD digital camera (Gatan, Pleasanton, CA, USA), controlled by the Digital
Micrograph software (Gatan, Pleasanton, CA, USA).

3. Results
3.1. MCA Area Measurements

After the preliminary test with different cell densities, the densities that corresponded
to better formation of MCAs were selected for each cell line (see representative images
of the MCAs in Figure S1). The selected cell densities were: 40 × 104 cells/mL (MCF7,
MDA-MB-231, and SKBR3) and 20 × 104 cells/mL (MCF12A). The MCAs were observed
daily, and images were captured on days 3 and 7 of culture. Figure 1 summarizes the key
aspects of MCAs from all cell lines, showing their morphology using comparative images
of the same MCAs on the two sampling days. It includes graphs of their areas, highlighting
the variance among replicates, making it easier to compare morphology with size changes.

During the first days of culture, cells aggregated progressively, and on day 3 all the
cell lines formed MCAs (see Figure 1). On day 3, stereomicroscopic observation showed
that the MCAs were spherical (Figure 1), the MDA-MB-231 aggregates being the ones that
most resembled a perfect sphere (Figure 1C). However, when the MCAs were manipulated
to change the culture medium (at day 3), it became clear that the actual shape of the 3D
structures was more of an ellipsoid (an oblate spheroid) than of a sphere, especially in the
SKBR3 and MCF12A cell lines.

Irrespective of the number of days in culture, SKBR3 MCAs were the largest ones, followed,
in decreasing order, by the MCF12A, MCF7, and MDA-MB-231 MCAs. The size of the MCAs
was related to the degree of compactness, as the larger MCAs were also the looser ones, where
cells were not so closely attached (SKBR3 and MCF12A, Figure 1B and D), while the smaller
MCAs were more compact, containing cells that were more tightly packed (MCF7 and
MDA-MB-231, Figure 1A,C). Additionally, MDA-MB-231 displayed well-defined borders,
contrary to other cell lines where the limits were more irregular; as it is noticeable comparing
Figure 1C with Figure 1A,B,D.

When comparing MCAs from days 3 and 7, it was possible to observe some changes in
size and morphological appearance. In MDA-MB-231 MCAs, there was clear compaction,
resulting in a statistically significant area reduction (Figure 1C). Although not as visually
evident, a statistically significant decrease in areas of MCAs was also noted in SKBR3
MCAs (Figure 1B).

The most variable MCAs were the ones from the MCF12A cell line, on both 3 and
7 days, because the areas would either increase or decrease, as noted by the large amplitude
of the standard deviations and morpho-phenotype (Figure 1D).
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Figure 1. Representative stereomicroscopic images and areas (measured by AnaSP software) of
multicellular aggregates (MCAs) of the four cell lines, on days 3 and 7: (A) MCF7, (B) SKBR3,
(C) MDA-MB-231, and (D) MCF12A. Areas are expressed as mean ± standard deviation of nine
independent experiments. Each dot in the graphs corresponds to the mean area of one replicate.
Significant differences: * p < 0.05, ** p < 0.01. Scale bar: 500 µm.

3.2. Histological Analysis

Figure 2 presents the typical morphology of the MCAs cultured for 3 and 7 days, at
the light microscopic level. In line with the stereomicroscopicanalysis, cell compactness in
the MCAs varied among cell lines. MCF7 and MDA-MB-231 were more compact, while
SKBR3 and MCF12A were not tightly packed. There was a notable space among SKBR3
cells, contrasting with the more cell-tightened MCAs. Besides the loose structure, SKBR3
MCAs were quite resistant to manipulation. The same was not true for MCF12A MCAs,
since they tend to partially or totally disintegrate when manipulated. Regarding these
MCAs, the inner core stayed more attached, while the outer part tended to disaggregate,
showing dispersed cells around the central region.
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Figure 2. Representative histological images of MCAs of the four cell lines: MCF7, SKBR3, MDA-
MB-231, and MCF12A stained with HE on days 3 and 7 in culture. MCF7 and MDA-MB-231 formed
compact MCAs, while SKBR3 and MCF12A formed loose MCAs. The dashed circles limit the
apoptotic/necrotic core in compact MCAs.

When sections reached nearly the core of the compact MCAs harvested on both days 3
or 7, it was observed in some MCAs the presence of an apoptotic/necrotic zone of different
sizes (dashed circles in Figure 2). The central core had “empty” spaces and a higher
number of cells with hyperchromatic and pycnotic nuclei, hypereosinophilic cytoplasm,
and apoptotic bodies. In parallel, some cells presented nuclear swelling and pale cytoplasm.
In contrast, the looser MCAs did not present apoptotic/necrotic cores.

The general morphology of the MCAs from each cell line, observed with light mi-
croscopy, was similar on the two sampled days (days 3 and 7). As we wanted to evaluate
the MCAs in the context of an experimental setting of exposure to a compound of interest
(3 days for MCAs formation plus 4 days of exposure), further characterization data are only
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given after 7 days in culture. The MCF7 MCAs presented some unique features that are
described along with the ICC and TEM results.

3.3. Immunocytochemical Characterization

The distribution of the immunostaining was easily seen in low magnification images
(Figure 3).
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Figure 3. Representative images of ICC characterization of MCAs from MCF7, SKBR3, MDA-MB-
231, and MCF12A after 7 days in culture. Brown staining with diaminobenzidine (DAB) indicates
positive staining at different cellular parts according to the antigen localization: Caspase-3: nucleus
and cytoplasm; Ki67: nucleus; E-cadherin: cell membrane; Cytokeratin AE1/AE3: cytoplasm;
Vimentin: cytoplasm.

All MCAs displayed cells immunostained for caspase-3, varying on average from 15
to 30%. The positively stained caspase-3 cells were randomly distributed throughout the
whole MCAs from all cell lines. However, when an apoptotic/necrotic core was present in
MCF7 and MDA-MB-231 MCAs, a high number of caspase-3 positive cells existed in the
central region; despite the immunostaining reaching the outer cell layers. In MCF7 MCAs
there were additional caspase-3 positive cells inside the lumen of acinar-like structures.

The pattern of Ki67 immunostaining was similar to that of caspase-3. All MCAs
showed scattered proliferating cells (at the periphery, middle part, and core). Even when
an apoptotic/necrotic core was present, there were some proliferating cells inside it.

Other MCAs immunophenotypes were assessed, such as the expression of the tumor
suppressor protein E-cadherin. MCF7 MCAs highly expressed E-cadherin (ca. 70%), except
in the central region when an apoptotic/necrotic core was present. In this case, cells
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changed their morphology and acquired characteristics of death, losing the E-cadherin
immunomarking. MCF12A MCAs expressed E-cadherin in small groups of peripheral cells
(ca. 11%). The SKBR3 and MDA-MB-231 were negative for E-cadherin.

Regarding the cytokeratin AE1/AE3 (epithelial marker), most cells in MCF7 MCAs
were positive (ca. 76%). However, in the presence of an apoptotic/necrotic core, the cells
lost the positivity for that marker, similarly to what was described for E-cadherin tagging
in MCF7. Differently, in SKBR3, MCF12A, and MDA-MB-231 MCAs, all cells were positive
for AE1/AE3.

As to the intermediate filament protein vimentin, all cells were positive in MDA-MB-
231 and MCF12A MCAs. In contrast, in MCF7 MCAs just a few cells stained positive (ca.
5%), and in SKBR3 MCAS no cells were tagged (Figure 3).

Additionally, we checked the ER/PR expression in the MCF7 and MCF12A MCAs,
as well as the expression of the growth-promoting protein HER-2 in SKBR3 (Figure 4).
Revealed by the nuclear brown staining, MCF7 MCAs had an average of 53% of their cells
positively tagged for ER while 49% were stained for PR. The labeled cells were preferentially
located in the outer part of the MCAs, where the intensity of the immunostaining was also
stronger. In MCF12A MCAs, there were no positive cells for any of the hormone receptors.
In SKBR3 MCAs, 82% of cells had the membrane totally stained for HER-2.
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Figure 4. Representative images of ICC characterization of MCAs relative to the expression of ER,
PR in MCF7 and MCF12A MCAs, and HER-2 staining in SKBR3 MCAs, after 7 days in culture. The
brown DAB staining corresponds to the immunolocalization of the tested antibodies according to the
antigen localization: ER/PR: nucleus; HER-2: membrane.

Table 2 summarizes the ICC quantification. For caspase-3 and Ki67 markers, we
performed ANOVA statistical analysis to compare the different cell lines. There were no
observed statistically significant differences in relation to caspase-3 positive cells. Concern-
ing the percentage of proliferating cells stained with Ki67, the only statistical difference
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was observed between MCF7 and MCF12A (p < 0.05), MCF7 being more proliferative than
MCF12A MCAs.

Table 2. Summary of the quantitative ICC analysis of the MCAs. Data (% of cells tagged) are given as
mean ± standard deviation (3 independent replicates).

Markers
Cell Lines

MCF7 SKBR3 MDA-MB-231 MCF12A

Caspase-3 15 ± 5 26 ± 3 30 ± 11 21 ± 2
Ki67 38 ± 10 * 21± 5 26 ± 4 14 ± 10 *

AE1/AE3 76 ± 15 100 100 100
Vimentin 5 ± 2 0 100 100

E-cadherin 70 ± 4 0 0 11 ± 3
ER 53 ± 13 n.a. n.a. 0
PR 49 ± 10 n.a. n.a. 0

HER-2 n.a. 82 ± 1 n.a. n.a.
* p < 0.05 (MCF7 vs. MCF12A); n.a: not applicable; no standard variation applies to 0 or 100%.

3.4. Specific Structural Features of MCF7 MCAs

In all MCF7 MCAs, from days 3 and 7, it was noted many acinar-like structures were
well visualized in HE staining (Figure 5A,B). In their lumina, they commonly had cells
with structural features compatible with apoptosis, such as condensed hyperchromatic
nuclei, nuclear fragmentation, and hypereosinophilic cytoplasm [55]. Additionally, there
were cells with morphology compatible with necrotic cells presenting pale eosinophilic
cytoplasm with a ghost cell aspect that at TEM corresponded to decreased electron density
in the cytoplasm, loss of cell membrane integrity with leakage of cytoplasmatic content,
organelle disruption, and nucleus dissolution morphology [55,56] (Figure 5B–D). The
presence of apoptotic cells was confirmed by ICC against caspase-3 (Figure 5C,D). The cells
of acinar-like structures revealed polarity, with microvilli in the apical pole (Figure 5E,F).
The apical basophilic line (arrowheads in Figure 5B), that at TEM corresponded to long
rows of secretory vesicles aligned towards the lumen (Figure 5E,F), reinforcing the presence
of cell polarity.

3.5. General Ultrastructure of MCAs

The four cell lines formed MCAs with different ultrastructural characteristics. MCF7
MCAs presented irregularly shaped nuclei with prominent nucleoli and round to elongated
mitochondria. Rough endoplasmic reticulum and Golgi apparatus were rarely seen. The
cytoplasm could show glycogen or lipids. Nevertheless, while some cells had neither
glycogen nor lipids, others had moderate to high amounts of these substances (Figure 6A,B).
There was no simultaneous presence of glycogen and lipid droplets within the same cell.

Concomitantly with the recovery of cell polarity described above (Figure 5), small
canaliculi, formed by the apposition of cells presenting features similar to acinar-like
structures, were seen between some cells, also with microvilli and an accumulation of
secretory vesicles towards the lumen (Figure 6C,D). MCF7 MCAs cells were closely attached,
with many tight junctions, desmosomes, and interdigitations (Figure 6E,F).

SKBR3 MCAs were cell-loose structures, and this characteristic was evident in both
HE and TEM sections. Cells with microvilli presented large intercellular spaces (white
arrows) (Figure 7A–D). Nonetheless, some cells were attached, and among them, it was
regularly observed small intercellular canaliculi bordered by the microvilli of adjacent
cells (Figure 7B,C). The presence of secretory vesicles near these canaliculi was not so
evident as in MCF7 MCAs, but in some canaliculi, they were present, although to a lesser
extent (Figure 7C). Cells in the MCAs commonly had very irregularly shaped nuclei,
prominent nucleoli, presented rare rough endoplasmic reticulum cisternae, and were rich
in mitochondria. The most common storage substance was lipid droplets (Figure 7C,D).
Desmosomes were rarely observed (Figure 7D).
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Figure 5. Representative aspects of acinar-like structures in MCF7 MCAs. (A,B) correspond to
HE staining highlighting one acinar-like structure surrounded by a dashed circle. (B) is a higher
magnification of (A) and shows apoptotic (arrows) and necrotic (curved arrows) cells within the
lumen (Lu). Arrowheads evidence a basophilic line limiting the lumen. (C,D) ((D) is a higher
magnification of (C)) correspond to ICC anti-caspase-3, acinar-like structures delimited with a dashed
line; within the lumen, there are caspase-3 positive cells, stained in brown (arrows) and necrotic cells
that do not stain with caspase-3 (curved arrows). (E,F) are TEM images showing acinar-like structures
with a central lumen, containing apoptotic cells (arrow) in (E) and lipid droplets (LD) and necrotic
cells (curved arrow) in (F). Cells show polarity, having microvilli towards the lumen (asterisks) and
subplasmalema alignment of secretory vesicles (arrowheads). Cr: chromosomes in a mitotic cell;
Nu: nucleus.
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Figure 6. TEM representative images of MCF7 MCAs. (A,B) show storage of glycogen (Gly) and lipid
droplets (LD), respectively. (C,D) display small intercellular canaliculi with microvilli (asterisks) and
secretory vesicles (arrowheads). (E,F) highlight the presence of desmosomes (dashed-lined rectangles)
and interdigitations (circles). Mi: mitochondria; Ncl: nucleoli; Nu: nucleus.
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Figure 7. TEM representative images of SKBR3 MCAs. (A–D) show intercellular spaces with
microvilli (white arrows). (B,C) evidence in the dashed-lined circles of the intercellular canaliculi
formed by microvilli (asterisks) of adjacent cells. (C) depicts a canaliculus with some secretory
vesicles nearby the lumen direction (black arrowheads). Cells presented different amounts of lipid
droplets (LD) and were rich in mitochondria (Mi). Dashed-lined rectangles: desmosome; Ncl: nucleoli;
Nu: nucleus.

The MDA-MB-231 MCAs revealed cells with irregular nuclei, many dense bodies, and
lipid droplets (Figure 8A–D). The remaining cytoplasmic contents were scarce, with the
Golgi cisternae and mitochondria being rarely seen. In some aleatory areas, cells showed
tight cell-to-cell adhesions, while in other areas, cells were not so closely attached. At their
surface, cells possessed a high number of membrane projections, forming areas of tangled
microvilli projected to the intercellular spaces. A few cells presented an elongated spindle
morphology (Figure 8D), contrasting with the usual roundish-to-ellipsoidal structure.
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Figure 8. TEM representative images of MDA-MB-231 MCAs. (A–D) pictures illustrate cells dis-
playing variable amounts of lipid droplets (LD) and dense bodies (DB). Intercellular spaces are
circumscribed by cells displaying microvilli (asterisks). (D) shows some spindle cells (dashed lines).
mitochondria: Mi; nucleus: Nu; nucleoli: Ncl.

The MCF12A MCAs were characterized as having the lowest degree of intercellular
adhesion. At TEM observation, cells almost did not adhere to each other and presented
microvilli and larger cytoplasmatic projections on their surfaces directed to the intercellular
spaces (Figure 9A). Despite the loose structure of the MCAs, desmosomes were present but
were rarely observed (Figure 9B). Additionally, some cells were joined by a net of tangled
membrane projections (Figure 9D). The MCF12A cells had the most irregular nuclei of all
the studied MCAs and were the richest in organelle content. They had a profuse number
of mitochondria and rough endoplasmic reticulum cisternae (Figure 9C). Additionally, it
was common to see lipid droplets, small glycogen deposits (Figure 9C), and bundles of
cytoplasmic microfilaments around the nucleus (Figure 9D) or dispersed in the cytoplasm.
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the same methodology [11,22,57]. Another report described spheroids formation in 1 to 2 

Figure 9. TEM representative images of MCF12A MCAs. (A) highlights intercellular spaces occupied
by the cytoplasmatic projections on the cell’s surface (arrows). (B) shows some rare desmosomes
(dashed rectangle). (C) depicts the cytoplasm content, rich in organelles such as mitochondria
(Mi), rough endoplasmic reticulum (RER), storage substances, lipid droplets (LD), glycogen (Gly),
microvilli (asterisks), and larger cytoplasmatic projections (arrow). (D) shows cytoplasmic filaments
(Fi) arranged in bundles and the net of tangled short cytoplasmic projections (dashed line).

4. Discussion

This study detailed a single procedure to obtain MCAs of three BC cell lines from
different molecular subtypes and one non-tumoral cell line using ULA plates. Further-
more, and to our best knowledge, we characterized for the first time those MCAs using
morphometry, cytology (light and electron microscopy), and immunocytochemistry. We
recorded some practical experiences from this study, which we have organized here as a
set of “tips and tricks” to assist readers in effectively obtaining and analyzing MCAs using
ULA plates (Table S1).

4.1. MCAs’ Formation in ULA Plates

This methodology enabled the generation of uniform MCAs (a single MCA per well)
from all the cell lines within 3 days of culture, which accords with other authors that used
the same methodology [11,22,57]. Another report described spheroids formation in 1 to
2 days [18], but although this time would be enough for the MDA-MB-231 cell line, it would
not allow the spheroid formation for the other cell lines. Thus, to uniformize and perform
the experiment in all cell lines at the same time, we used 3 days. Indeed, the adopted total of

 Chapter 2

 190



Toxics 2022, 10, 415 17 of 26

7 days in culture (3 days of MCA formation plus simulation of 4 days of exposure) was similar
to some studies [34,58]. However, others have extended this time until 12–14 days [59,60].

According to the authors that used similar methodologies, the 3D cultures were
reported to be spherical or nearly spherical [14,61,62]. Contrarily, here the formed MCAs
were ellipsoids or flattened discoid aggregates, as schematically represented in Figure 10.
However, it is important to mention that the referred studies did not include histological
analysis and only relied on observations with stereomicroscopy. At this level, our images
are similar to previous findings [14,61,62]. Only when processing the MCAs for light and
electron microscopy their real shape was observed, which varied according to the cell line,
as well as their size and cellular compactness.
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Figure 10. Schematic comparison of the traditional idealized three-layered distribution of dying,
quiescent, and proliferating cells in spheroids, and the observed pattern in MCF7, MDA-MB-231,
MCF12A, and SKBR3 MCAs obtained using ULA plates.
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4.2. MCAs’ Compactness and Size

MCF7 and MDA-MB-231 formed compact MCAs, while SKBR3 and MCF12A formed
loose MCAs. Previous studies with MCF7, MDA-MB-231 and SKBR3 also obtained 3D
cultures with different compactness [22,49,63]. The more compact MCAs had a lower degree
of flatness and smaller areas, while in loose MCAs the flatness was more pronounced and
the areas were bigger (Figure 10).

The observation of HE-stained sections validated the degree of compactness, show-
ing cells tightly packed in compact MCAs. TEM also confirmed the status of intercellular
adhesion, with desmosomes, tight junctions, and interdigitations being more developed and
numerous in MCF7 MCAs, following prior studies [64,65]. Moreover, most MCF7 cells were
positive for the E-cadherin cell adhesion protein, as in previous descriptions [66–68], agreeing
well with the compactness of their 3D cultures [61]. The cell compaction in MDA-MB-231
was also explained by intercellular adhesions, but according to previous descriptions, it is
not mediated by E-cadherin, otherwise by collagen I/integrin β1 interactions [61].

Most studies referred that MCF7 spontaneously formed compact spheroids [58,61,69,70],
while one group described it as forming loose spheroids [15]. However, some authors report
the addition of Matrigel or other viscosity raiser compound to the medium as a requirement
for obtaining compact spheroids of MCF7 [22] and MDA-MB-231 [22,61,63]. This study pro-
duced similar results with the ULA plates without adding those compounds. Concerning
the MDA-MB-231 cell line, our results are similar to some authors that obtained compact
spheroids [69,71,72] but differ from others reporting loose aggregates [15,70]. These di-
vergent results could be related to different methodologies to generate the 3D cultures,
including different plate coatings, culture mediums with respective supplementations, and
cell densities since all these factors can influence the formation of these models.

In the case of MCF12A, due to its shorter population doubling time (PDT) (19 h)
compared to the other cell lines (MCF7, SKBR3, MDA-MB-231 (29, 30, and 38 h, respec-
tively), half of the cell seeding density was used (40.000 cells/well) [73]; even so, the MCAs
areas were bigger when compared to compact MCAs. This was probably due to the low
compactness of its MCAs, confirmed in HE and TEM analysis, and not to its shorter PDT
that, in theory, could contribute to a higher number of cells. Additionally, it is crucial to
keep in mind that the available data about the PDT is relative to 2D cell cultures, and the
behavior in 3D cell culture may not be the same, precisely due to the 3D nature of the
cell-to-cell interactions.

4.3. Inner MCAs’ Structure

Many compact MCAs presented an apoptotic/necrotic core. The choice of this nomen-
clature “apoptotic/necrotic core” is associated with the fact that in HE and TEM there
were cells with morphologies compatible with both apoptotic and necrotic cells. Here we
confirmed apoptosis by ICC using an apoptotic marker (caspase-3 antibody), but according
to the morphology observed in HE and electron microscopy, necrosis also occurs.

Spheroids with diameters over 500 µm have been described as presenting a central
necrotic area resultant from the depletion of oxygen, nutrients, and decreased pH [3,25].
Our MCAs were larger than 500 µm (except for MDA-MB-231), and only some compact
MCAs presented apoptotic/necrotic cores.

Generally, our MCAs were larger than those reported before [15,57,62]. We opted to
use high cell densities for obtaining large MCAs, which could better represent a model for
microavascular tumors or micrometastasis [3,74]. Furthermore, the large size of the MCAs
facilitated their visualization and manipulation for morphological analysis.

Compared to the existing literature, the cell densities used in this study were, de-
pending on the cell line, similar to or greater (up to about 60 times) than the ones used
in other studies [15,58,62,70,71]. Nonetheless, the time for 3D formation and morphology
was very similar. For example, Selby et al. (2017) plated only 5000 MCF7 cells/well using
the same plates and equal time formation and obtained spheroids with diameters around
500 µm. Despite using 16 times more cells/well for the same cell line, the average diameters
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of the MCAs were only 1.4 times higher, around 700 µm. This leads us to hypothesize
that cell density is not the most determinant factor for the MCAs size, contrarily it seems
more relevant to the inner characteristics of the cell lines that lead to different degrees
of aggregation.

Whatever the aggregate size, dying cells existed in the core. Smaller MCF7 spheroids
have shown necrotic cores after 5 days in culture [22], and MDA-MB-231 also presented
necrotic cores within 6 and 7 days in culture [75,76]; the diameters of these MCAs were in
one case half the size of the ones in our study, showing that the size of the MCAs is not
the only factor responsible for the apoptotic/necrotic core. Similarly, compact MCAs have
been described as having a higher percentage of dead cells [61]. However, no differences
in the % of caspase-3 positive cells were found in this study between the compact and
loose MCAs. This was probably because the larger MCAs also presented low compactness
allowing better diffusion of oxygen and nutrients.

Following the MCAs’ characterization, both light and electron microscopy disclosed
some peculiar characteristics, especially in MCF7 MCAs, where it was detected the pres-
ence of acinar-like structures of different sizes that resemble the glandular acini of the
mammary gland. The morphogenesis of this kind of acinar-like structure is said to in-
volve the clearance of inner cells by apoptosis to allow lumen formation [67,77]. This is in
line with our observations of cells with an apoptotic morphology and with the positive
immunomarking for caspase-3 inside the lumen, equally reported by other authors [78].
Therefore, our results support the previous study of Amaral et al. [67], defending that the
lumen formation was not due to the presence of substances that mimic the extracellular
matrix (ECM). Nevertheless, the latter authors described that the luminal differentiation in
spheroids only occurred after 50 days in culture. Herein, the acinar structures were detected
on days 3 and 7 in culture, meaning that their differentiation, in the tested conditions, does
not need so much time to occur.

TEM observation revealed that the acinar-like structures presented cellular polar-
ization with periluminal microvilli [65,66,79] and secretory vesicles [66], features that
have been described earlier. Secretory vesicles (with β-casein, a protein of human milk)
were attributed to the presence of egg white in unfertilized chicken eggs in the culture
medium [66]. Differently, in our culture medium, there was no egg white. There is another
major difference between our study and that of D’Anselmi et al. (2013), as they worked
in monolayer cultures while we used 3D cultures, which are described as being more
prone to promote cellular differentiation [16,80] and tissue recapitulation [81,82]. Still,
regarding TEM observations, high amounts of glycogen existed in MCAs of MCF7, similar
to previous descriptions [83]. The same applies to lipid droplets in MCAs of MCF7 and
MDA-MB-231 [84]. Lastly, the presence of many dense bodies was characteristic in MCAs
of MDA-MB-231, also following a previous observation in a 3D culture with the same cell
line [85].

Regarding the formation of MCAs from the SKBR3 cell line, other researchers had
already described the unsuccessful formation of 3D structures using ULA plates [69].
This might have happened because Piggott et al. [69] used a serum-free medium, and
serum contains growth factors necessary to maintain cell proliferation; therefore, their
withdrawal can cause cell arrest and apoptosis [86]. SKBR3 cells observed in scanning
electron microscopy also revealed poor aggregation in 3D arrangements [87]. Nevertheless,
SKBR3 could successfully form 3D cultures when a viscosity raiser was added to the
medium [22,61]. The poor cell adhesion is correlated with the noted lack of expression
of E-cadherin in SKBR3 MCAs, corroborating previous descriptions [49,68]. The low
compactness can also be explained by the low expression of other adhesion molecules such
as integrin β1 in this cell line [88].

MCF12A MCAs were the least compact aggregates in our study, which made them
very difficult to manipulate without causing disaggregation. This study seems to be the first
report describing the formation of MCF12A MCAs using ULA plates since the literature
only reports MCF12A 3D cultures, using other techniques that include Matrigel [89,90].
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In opposition to compact MCAs, the looser ones presented bigger areas, reflecting the
intercellular spaces observed in HE staining and the decreased number of cellular adhesions
in TEM analysis.

In MCF12A, just a small number of cells stained positive for E-cadherin, forming
clusters that appeared in the outer part of the MCAs. The literature relative to the expression
of this protein is divergent since one study did not detect E-cadherin protein by Western
blot [91], while another described this cell line as positive to E-cadherin using ICC [92].
However, the presented immunostaining was not in the membrane as expected for this
marker and as we obtained in MCF12A (and MCF7) MCAs.

In contrast to compact MCAs, there were no observed apoptotic/necrotic cores in
loose MCAs. We hypothesize that the low compactness and the flattened shape increase
the surface area and reduce the distance from the long axis to the MCAs center of mass,
promoting better access to the nutrients and oxygen and, as a consequence, preventing the
formation of a hypoxic central region [93].

The proportion of apoptotic and proliferating cells in the MCAs was evaluated using
anti-caspase-3 and anti-Ki67 antibodies, respectively. In both compact and loose MCAs,
there were proliferating cells throughout all the MCAs without preferential localization
(see the schematic diagram in Figure 10). Even when an apoptotic/necrotic core was
present, there were some Ki67 positive cells among the apoptotic cells, differing from the
reported traditional diagrams of 3D cultures composed of three zones [2,13,16,25], in which
proliferating cells were located solely in the outer part of the spheroids. The distribution
of caspase-3 positive cells was overall similar to the one relative to Ki67, but there was a
higher number of apoptotic cells in the apoptotic/necrotic core (whenever present).

Compared to the typical schematic portrayal of 3D cultures, these changes in the
distribution of caspase-3 and Ki67 positive cells may be attributed to the ellipsoid form of
the MCAs. However, a similar random distribution of Ki67 positive cells was observed in
MCF7 [22] (≈300–400 µm of diameter) and MDA-MB-231 spheroids (≈500–600 µm) [94],
and other small spheroids from breast cell lines (≈300 µm) [95]. Thus, according to our
results, the classical three-layered spheroid structure is too simplistic and does not represent
the real structure of all the 3D cell cultures. Thus, at least for the four cell lines and used
culture conditions studied here, we propose a new schematic model integrating the MCAs’
morphology, compactness, and distribution of proliferating and dead cells (Figure 10).

The MCAs were also analyzed for the expression of epithelial (AE1/AE3) and mes-
enchymal (vimentin) antigens, both important when studying the epithelial–mesenchymal
transition (EMT), where epithelial cells lose their polarity, change their shape, acquire motil-
ity, and start to express mesenchymal markers [96]. There has been a growing interest in
developing drugs that target EMT [97,98], reinforcing the importance of studying epithelial
and mesenchymal markers within the MCAs.

All MCAs stained positive for AE1/AE3. Our results are in accordance with the
literature concerning MCF7 [99,100], SKBR3 [99,100], and MCF12A [92]. For MDA-MB-231,
there is conflicting information in the published data, with some authors, like us, describing
this cell line as being positive for CK19 [101], one of the various cytokeratins recognized by
AE1/AE3 [102]. However, others reported that CK19 was not detected in this cell line by
semi-quantitative RT-PCR and Western blot analyses [100] or that epithelial markers were
weakly expressed in MDA-MB-231 [66].

Concerning vimentin, we have found strong positive immunomarking in MDA-MB-
231 and MCF12A MCAs, and a few positive cells in MCF7. In general, our results corrobo-
rated the literature: MCF7 [66,99] and SKBR3 [99,103] had been described as negative for
vimentin, while MDA-MB-231 [66,99] and MCF12A are reported as being positive for this
marker [92,104]. However, we found a low number of vimentin-positive cells in MCF7
MCAs, suggesting that these cells have undergone EMT, a hypothesis supported by one
study indicating that only around 5% of cells undergo EMT in 3D arrangement [105].

Another important characteristic of the breast cell lines is the expression of ER and
PR hormonal receptors and the growth factor receptor HER-2, especially when studying
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the response or interaction of drugs with these receptors [106]. For MCF7, there is a broad
consensus about its positivity to ER and PR [38,107,108], which is in perfect agreement
with our results. Additionally, we unveiled for the first time that the positive cells are
preferentially located in the outer part of the MCAs. For MCF12A, the literature presents
contradictory data. Our results corroborate studies reporting that this cell line is negative
for ER [39]. Other authors stated that it weakly expressed ER [109] or was non-responsive
to estrogen [92]. Contrarily, some authors affirmed that MCF12A is ER/PR positive [40,110]
and that it even highly expresses ERα and ERβ [89]. SKBR3 presented overexpression of
HER-2 as it was supposed [38], with more than 80% of the cells in the MCAs showing a
thick, circumferential uniform membrane staining [111].

5. Conclusions

The use of ULA plates was revealed to be a simple, fast, reproducible, and cost-effective
technical option for generating and analyzing the MCAs of MCF7, MDA-MB-231, SKBR3,
and MCF12A cell lines. The MCAs had an ellipsoid to discoid shape, either compact (MCF7
and MDA-MB-231) or loose and more flattened (MCF12A and SKBR3). Compact MCAs
presented smaller areas with more cellular adhesions and apoptotic/necrotic cores. In
looser MCAs, proliferating and apoptotic cells were more randomly distributed. MCF7
MCAs presented glandular breast differentiation features with the formation of acinar-
like structures, with apical microvilli and adluminal accumulation of secretory vesicles.
Given the conflicting data found in the literature, we recommend characterizing 3D models
using different outputs. The presented cytological and ICC characterizations of MCAs
from MCF7, SKBR3, MDA-MB-231, and MCF12A cell lines using ULA plates help to
understand the strengths and weaknesses of this model but also give a baseline to the
interpretation of experimental results, namely from cytotoxic assays and drug screening.
The very inconsistent data in the literature concerning the characterization of 3D models of
breast cell lines also reinforces the need to detail the used protocols and promote the use of
standardized culture conditions, aiming for better replication.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxics10080415/s1, Table S1: Tips and tricks for successful MCAs
analysis from our experience. Figure S1. Representative images of the morphology (after 3 days in
culture) of the 3D MCAs of MCF7, SKBR3, MDA-MB-231, and MCF12A cell lines seeded at three
different cell densities.
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Figure S1. Representative images of the morphology (after 3 days in culture) of the 3D MCAs of MCF7, SKBR3, MDA‐MB‐231 and 

MCF12A cell  lines seeded ate  three different cell densities. MCF‐7 and SKBR3 cells were seeded 10 x 104 cells/mL  (D1), 20 x 104 

cells/mL (D2) and 40 x 104cells/mL (D3). MDA‐MB‐231 cells were seeded at 20 x 104 cells/mL (D1), 40 x 104 cells/mL (D2) and 50 x 104 

cells/mL (D3). MCF‐12A cells were seeded at 5 x 104 cells/mL (D1), 10 x 104 cells/mL (D2), and 20 x 104 cells /mL (D3). 
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Supplementary Materials 

Table S1: Tips and tricks of successful MCAs analysis by our experience. 

Problem  Recommendations 

Cells do not form MCAs 

 

‐ Increase cell density. 

‐ Centrifugation step is crucial to gather the cells. 

 

 

MCAs are too small, easily lost during their 

manipulation 

 

 

‐ Increase cell density. 

 

Irregular MCAs formation due to the presence 

of fibres into the wells 

 

‐ Use a laminar hood with good filters. 

‐ Use synthetic lab coats. 

‐ Keep the plate uncovered the least time possible. 

‐ Plate the cells using multichannel pipettes to be faster. 

 

MCAs lost or damaged during medium change 

 

‐ Use a 100 μl micropipette and place the tip against the wall of the well to 

aspirate and replace the medium. 

‐ Both aspiration and medium replacement should be done very slowly and 

carefully, as too much pressure can cause MCAs’ damage. 

‐ Lean the plate around 30º, since this helps seeing the MCAs and prevent 

their aspiration. 

 

MCAs lost or damaged during harvesting for 

optical and electron microscopy 

 

‐ Carefully remove the medium and replace it with the proper fixative, in the 

well. Incubate for 10 min before harvesting. Be careful not to leak the fixative 
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into other wells destined for other types of proxies. In this step leave the lid 

open  because  fixatives  release  vapours  than  can  interfere  with  other 

techniques. 

‐ For harvesting use a 1000 μl micropipette with a sectioned tip that offers a 

larger circumference and prevents the MCAs’ damage. 

‐ The harvesting procedure should be performed slowly and carefully. 

‐ Transfer to an Eppendorf tube containing the appropriate fixative. 

 

 

MCAs lost or damaged during processing for 

optical and electron microscopy 

 

 

‐  After  the  fixation  step,  embed  the MCAs  in  histogel  according  to  the 

supplier’s instructions. 

 

Difficult in finding MCAs during paraffin block 

sectioning 

‐ Histogel containing the MCAs should be oriented during the embedding 

procedure.  Sometimes  it  is  necessary  to  remove  the  excess  of  histogel  to 

facilitate the sectioning step. 

‐ When sectioning, it is extremely important not to remove a large thickness 

of paraffin, as MCAs are not easy to see and therefore can be easily lost. 

‐ Sections should be checked under the microscope to assess the presence of 

the MCA. Its observation is easier if the sections have been recently collected 

from the water. 

 

Note: It is important to mention that to check the presence of an apoptotic 

core,  it  is necessary  to  section nearly all  the MCA  to assure  that we have 

passed through the core 
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Abstract: Preussin, a hydroxyl pyrrolidine derivative isolated from the marine sponge-associated
fungus Aspergillus candidus KUFA 0062, displayed anticancer effects in some cancer cell lines,
including MCF7. Preussin was investigated for its cytotoxic and antiproliferative effects in
breast cancer cell lines (MCF7, SKBR3, and MDA-MB-231), representatives of major breast
cancers subtypes, and in a non-tumor cell line (MCF12A). Preussin was first tested in 2D
(monolayer), and then in 3D (multicellular aggregates), cultures, using a multi-endpoint approach
for cytotoxicity (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), resazurin and
lactate dehydrogenase (LDH)) and proliferative (5-bromo-2′-deoxyuridine (BrdU)) assays, as well
as the analysis of cell morphology by optical/electron microscopy and immunocytochemistry for
caspase-3 and ki67. Preussin affected cell viability and proliferation in 2D and 3D cultures in all cell
lines tested. The results in the 3D culture showed the same tendency as in the 2D culture, however,
cells in the 3D culture were less responsive. The effects were observed at different concentrations of
preussin, depending on the cell line and assay method. Morphological study of preussin-exposed
cells revealed cell death, which was confirmed by caspase-3 immunostaining. In view of the data,
we recommend a multi-endpoint approach, including histological evaluation, in future assays with
the tested 3D models. Our data showed cytotoxic and antiproliferative activities of preussin in breast
cancer cell lines in 2D and 3D cultures, warranting further studies for its anticancer potential.

Keywords: 3D cell culture; antiproliferative activity; breast cancer; cytotoxic activity; preussin

1. Introduction

Since cancer incidence keeps rising each year [1,2], the scientific community and pharmaceutical
industry have focused their attention on the discovery of new drugs or drug adjuvants to improve the
fight against this disease [3]. Consequently, one hotspot of interest for drug discovery is anticancer
drugs, whose rising costs have been applied to drug research and development [3,4].

On the other hand, oceans not only cover 70% of the Earth’s surface, but also represent a variety of
environmental niches, due to different salinities, pressures, light and oxygen levels, nutrient availability,
and temperatures, which result in a great diversity of marine fauna and flora. Moreover, oceans are
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still an under-investigated source of bioactive compounds with medicinal benefits for human health
and/or disease treatment. For this endeavor, marine-derived compounds have gained much attention
in the past decades [5–8]. An example of this is the discovery of a large number of novel marine
bioactive compounds with anticancer properties, leading to an increasing number of screening studies
covering compounds derived from macro- and microorganisms, such as bacteria, fungi, microalgae,
and seaweeds [9–13]. To the best of our knowledge, there are seven marine-derived drugs in clinical
use for cancer treatment, e.g., cytarabine (Cytosar-U®) and trabectedin (Yodelis®), and more than
twenty-three others under clinical trials, between phase II and phase III [14].

Among naturally occurring marine-derived compounds with anticancer activity, those from
marine-derived fungi have been in the spotlight. Marine-derived fungi possess unique features
not encountered in their terrestrial counterparts [15], and have been considered as a rich source of
secondary metabolites with promising anticancer effects [12,13,16,17], representing unprecedented
scaffolds for further drug design for specific modes of action [12]. Marine-derived fungi commonly
exist in association with other organisms, mostly sessile invertebrates [16,18], acting as endophytes [19].
This type of association, together with the need to adapt to adverse conditions in the marine environment,
contributes to a great diversity of secondary metabolites produced by marine-derived fungi [20].

Recently, Buttachon et al. [21] have described the isolation and structure elucidation of—in
addition to several bis-indolyl benzenoids—two hydroxypyrrolidine derivatives, preussin (1) and
preussin C (2) (Figure 1), from the ethyl acetate extract of the culture of the marine sponge-associated
fungus Aspergillus candidus KUFA 0062. Furthermore, all the isolated compounds were screened for
their cytotoxic effect, using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay,
against eight human cancer cell lines derived from different types of tissues. Interestingly, only preussin
(1) exhibited a significant decrease in cell viability in all the cancer cell lines tested. Consequently,
we decided to explore the more in-depth effects of preussin (1) in breast cancer (BC) cell lines.
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Figure 1. Chemical structure of preussin (1) and preussin C (2).

Breast cancer (BC) is the most commonly diagnosed cancer among women in Western countries [22,23],
and a leading cause of cancer death among females [24]. Treatment of BC involves surgery, radiotherapy,
and the use of anticancer drugs. However, one major problem of cancer treatments, which also applies to
BC, is the multidrug resistance coupled with the toxicity of some chemotherapeutics [25,26]. The emergence
of drug resistance triggers the search for new drugs or drug adjuvants and, simultaneously, the need for
a better understanding of the molecular mechanisms involved in drug resistance [27,28]. Accordingly,
a search for compounds that are aimed at different therapeutic targets and/or that potentiate the existing
established drugs with minimal, or at least decreased, toxicity towards normal cells has become a
priority [29].

Cell lines have greatly contributed to a better understanding of BC molecular mechanisms.
Nonetheless, some authors have stressed the importance of choosing an appropriate cell line panel as
an experimental model with specific sub-characteristics that could influence the responses to different
compounds of potential therapeutic interest [30,31]. Breast cancer is very heterogeneous in terms of
histological types and clinical outcomes, namely having different patterns of positivity for estrogen
and progesterone receptors, as well as for the expression of the oncogene human epidermal growth
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factor receptor 2 (HER-2). These different characteristics are fundamental in determining therapeutic
approach [32].

Accordingly, for this study, we selected four human breast cancer cell lines with some characteristics
corresponding to BC subtypes: (i) MCF7, which has positive estrogen and progesterone receptors
and is negative for HER-2 overexpression (ER+, PR+, HER-2–), corresponding to the most common
BC type—Luminal A [30,33]; (ii) SKBR3, a negative for estrogen and progesterone receptors and
positive for HER-2 overexpression (ER–, PR–, HER-2+), representing the HER-2 subtype [30,33];
(iii) MDA-MB-231, a ‘triple negative cell line’ (ER–, PR, HER2–), corresponding to the basal-type breast
carcinoma cell [30,33]; and (iv) MCF12A, which is a non-tumor breast cell line [30,34].

Nowadays, it is well established that cell culture research performed in monolayer (2D) has a
low predictive capacity, especially in the field of drug discovery where great investments have been
made each year [35]. The lack of three-dimensional (3D) geometry is associated with less intercellular
interactions, and different microenvironments which result in different biochemistry, gene expression,
and drug metabolism [36,37]. All these differences partially explain why many drugs tested in 2D
cultures fail when tested in in vivo models or in clinical trials [38,39]. Three-dimensional (3D) breast
cell cultures recapitulate some of the physiological and architectural aspects of breast epithelium [40],
which may represent a model closer to the in vivo than the 2D cultures.

Based on the promising data of our recent research [21], the aim of this study was to specifically
assess the in vitro anticancer activity of preussin (1), namely cytotoxic and antiproliferative effects,
in a panel of three breast cancer cell lines and one non-tumor breast cell line, cultured in 2D and 3D
culture models.

2. Results

2.1. Cells Exposure in 2D

2.1.1. Analysis of Cell Viability—MTT Assay

Cells were exposed for 72 h either to preussin (1) at different concentrations (10, 25, 50, and
100 µM), or to staurosporine (STS) (1 µM), a positive control, for apoptosis induction [41,42]. Culture
medium containing only solvent (SC) (medium with 0.1% DMSO, v/v) was used as a negative control.
Cells exposed to preussin (1) at 50 and 100 µM showed significant decrease in cell viability in the
three cancer cell lines (MCF7, MDA-MB-231, and SKBR3) and in the non-tumor cell line (MCF12A).
STS decreased cell viability to less than 50%, in relation to the control, in all cell lines tested (Figure 2).
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Figure 2. Effect of preussin (1), at 10, 25, 50, and 100 µM, on cell viability in 2D culture.
(A) MCF7, (B) MDA-MB-231, (C) SKBR3, and (D) MCF12A cells after 72 h of incubation, assessed by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells treated with 0.1%
DMSO (solvent; SC) and staurosporine (STS; 1 µM) were included as negative and positive controls,
respectively. The results were expressed as the percentage of cell viability, relative to negative control,
and are presented as mean ± standard deviation (SD) of four independent experiments (two duplicates
per replica). (*** p < 0.01; ** p < 0.001; **** p < 0.0001).

2.1.2. Analysis of Cell Proliferation—5-bromo-2′-deoxyuridine (BrdU) Assay

Cells were exposed for 72 h either to preussin (1) at different concentrations (10, 25, 50, and 100 µM)
or to STS (1 µM). Preussin (1) induced a decrease of cell proliferation in all cell lines. In MCF7 and SKBR3
cells, as well as in MCF12A, preussin (1) at 25 µM was able to significantly reduce cell proliferation.
In contrast, in MDA-MB-231, preussin (1) only at 50 µM significantly inhibited cell proliferation.
At 50 µM, preussin (1) led to a decrease of cell proliferation below 50%, in relation to the control, in all
cell lines. STS inhibited cell proliferation in all cell lines, with less potency toward SKBR3 (Figure 3).
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Figure 3. Effect of preussin (1), at 10, 25, 50, and 100 µM, on cell proliferation in 2D culture.
(A) MCF7, (B) MDA-MB-231, (C) SKBR3, and (D) MCF12A cells after 72 h of incubation, assessed
by 5-bromo-2′-deoxyuridine (BrdU) assay. Cells treated with 0.1% DMSO (SC) and STS (1 µM) were
included as negative and positive controls, respectively. The results were expressed as the percentage
of cell proliferation, relative to negative control, and are presented as mean ± SD of four independent
experiments (two duplicates per experiment). (* p < 0.05; *** p < 0.001; **** p < 0.0001).

2.1.3. Cell Morphology

When observed in the phase contrast microscopy, SC groups showed nearly 90% of confluence.
Cells exposed to STS and preussin (1) at 50 and 100 µM revealed morphological alterations,
with vacuolization of the cytoplasm, loss of cell adhesion leading to cell detachment, and, consequently,
lower density (data not shown).

2.2. Cells Exposure in 3D

2.2.1. Analysis of Cell Viability

From the results obtained in 2D culture, we selected the concentrations of preussin (1) that
exhibited more pronounced effect on cell viability and proliferation (50 and 100 µM). The assessment
of the cytotoxic effect of preussin (1) in 3D culture was performed using three cell viability assays:
MTT, resazurin, and lactate dehydrogenase (LDH).

MTT Assay

Cells were exposed for 96 h to preussin (1) at two concentrations (50 and 100 µM) or STS (1 µM).
Preussin (1) at 50 µM revealed significant effect on cell viability only in MCF7 and MCF12A cell lines,
decreasing cell viability, while at 100 µM, it decreased cell viability in all cell lines. Similar to preussin
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(1) at 50 µM, STS caused a significant decrease in cell viability only in MCF7 and MCF12A cell lines,
with no statistically significant effect on cell viability in MDA-MB-231 or SKBR3 cell lines (Figure 4).
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Figure 4. Effect of preussin (1), at 50 and 100 µM, on cell viability in 3D culture. (A) MCF7,
(B) MDA-MB-231, (C) SKBR3, and (D) MCF12A cells after 96 h of incubation, assessed by MTT
assay. Cells treated with 0.1% DMSO (SC) and STS (1 µM) were included as negative and positive
controls, respectively. The results were expressed as the percentage of cell viability, relative to negative
control, and are presented as mean ± SD of four independent experiments (two duplicates per
experiment). (* p < 0.05; ** p < 0.01).

Resazurin Assay

Cell viability was also investigated using the resazurin reduction assay. Figure 5 shows the effect
of preussin (1) on cell viability in 3D culture. After 96 h of exposure to preussin (1), either at 50 or
100 µM, significant decreases in cell viability were detected at 100 µM in MCF7, SKBR3, and MCF12A
cell lines. As for MDA-MB-231 cells, no differences were observed under preussin (1) influence. STS did
not cause any significant impact on MCF7 or MDA-MB-231 cells, but decreased viability of SKBR3 and
MCF12A cells.
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LDH assay. Preussin (1), at 50 and 100 μM, induced an increase in LDH release in relation to 
negative controls, corresponding to a decrease in cell viability in all cell lines. In the case of SKBR3 
and MCF12A cells, preussin (1) led to nearly 100% increase in LDH release in comparison to 
controls. The effects of STS and preussin (1) on LDH release were very similar in MCF7, SKBR3, and 
MCF12A cell lines. However, in MDA-MB-231, STS did not demonstrate a significant effect on LDH 
release (Figure 6). 

Figure 5. Effect of preussin (1), at 50 and 100 µM, on cell viability in 3D culture. (A) MCF7,
(B) MDA-MB-231, (C) SKBR3, and (D) MCF12A cells after 96 h of incubation, assessed by resazurin assay.
Cells treated with 0.1% DMSO (SC) and STS (1 µM) were included as negative and positive control,
respectively. The results were expressed as the percentage of cell viability, relative to negative control,
and are presented as mean ± SD of four independent experiments (two duplicates per experiment).
* p < 0.05; ** p < 0.01; *** p < 0.001).

LDH

The third endpoint used for evaluating cytotoxic effect of preussin (1) in 3D culture was the LDH
assay. Preussin (1), at 50 and 100 µM, induced an increase in LDH release in relation to negative
controls, corresponding to a decrease in cell viability in all cell lines. In the case of SKBR3 and MCF12A
cells, preussin (1) led to nearly 100% increase in LDH release in comparison to controls. The effects
of STS and preussin (1) on LDH release were very similar in MCF7, SKBR3, and MCF12A cell lines.
However, in MDA-MB-231, STS did not demonstrate a significant effect on LDH release (Figure 6).
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2.2.2. BrdU Proliferation Assay 

When compared to controls, preussin (1) at 50 and 100 μM inhibited cell proliferation at 
approximately 50% in all cell lines cultured in 3D (Figure 7). STS promoted similar results in 
magnitudes comparable to those of preussin (1). 

Figure 6. Effect of preussin (1), at 50 and 100 µM, on cell viability in 3D culture. (A) MCF7,
(B) MDA-MB-231, (C) SKBR3, and (D) MCF12A cells after 96 h of incubation, assessed by lactate
dehydrogenase (LDH) assay. Cells treated with 0.1% DMSO (SC) and STS (1 µM) were included as
negative and positive controls, respectively. The results were expressed as the percentage of LDH
release, relative to negative controls, and are presented as mean ± SD of four independent experiments
(two duplicates per experiment). (* p < 0.05; ** p < 0.01).

2.2.2. BrdU Proliferation Assay

When compared to controls, preussin (1) at 50 and 100 µM inhibited cell proliferation at
approximately 50% in all cell lines cultured in 3D (Figure 7). STS promoted similar results in magnitudes
comparable to those of preussin (1).
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MDA-MB-231, (C) SKBR3, and (D) MCF12A cells after 96 h of incubation, assessed by BrdU assay. 
Cells treated with 0.1% DMSO (SC) and STS (1 μM) were included as negative and positive controls, 
respectively. The results were expressed as the percentage of cell proliferation, relative to negative 
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the MDA-MB-231′s MCAs being more compact than those of the MCF7. As for MCF12A and SKBR3 
cell lines, cells did not aggregate so obviously, even after seven days in culture, ultimately forming 
loose MCAs. There were no obvious differences in MCAs before and after the exposure. As can be 
observed in Figure 8, after 96 h of exposure, either to preussin (1) or to STS, the shape and size of 
the MCAs were similar to those of the negative control (SC). 

Figure 7. Effect of preussin (1), at 50 and 100 µM, on cell proliferation in 3D culture. (A) MCF7,
(B) MDA-MB-231, (C) SKBR3, and (D) MCF12A cells after 96 h of incubation, assessed by BrdU
assay. Cells treated with 0.1% DMSO (SC) and STS (1 µM) were included as negative and positive
controls, respectively. The results were expressed as the percentage of cell proliferation, relative to
negative control, and are presented as mean ± SD of four independent experiments (two duplicates per
experiment). (* p < 0.05; ** p < 0.01***; p < 0.001).

2.2.3. Analysis of Multicellular Aggregates (MCAs) Morphology in 3D Culture

Stereomicroscopy Analysis

Plates containing MCAs were observed daily in a stereomicroscope with dark field. During the
formation time, it was possible to observe cell aggregation to form the MCAs. The type of MCA was
dependent on the cell line, but the MCAs of the same cell line were quite similar.

Figure 8 shows a typical morphology of MCAs from the four cell lines in the solvent control
and exposed conditions after 72 h of formation, plus 96 h of exposure. After MCA formation (before
the exposure—data not shown), MCF7 and MDA-MB-231 cells formed MCAs with round shapes,
the MDA-MB-231′s MCAs being more compact than those of the MCF7. As for MCF12A and SKBR3
cell lines, cells did not aggregate so obviously, even after seven days in culture, ultimately forming
loose MCAs. There were no obvious differences in MCAs before and after the exposure. As can be
observed in Figure 8, after 96 h of exposure, either to preussin (1) or to STS, the shape and size of the
MCAs were similar to those of the negative control (SC).
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STS (1 μM) were included as negative and positive controls, respectively. 

Multicellular Aggregate Measurements 

For their measurements, MCAs were photographed at two different times: (1) After 72 h of 
spheroids formation (before the exposure); and (2) after 96 h of exposure (total of seven days in 
culture). Using these pictures, the software performed the segmentation, creating binary images for 
further data extrapolation. The areas obtained with the AnaSP software [43] are presented in Figure 
9. Data from the sphericity and solidity of the MCAs are given in Figure S1. 

There were no significant differences between MCAs’ areas of t1 = 0 h (before exposure), 
corresponding to 72 h of MCA formation, and t2 = 96 h, corresponding to after 96 h of exposure. 

In the same manner, there were no differences between SC and any of the other conditions 
(Figure 9). 

Figure 8. Representative morphology of multicellular aggregates (MCAs) in 3D culture, photographed
in a stereomicroscope. The MCAs of MCF7, MDA-MB-231, SKBR3, and MCF12A after 96 h of incubation
with preussin (1) (50 and 100 µM). Cells treated with 0.1% DMSO (SC) and STS (1 µM) were included
as negative and positive controls, respectively.

Multicellular Aggregate Measurements

For their measurements, MCAs were photographed at two different times: (1) After 72 h of
spheroids formation (before the exposure); and (2) after 96 h of exposure (total of seven days in culture).
Using these pictures, the software performed the segmentation, creating binary images for further data
extrapolation. The areas obtained with the AnaSP software [43] are presented in Figure 9. Data from
the sphericity and solidity of the MCAs are given in Figure S1.
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Figure 9. Multicellular aggregates (MCAs) areas (μm2) in 3D culture. (A) MCF7, (B) MDA-MB-231, 
(C) SKBR3, and (D) MCF12A before exposure (t1) (gray bars) and after 96 h of exposure (t2) (black 
bars). Cells were exposed for 96 h to preussin (1) (50 and 100 μM). Treated cells with 0.1% DMSO 
(SC) and STS (1 μM) were included as negative and positive controls, respectively. Results are 
presented as mean ± SD of four independent experiments (12 duplicates per replica). 

Morphology 

After 96 h of exposure, MCAs were fixed, processed for paraffin embedding, and sectioned for 
hematoxylin-eosin (HE) staining and immunocytochemistry analysis (ICC). 

Through the observation of MCAs stained with HE, at the microscopic level, it was possible to 
note that different cell lines (SC groups) displayed different levels of cell compaction, similar to 
those observed by stereomicroscopy (compare Figure 8 with Figure 10). Also, MCAs from SC 
groups revealed a more intact structure than those exposed to preussin (1). This is explained by the 
fact that when MCAs from preussin-treated cells were transferred either to a flat-bottom plate for 
the viability assays or to a tube for fixation, they tended to easily disintegrate, forming a cell 
suspension (see preussin 50 µM exposed cells in Figure 10). 

In all sectioned MCAs (eight per condition and per cell line), there was only one (from a SC 
group of MCF7 cells) that showed a central necrotic core. In the case of the groups exposed to STS 
or preussin (1), most MCAs cells showed damaged morphology, indicating cell death. The degree 
of damage was more severe after exposure to preussin (1) than to STS; however, there were no 
differences between the two tested concentrations of preussin (1). Cells from MCAs exposed to STS 
and preussin (1) in the four cell lines revealed some of the typical features of apoptotic cells: Cell 
shrinkage, nuclear condensation, chromatin margination, karyorrhexis, cell detachment, and 
apoptotic bodies [44,45]. From a histological point of view, the number of cells with a morphology 
compatible with cell death is evidently higher in the preussin (1)-exposed groups. In MCAs of 
MCF7 cells (SC group), it was quite common to find acinar-like structures with lumina that 

Figure 9. Multicellular aggregates (MCAs) areas (µm2) in 3D culture. (A) MCF7, (B) MDA-MB-231,
(C) SKBR3, and (D) MCF12A before exposure (t1) (gray bars) and after 96 h of exposure (t2) (black
bars). Cells were exposed for 96 h to preussin (1) (50 and 100 µM). Treated cells with 0.1% DMSO (SC)
and STS (1 µM) were included as negative and positive controls, respectively. Results are presented as
mean ± SD of four independent experiments (12 duplicates per replica).

There were no significant differences between MCAs’ areas of t1 = 0 h (before exposure),
corresponding to 72 h of MCA formation, and t2 = 96 h, corresponding to after 96 h of exposure.

In the same manner, there were no differences between SC and any of the other conditions
(Figure 9).

Morphology

After 96 h of exposure, MCAs were fixed, processed for paraffin embedding, and sectioned for
hematoxylin-eosin (HE) staining and immunocytochemistry analysis (ICC).

Through the observation of MCAs stained with HE, at the microscopic level, it was possible
to note that different cell lines (SC groups) displayed different levels of cell compaction, similar to
those observed by stereomicroscopy (compare Figure 8 with Figure 10). Also, MCAs from SC groups
revealed a more intact structure than those exposed to preussin (1). This is explained by the fact that
when MCAs from preussin-treated cells were transferred either to a flat-bottom plate for the viability
assays or to a tube for fixation, they tended to easily disintegrate, forming a cell suspension (see
preussin 50 µM exposed cells in Figure 10).
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circle: Acinar-like structures; straight line circle: Nuclear fragmentation. 

MCA Immunocytochemical Analysis 

In order to support the basic morphological information, the immunocytochemistry (ICC) 
technique was performed using two different antibodies: Anti-caspase-3 and ki67. Caspase-3 is 
considered a biochemical marker of cell apoptosis [47,48] while ki67 is a classical marker for cell 
proliferation [49,50]. The results showed that there were some positive cells for caspase-3 in all the 
MCAs of the SC groups. These positive cells were randomly distributed for all the MCAs, without 
any specific localization (Figure 11), except for the lumen of acinar-like structures found in MCF7, 
where it was quite common to find apoptotic cells (Figure 11). However, when the number of 
caspase-3-stained cells in the SC group was compared to those in the drug-exposed groups, it was 
found that the number of apoptotic cells in the drug-exposed group was clearly higher. The 
immunostaining for ki67 was also distributed all along the MCAs, without having any preferential 
area (Figure 12). 

Immunostaining for caspase-3 showed a pattern of increasing immunostained cell number (SC 
˂ STS ˂ preussin (1)) which was inversely proportional to that of ki67, where a higher number of 
positive cells was found in the SC group (SC ˃ STS ˃ preussin (1)) (Figures 12 and 13, respectively). 
Moreover, morphological observations did not reveal any differences between the two tested 

Figure 10. Representative morphology of the multicellular aggregates (MCAs) of MCF7, MDA-MB-231,

with 0.1% DMSO (SC) and STS (1 µM) were included as negative and positive controls, respectively.
Hematoxylin-eosin (HE) staining. Arrowhead: Dense chromatic and nuclear shrinkage; dashed line
circle: Acinar-like structures; straight line circle: Nuclear fragmentation.

In all sectioned MCAs (eight per condition and per cell line), there was only one (from a SC group
of MCF7 cells) that showed a central necrotic core. In the case of the groups exposed to STS or preussin
(1), most MCAs cells showed damaged morphology, indicating cell death. The degree of damage was
more severe after exposure to preussin (1) than to STS; however, there were no differences between
the two tested concentrations of preussin (1). Cells from MCAs exposed to STS and preussin (1) in
the four cell lines revealed some of the typical features of apoptotic cells: Cell shrinkage, nuclear
condensation, chromatin margination, karyorrhexis, cell detachment, and apoptotic bodies [44,45].
From a histological point of view, the number of cells with a morphology compatible with cell death is
evidently higher in the preussin (1)-exposed groups. In MCAs of MCF7 cells (SC group), it was quite
common to find acinar-like structures with lumina that resemble those of the normal mammary gland.
Indeed, in those cases, groups of cells within the MCAs were organized so that they formed irregular
shaped lumina, sometimes containing apoptotic cells [46] (Figure 10).

MCA Immunocytochemical Analysis

In order to support the basic morphological information, the immunocytochemistry (ICC)
technique was performed using two different antibodies: Anti-caspase-3 and ki67. Caspase-3 is
considered a biochemical marker of cell apoptosis [47,48] while ki67 is a classical marker for cell
proliferation [49,50]. The results showed that there were some positive cells for caspase-3 in all the
MCAs of the SC groups. These positive cells were randomly distributed for all the MCAs, without any
specific localization (Figure 11), except for the lumen of acinar-like structures found in MCF7, where it

SKBR3  and  MCF12A  after  96 h  of  incubation  with preussin  (1)  at  50  and 100 μM. Cells treated
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was quite common to find apoptotic cells (Figure 11). However, when the number of caspase-3-stained
cells in the SC group was compared to those in the drug-exposed groups, it was found that the number
of apoptotic cells in the drug-exposed group was clearly higher. The immunostaining for ki67 was also
distributed all along the MCAs, without having any preferential area (Figure 12).

Immunostaining for caspase-3 showed a pattern of increasing immunostained cell number
(SC < STS < preussin (1)) which was inversely proportional to that of ki67, where a higher
number of positive cells was found in the SC group (SC > STS > preussin (1)) (Figures 12 and 13,
respectively). Moreover, morphological observations did not reveal any differences between the two
tested concentrations of preussin (1). Both preussin-exposed conditions showed a great number of
cells marked with caspase-3 (more than 80% of all cells) and some cells revealed ki67 immunostaining
(Figures 11 and 12, respectively). Judging by the proportion of cells positive for ki67, MCF7 seems to
be the most proliferative of the four cell lines, where approximately 50% of their cells, in MCA form,
were positive for ki67 (See Figure 12).
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Figure 11. Representative images of immunostaining against caspase-3 in multicellular aggregates 
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preussin (1) at 50 and 100 μM. Cells treated with 0.1% DMSO (SC) and STS (1 μM) were included as 
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immunolocalization of caspase-3 protein, as revealed by the diaminobenzidine chromogen. 

Figure 11. Representative images of immunostaining against caspase-3 in multicellular aggregates
(MCAs) cells. MCF7, MDA-MB-231, SKBR3, and MCF12A MCAs after 96 h of incubation with
preussin (1) at 50 and 100 µM. Cells treated with 0.1% DMSO (SC) and STS (1 µM) were included as
negative and positive controls, respectively. The brown staining in the cytoplasm corresponds to the
immunolocalization of caspase-3 protein, as revealed by the diaminobenzidine chromogen.
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Figure 12. Representative images of immunostaining against ki67 of multicellular aggregates 
(MCAs). MCF7, MDA-MB-231, SKBR3, and MCF12A MCAs after 96 h of incubation with preussin 
(1) at 50 and 100 μM. Cells treated with 0.1% DMSO (SC) and STS (1 μM) were included as negative 
and positive controls, respectively. The brown staining in the nuclei corresponds to the 
immunolocalization of ki67 protein, as revealed by the diaminobenzidine chromogen. 

MCA Electron Microscopy 

The ultrastructural morphology of MCAs revealed that all cell lines in the SC groups displayed 
some common features, such as euchromatic, irregular shape nuclei with prominent nucleoli, and 
an abundant presence of mitochondria, in contrast with rare rough endoplasmic reticulum (RER) 
and Golgi apparatus profiles. In MCF7, MCF12A, and SKBR3, many cells showed glycogen deposits 
(not seen in all images) and lipid droplets (Figure 13). 

All cell lines treated with STS and preussin (1) (at both concentrations) showed an increased 
number of enlarged pleomorphic vacuoles (some with concentric degenerative appearance) and 
dense bodies in the cytoplasm. In the same manner, a great number of nuclei with peripheral coarse 
chromatin condensation and karyorrhexis was observed. Lipid droplets and vesicles were also 
increased in drug-treated cells (Figure 13). 

Figure 12. Representative images of immunostaining against ki67 of multicellular aggregates (MCAs).
MCF7, MDA-MB-231, SKBR3, and MCF12A MCAs after 96 h of incubation with preussin (1) at 50 and
100 µM. Cells treated with 0.1% DMSO (SC) and STS (1 µM) were included as negative and positive
controls, respectively. The brown staining in the nuclei corresponds to the immunolocalization of ki67
protein, as revealed by the diaminobenzidine chromogen.

MCA Electron Microscopy

The ultrastructural morphology of MCAs revealed that all cell lines in the SC groups displayed
some common features, such as euchromatic, irregular shape nuclei with prominent nucleoli, and an
abundant presence of mitochondria, in contrast with rare rough endoplasmic reticulum (RER) and
Golgi apparatus profiles. In MCF7, MCF12A, and SKBR3, many cells showed glycogen deposits (not
seen in all images) and lipid droplets (Figure 13).

All cell lines treated with STS and preussin (1) (at both concentrations) showed an increased
number of enlarged pleomorphic vacuoles (some with concentric degenerative appearance) and dense
bodies in the cytoplasm. In the same manner, a great number of nuclei with peripheral coarse chromatin
condensation and karyorrhexis was observed. Lipid droplets and vesicles were also increased in
drug-treated cells (Figure 13).
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Figure 13. Representative pictures of electron microscopy analysis of multicellular aggregates 
(MCAs). MCF7, MDA-MB-231, SKBR3, and MCF12A MCAs after 96 h of incubation with preussin 
(1) (50 and 100 μM). Cells treated with 0.1% DMSO (SC) and STS (1 μM) were included as negative 
and positive controls, respectively. Db: Dense bodies; Dv: Degenerative vesicles; Gl: Glycogen; Ld: 
Lipid droplets; Lm: Lumen; Mi: Mitochondria; Nc: Nucleoli; Nu: Nucleus; ReR: Rough endoplasmic 
reticulum; Vc: Vacuole. 

3. Discussion 

To the best of our knowledge, this is the first study on cytotoxicity and antiproliferative effects 
of preussin (1), a hydroxypyrrolidine derivative, isolated from the marine-derived A. candidus 
KUFA 0062, in a panel of three BC cell lines (MCF7, SKBR3, and MDA-MB-231) which correspond 
to three biological and immunophenotypic distinct types of BC, and one non-tumor breast cell line 

Figure 13. Representative pictures of electron microscopy analysis of multicellular aggregates (MCAs).
MCF7, MDA-MB-231, SKBR3, and MCF12A MCAs after 96 h of incubation with preussin (1) (50 and
100 µM). Cells treated with 0.1% DMSO (SC) and STS (1 µM) were included as negative and positive
controls, respectively. Db: Dense bodies; Dv: Degenerative vesicles; Gl: Glycogen; Ld: Lipid droplets;
Lm: Lumen; Mi: Mitochondria; Nc: Nucleoli; Nu: Nucleus; ReR: Rough endoplasmic reticulum;
Vc: Vacuole.

3. Discussion

To the best of our knowledge, this is the first study on cytotoxicity and antiproliferative effects of
preussin (1), a hydroxypyrrolidine derivative, isolated from the marine-derived A. candidus KUFA 0062,
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in a panel of three BC cell lines (MCF7, SKBR3, and MDA-MB-231) which correspond to three biological
and immunophenotypic distinct types of BC, and one non-tumor breast cell line (MCF12A), with a
comparison of its effects in 2D and 3D cultures. The 2D culture approach was used initially to obtain
the results, which allowed us to proceed to the 3D model, a more sophisticated and physiologically
relevant type of culture, which generates more predictive data than monolayer cultures [38,51].

The screening of the cytotoxic and antiproliferative effects of preussin (1) was performed in 2D
culture, using MTT and BrdU assays, respectively. STS, an apoptosis inductor [42], was used as a
positive control. Preussin (1) at 50 µM, and STS, decreased cell viability in all cell lines. In relation to
the effects on cell proliferation, preussin (1) at 25 µM was enough to inhibit cell proliferation in MCF7,
MCF12A, and SKBR3, but not in MDA-MB-231, where inhibition only occurred at 50 µM. Regarding
STS, it had negative effects in all cell lines.

After confirming that preussin (1) could elicit cytotoxic and antiproliferative effects in 2D culture,
our next goal was to verify if such effects were maintained when cells are in a 3D culture model. For
this, we selected concentrations that showed significant effects in 2D (50 and 100 µM). Several studies
have shown that cancer cell lines, including BC cell lines, are less sensitive to anticancer agents in 3D
cultures [39,52]. Accordingly, it is known that there is a refractory effect towards drugs when tested in
3D cultures, where cells are less susceptible to the impact, so that the concentrations that cause similar
effects in 3D cultures are higher than in 2D cultures [53]. Despite being closer to the in vivo setting,
3D models are far from routine use, and studies continue to be mainly conducted in 2D cultures.

Concerning 3D culture of cell lines, a variety of methodologies has been developed [34,54,55].
However, the simple and effective method of seeding the cells in ultra-low attachment plates with
conical shape was opted in this study. This method produced uniform sized 3D aggregates within the
same cell line, as can be verified by morphometric measurements, and in accordance with what was
described in the literature [56]. This uniformity is quite important when screening compounds for
cytotoxicity [57].

The 3D multicellular structures can differ according to the cell line, methodology used, cell density, and
time in culture [58]. Also, they have been named differently: Spheroids [53,56,59]; tumor spheroids [58,60]
(even per organ: Breast/mammary cancer spheroids [61,62] or mammospheres [63,64]); microtissues [65];
multicellular tumor spheroids [55,66,67]; and mixed terminology to 3D aggregates/spheroids [53]. Herein,
according to the observed morphology, the term ‘multicellular aggregates (MCAs)’ is used for the 3D
multicellular structures, since they are 3D aggregates without a true spheroid shape, being a bit flattened
and resembling a ‘pancake’.

In this study, after 72 h of seeding, MCF7 and MDA-MB-231 formed tight MCAs, while MCF12A
and SKBR3 produced looser MCAs. These observations were in agreement with those reported in
previous studies [58,68]. These morphological characteristics were maintained during the exposure
to preussin (1) and STS or in the SC. At 72 h (before exposure) (t = 0), and after 96 h of exposure
(t = 96), MCAs were measured using AnaSP software, which allowed the assessment of different
parameters in a very limited amount of time without resorting to further instrumentation [35,43].
Spheroid area has been considered as the most informative parameter [69], and changes in MCAs’
morphology and size (together with other endpoints) have been reported as a consequence of the
drug’s effect [69,70]. As there was no difference between MCAs of the SC at the two studied times
(t = 0 and t = 96 h), it was concluded that MCAs’ areas were stable along the exposure time in
solvent control conditions. With regard to preussin (1) exposure, there were no significant differences
when compared with SC. This means that, in our study, the area parameter did not reflect any drug
effects. At the end of the exposure time, MCAs can be harvested and then analyzed by colorimetric,

together with two more assays for cytotoxicity (LDH and resazurin).
The MTT assay in 3D culture showed that MDA-MB-231 and SKBR3 were more resistant to the

effects of preussin (1) and STS. Concerning cytotoxicity in MCAs, the LDH assay showed that preussin

and fluorescence assays using a plate reader [36]. Accordingly, we studied the cytotoxic and antipro-
liferative effect of preussin (1) by the same assays used in 2D culture (MTT and BrdU),
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(1) at 50 µM caused an increase in LDH release into the extracellular medium (in relation to the control)
in all cell lines. When comparing MTT and LDH results, the decrease in cell viability in MTT assay
correlates well with an increase in LDH release. It is noteworthy to point out that a concentration of
50 µM of preussin (1) was enough to cause significant differences in the LDH assay; however, in the
MTT assay, especially in the MDA-MB-231 and SKBR3 cells, a concentration of 100 µM of preussin (1)
was necessary to cause the same effect. In relation to the resazurin reduction assay, differences were
detected only after exposure to 100 µM of preussin (1) in MCF7, MCF12A, and SKBR3 cells; however,
no differences were detected in MDA-MB-231 cells at this concentration.

Globally, in the comparison of all the endpoints of cell cytotoxicity in 3D culture, all assays
pointed to a cytotoxic effect of preussin (1), varying only in the concentration for which the effect
was significantly detected. The effect of STS varied according to the assay method. It has also been
reported that STS can be used up to 10 µM; however, in this case a complete dissociation of the spheroid
occurred at this concentration [71]. In future studies with MCAs, we suggest using a concentration
between 1 and 10 µM.

Considering the characteristics of the cell lines used in this study, different results are logically
explainable. MCF7 is a cell line with positive estrogen receptors, which is more responsive to
therapeutics [29], while the MCF12A cell line has been described as non-tumorigenic. Both cell lines
were more susceptible to the tested compounds. The use of normal cell lines from the same organ/tissue
in screening studies of new drugs have been considered important, by some authors, to offer hints
about the toxicity of these compounds in non-tumor cells [17]. However, this importance has also
been questioned by others, who defend that a compound should not be rejected for further testing just
because of its toxicity in “normal cell lines” [72]. This concept is justified by the fact that the clinical
relevance of the toxicity is not towards cells of the same tissue, but, conversely, towards other type of
tissues, namely fast-proliferating cells—i.e., those that cannot regenerate (like cardiomyocytes and
neurons)—and cells from metabolic organs where drugs are metabolized or excreted [72]. SKBR3 cells
that have HER-2 overexpression, and BC, with this characteristic, normally progress more aggressively
than those with normal expression [73]. In accordance with this concept, the SKBR3 cell line viability
was affected more with preussin (1) at the highest concentration (100 µM). The cell line which was less
responsive to exposure was the triple-negative MDA-MB-231, a representative of the most aggressive
BC subtype, which is harder to treat and more likely to metastasize [74].

Taking into account the results from BrdU proliferation assay, preussin (1) (at respective tested
conditions) inhibited cell proliferation in all cell lines, cultured in 2D or in 3D, with lower concentrations
in 2D.

All the above findings were corroborated by morphological analysis (optical and electron
microscopy). The cytotoxic effects of preussin (1), revealed by histology and electron microscopy
observation, were very clear and showed a higher extent of damage than that revealed by the data
obtained from cytotoxicity assays. The MCAs exposed to preussin (1) had a normal appearance with
intact structure when photographed in the plates, before the collection for optical and electron
microscopy. However, when manipulated, they tended to disrupt upon pipette mechanical
manipulation. This was not observed in MCAs of the SC. When observing the cells under the
microscope, it was understandable why these MCAs disaggregate, as the cells’ morphology was
severely altered by exposure to compounds, STS and especially preussin (1). In MCAs stained with HE,
all typical aspects of apoptosis—i.e., cytoplasmic and nuclear condensation, nuclear fragmentation,
and hyper eosinophilic cytoplasm—were observed [75]. In addition to a simple morphological study,
the ICC technique against caspase-3 (apoptosis marker) [47,76] and ki67 (proliferation marker) [77] was
also performed. Curiously, the more commonly described phenotype for spheroids, with a proliferative
outer layer, a quiescent zone, and a necrotic core [38,78], was not found in the MCAs. MCAs of MCF7
in the SC group revealed acinar-like structures with lumina [65,79], inside which caspase-3 positive
cells were detected. This is in line with the lumen formation process of acini, where apoptotic clearance
of the inner cells occurs [59,80].
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The ICC technique provided useful information in relation to cell death and cell proliferation.
For the drug-exposed groups, especially for preussin (1) at both concentrations, most cells stained
for caspase-3. In accordance with the cells’ morphological characteristics, this data is compatible
with ongoing cell death. In this scenario, it would be normal to find just a few or no cells under cell
division. In fact, besides a huge number of cells stained with caspase-3, ki67 positive cells were not that
insignificant. The number of ki67-positive cells was clearly decreased in preussin (1)-exposed MCAs in
relation to the control. However, we found more ki67-positive cells in preussin (1)-exposed MCAs
than expected. The results obtained from the ICC against ki67 can be compared with those obtained
with the BrdU proliferation assay. Ki67 is a protein expressed in almost all phases in the cell cycle: S,
G1, G2, and M phases, but not in G0 [77]. On the other hand, BrdU proliferation assay is a technique in
which BrdU is incorporated into the DNA in the S phase of the cell cycle [81]. In this circumstance,
the number of cells immunostained with ki67 was much lower in the drug-exposed groups than in the
SC groups, which were similar to the data obtained from the BrdU proliferation assay.

Our opinion is that the anticancer effects should be assessed using multiple endpoints, as we
verified that the results obtained from different assays can be quite different. Morphology can also
contribute to a better understanding of the degree of damage affecting the exposed cells.

Overall, the toxicity and antiproliferative data unveiled by this study, using cancer cell lines
representative of biologically distinct BC, suggest that preussin (1) can represent a potential scaffold
for the development of a future anticancer drug. The data obtained from this study clearly illustrates
the importance of conducting comparative studies using 2D and 3D culture models, with the effects
observed in the latter reinforcing the potential of preussin (1), warranting more research to explore the
in vitro cytotoxicity and mechanisms of action. As a next research step, molecular biology tools should
help to unveil the possible signaling pathways involved in the cytotoxic and antiproliferative effects of
preussin (1).

4. Materials and Methods

4.1. Cell Lines Cultivation

MCF12A and MDA-MB-231 cell lines were purchased from the American Tissue Culture Collection
(ATCC). MCF7 was acquired from the European Collection of Authenticated Cell Cultures (ECACC).
The SKBR3 cell line was kindly provided by Professor Carmen Jerónimo of the Portuguese Oncology
Institute - Porto. MCF7, MDA-MB-231, and SKBR3 were cultivated in Dulbecco’s Modified Eagle’s
Medium high glucose (DMEM) without glutamine and without phenol red, supplemented with 10%
Fetal Bovine Serum (FBS) and 1% penicillin/streptomycin. MCF12A was cultivated in a mixture of
DMEM/F12 medium without phenol red, and supplemented with 20 ng/mL human epidermal growth
factor, 100 ng/mL cholera toxin, 0.01 mg/mL insulin, and 500 ng/mL hydrocortisone, 10% FBS, and 1%
penicillin/streptomycin. All cell lines were cultivated in T75 cm3 culture flasks (Orange Scientific,
Belgium) and maintained in the incubation chamber MCO 19AIC (Sanyo, Japan), with 5% CO2, at 37 ◦C.

4.2. Chemicals and Cell Culture Reagents

Staurosporin (STS) (Santa Cruz, Dallas, TX, USA). Dimethyl suphoxide (DMSO), MTT, cholera
toxin, insulin, and hydrocortisone (Sigma Aldrich, St. Louis, MO, USA). Resazurin (Cayman, Ann
Arbor, MI, USA). DMEM without glutamine and without phenol red, Trypsin/EDTA, and FBS (Biochrom
KG, Berlin, Germany). DMEM/F12 medium without phenol red (GE Healthcare, Chicago, IL, USA).
All other reagents and chemicals used were analytical grade.

Stock solutions of STS and preussin (1) were prepared in DMSO, MTT was prepared in Phosphate
buffer saline (PBS) at a final concentration of 5 mg/mL, and resazurin in PBS at 1 mM. All the stock
solutions (except resazurin) were kept at –20 ◦C before use.
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4.3. Preussin (1)

Preussin (1) was isolated from a marine derived fungus: A. candidus KUFA 0062, associated with
the marine sponge Epipolasis sp. from the coral reef at the Similan Island National Park in Phang-Nga
province, Southern Thailand. Isolation, purification, and characterization of preussin (1) have been
recently reported by Buttachon et al. [21].

4.4. Cell Exposures

Cell suspensions were obtained by trypsinization of confluent flasks using 0.25% Trypsin/0.02%
EDTA at 37 ◦C until cell detachment. After trypsin stopping action, cell suspensions were counted using
a Neubauer chamber. Subsequently, cells were plated in different culture plates with different densities
according to the type of the culture: 2D or 3D cultures. For all experiments, the final concentration
of DMSO in the medium was 0.1% (v/v) and the controls received only 0.1% DMSO. All assays were
performed in four independent experiments, in duplicate for each exposure condition.

4.4.1. Exposure in 2D Culture

Cells were plated in 96-multiwell culture plates (Orange Scientific, Belgium) at a density of
1.0 × 105 cells/mL, 100 µL/well, and kept in the incubator at 37 ◦C and 5% CO2 for 24 h for adhesion.
Cells were then exposed 72 h to preussin (1) at different concentrations (10, 25, 50, and 100 µM), or STS
(1 µM) as a positive control for apoptosis induction.

4.4.2. Exposure in 3D Culture

Cells were seeded in 96-well ultra-low attachment spheroid plates (Corning, New York, NY
USA, at the following densities: MCF7, MDA-MB-231 and SKBR3 40 × 104 cells/mL, and MCF12A
20 × 104 cells/mL, 200 µL/well. Plates were centrifuged in a centrifuge Rotina 380 R (Hettich, Germany)
200 g for 10 min and placed in the incubator at 37 ◦C and 5% CO2 for 72 h for the MCA formation.
MCAs were exposed 96 h to preussin (1) (50 and 100 µM) or STS (1 µM).

4.5. Analysis of Cell Viability

4.5.1. 2D Culture

MTT Assay

as described previously [82], based on reduction reaction of tetrazolium salt, pale yellow salt,
forming formazan dark blue product which are dissolved and read by absorbance. This absorbance is
proportional to the number of live cells, as only live cells are able to cleave MTT [83].

Briefly, after 72 h of treatment, MTT solution was added at a final concentration of 0.5 mg/mL
(10 times the dilution of the stock solution) and incubated for 2 h in 5% CO2 at 37 ◦C. Exposure medium
was then aspirated and the formazan crystals were dissolved by adding 150 µL of DMSO: ethanol
solution (1:1) (v/v), followed by 15 min with mild agitation. Absorbance (A) was measured at 570 nm
in a microplate reader Multiskan GO (Thermo Fisher Scientific, Waltman, MA, USA) [74]. Results are
expressed as a percentage of cell viability relative to the solvent control (cells incubated with culture
medium with 0.1% of DMSO), and calculated in accordance with the following equation:

Cell viability (%) = [(A sample at 570 nm/A control at 570 nm)] × 100

4.5.2. 3D Culture

MTT and resazurin are metabolic assays based on reduction reactions. MTT has already been
described in 2D culture. Resazurin is a blue compound, which acquires fluorescence when reduced
into resorufin, which can be read by a fluorimeter. The fluorescence measurement correlates to the

The  cytotoxic  effect  of  preussin (1) in  breast cell lines was assessed by MTT reduction assay
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number of viable cells [84]. On the contrary, LDH (lactate dehydrogenase) assay is related to the cell
membrane integrity. If the membrane is damaged, it permits the leak of LDH from the cytoplasm to
the extracellular medium [48].

MTT Assay

MTT in 3D culture was performed according to the method previously described for 2D culture [82],
with minor adaptations as MCAs must be transferred from the conical plate (where their formation and
exposure occurred) to a new flat bottom 96-well plate, and with a longer incubation time. After removing
the medium, formazan crystals were dissolved with DMSO (only). Absorbance measurements and the
calculations were carried out in exactly the same manner as in the 2D culture.

Resazurin Reduction Assay

In the same way as performed for MTT, before starting the protocol, MCAs were transferred to
a flat-bottom 96-well plate. Subsequently, resazurin was added to each well to a final concentration
of 10 µM (100 times dilution of the stock solution). Plates were incubated for 4 h, with 5% CO2 and
at 37 ◦C. Fluorescence (F) was read using excitation wavelength at 560 nm and emission wavelength
at 590 nm, in a plate reader Synergy H1 (Biotek, Winooski, VT, USA) [48]. Results are expressed as
the percentage of cell viability relative to the solvent control (medium culture with 0.11% DMSO),
calculated in accordance with the following equation:

Cell viability (%) = [(F sample)/F control)] × 100

Lactate Dehydrogenase (LDH) Assay

LDH release from damaged cells in MCAs was evaluated as a biomarker for cellular cytotoxicity
and cytolysis. Cell culture medium was transferred to a flat-bottom 96-well plate, and then the LDH
release was detected following the manufacturer’s instructions of the Pierce™ LDH Cytotoxicity Assay
Kit (Thermo Fisher Scientific, Walthman, MA, USA). The lactate produced was detected by measuring
the absorbance (A) at 490 nm and 680 nm. Results are expressed as the percentage of LDH release
relative to the control, calculated in accordance with the following equation:

LDH Release (%) = [(A sample at 490 nm − 680 nm)/(A control at 490 nm − 680 nm)] × 100

4.6. Analysis of Cell Proliferation

4.6.1. 2D Culture

BrdU Assay

Effects on cell proliferation were evaluated by BrdU assay using the Cell Proliferation ELISA,
BrdU (colorimetric) (Roche, Switzerland), according to manufacturer’s instructions as described
previously [85]. Briefly, BrdU was incorporated in the place of thymidine into the DNA of cell under
division. This BrdU was detected by an antibody anti-BrdU conjugated with peroxidase, the reaction
product of the enzyme with the given substrate was quantified by measuring its absorbance [86,87].
The absorbance (A) was measured at 370 nm and 492 nm in the microplate reader Multiskan GO (Thermo
Fisher Scientific, Walthman, MA, USA). Results are expressed as a percentage of cell proliferation
relative to the control, calculated in accordance with the following equation:

Cell proliferation (%) = [(A sample at 370 nm − 492 nm)/(A control at 370 nm − 492 nm)] × 100
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4.6.2. 3D Culture

The BrdU assays of spheroids in 3D were performed in the same manner as that performed in 2D,
with minor modification.

4.7. Analysis of Cell Morphology in 3D Culture

4.7.1. MCA Measurements

Each MCA (one/well) was observed and photographed with an Olympus SZX10 stereomicroscope,
equipped with a digital camera DP21 (Olympus, Tokyo, Japan), in two different moments: (1) Before
exposure (at 72 h of formation); and (2) immediately before being sampled (after 96 h of exposure).
Images were analyzed using free download AnaSP software [43]. For this, binary images were generated
to measure three parameters: Area, sphericity, and solidity. For these measurements, all multicellular
cell aggregates were considered, even if afterwards they were used for cell viability or other assays,
accounting for a total of 12 spheroids/condition/experiment.

4.7.2. Histological Analysis

MCAs were fixed in Eppendorf tubes with 10% buffered formalin (Bioptica, Milan, Itlay) for 24 h,
then embedded in Histogel (Thermo Scientific, Walthman, MA, USA), according to manufacturer’s
instructions, and processed for paraffin embedding in tissue cassettes using an automatic tissue
processor Leica TP120 (Leica, Nussloch, Germany). The routine processing protocol consisted of the
following sequence of reagents (1 h each): 70% ethanol; 90% ethanol; 96% ethanol; absolute ethanol;
absolute ethanol; absolute ethanol:xylene (1:1); xylene; xylene; liquid paraffin; and liquid paraffin.
Embedding was performed in an embedding station EG 1140H (Leica, Germany). Sections (3 µm) were
obtained in a Leica 2255 microtome (Leica, Germany), placed onto KP-frost slides (Klinipath, Duiven,
The Netherlands ), and left for 20 min in a 60 ◦C oven. Obtained slides were divided for standard
HE staining or ICC. For HE, slides were deparaffinized for 10 min (twice) in xylene, hydrated in a
decreasing series of ethanol, 5 min each step (100%, 95%, 70%), and finally running tap water, stained
with Mayer’s hematoxylin (Merck, Darmstadt, Germany) for 3 min, washed with tap water for 5 min,
stained with 1% aqueous eosin Y (Merck, Darmstadt, Germany), followed by quick dips in distilled
water. In order to obtain definitive preparations, slides were dehydrated in an ascending series of

4.7.3. Electron Microscopy

MCAs were fixed in Eppendorf tubes with 2.5% glutaraldehyde in sodium cacodylate-HCl buffer
(0.15 M, pH 7.2), for 2 h at 4 ◦C, then washed twice with the same buffer, 10 min each. Post-fixation
was performed in 1% osmium tetroxide in the same buffer as glutaraldehyde, for 2 h at 4 ◦C. Following
the routine cell processing for electron microscopy, cells were dehydrated (30 min each step): 50%;
ethanol; 70%, ethanol; 95% ethanol; absolute ethanol; absolute ethanol; propylene oxide; and propylene
oxide. For epoxy resin embedding (1 h each): Successive mixture of propylene oxide and epoxy resin
(respectively, 3 parts:1 part; 1 parts:1 part; 1 part:3 parts) and only resin, for the resin to penetrate
gradually in MCAs. Then, embedding was performed in rubber molds, placed in a 60 ◦C oven for 48 h
for resin polymerization. Semi-thin and ultra-thin sections were obtained in an ultramicrotome EM
UC7 (Leica, Nussloch, Germany). Ultra-thin sections (≈90 nm thick) were obtained with a diamond
knife (Diatome, Nidau, Switzerland), placed onto 200 mesh copper grids (Agar Scientific, Stansted,
UK), and contrasted with 3% aqueous uranyl acetate (20 min) and Reynold’s [88] lead citrate (10 min).
Grids were observed in the transmission electron microscope JEOL 100CXII (JEOL, Tokyo, Japan),
operated at 60 kV, and photographed with the Orius SC1000 CCD digital camera (Gatan, Pleasanton,
CA, USA).

ethanol, 5 min each (95%, 100%, 100%), cleared in xylene, and mounted using the resinous mounting
medium Entellan (Merck, Darmstadt, Germany).
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4.8. Immunocytochemistry in 3D Culture

Sections were deparaffinized and hydrated following the sequence of HE staining. The next step
consisted of heat antigen retrieval that was performed in a pressure cooker, using citrate buffer (0.01 M,
pH 6.0) for 2 min after reaching the maximum pressure. Later, the slides slowly cooled, and endogenous
peroxidases were blocked with 3% hydrogen peroxide in methanol (10 min). The excess of hydrogen
peroxide was removed by washing in tris-buffered saline (TBS), pH 7.6 (5 min).

In order to save reagents, water was removed around the sections (without letting them dry)
so that a hydrophobic pen could be applied (Leica, Germany). In the sequence, unspecific reactions
were blocked using the blocking reagent from the Novolink™ Polymer Detection System kit (Leica
Biosystems, Nussloch, Germany) (5 min), followed by two washes in TBST (5 min); that is, in the
above-mentioned TBS we added 0.05% of Tween 20 (Sigma, St. Louis, MO, USA). The incubation with
primary antibodies was overnight (16 h), using a humidified chamber at 4 ◦C. Primary antibodies applied
were diluted in PBS with 5% bovine serum albumin (BSA) (Nzytech, Lisbon, Portugal). We applied
two primary antibodies: Rabbit monoclonal anti-Ki67, clone SP6 (Biocare Medical, Pacheco, CA, USA),
dilution of 1:200, for assessing cell proliferation; and rabbit polyclonal anti-caspase-3, ab 13847 (Abcam,
Cambridge, United Kingdom), diluted 1:5000, for assessing caspase dependent apoptosis.

The signal amplification and revelation were performed with the Novolink™ Polymer Detection
System (Leica Biosystems, Nussloch, Germany) according to the manufacturer’s instructions. Slides
were counterstained with Mayer’s hematoxylin for one min, washed in tap water, dehydrated,
and mounted. Observations using an Olympus BX50 light microscope (Olympus, Tokyo, Japan), and
photographs were obtained with a digital camera DP21 (Olympus, Tokyo, Japan).

4.9. Statistical Analysis

Descriptive and inferential statistics were performed using GraphPad Prism 6.0 software
(GraphPad Software, La Jolla, CA, USA). The results are expressed as mean ± standard deviation
(SD) of four independent experiments. Significant differences (p ≤ 0.05) were assessed by one-way
ANOVAs, followed by the post-hoc Holm- Šídák multiple comparison test whenever the ANOVA
disclosed significant results for the tested effects. The normality and homogeneity of variance were

5. Conclusions

The results obtained in this study are very interesting, since preussin (1)-induced cytotoxic and
antiproliferative effects on a panel of human breast cancer cell lines when cultured in 2D and 3D were
observed. The effects varied according to the cell line molecular characteristics. The results obtained in
the 3D model followed the same tendency as those found in the 2D model; however, cells in the 3D
model showed more resistance to the impact of preussin (1). In this regard, the use of a multi-endpoint
approach, which included histological evaluations, was important. The cytotoxic activity of preussin
(1) in non-tumor cells was also an important point, since, in future studies, strategies to decrease
the side effects of preussin (1) in non-target cells should be evaluated. Overall, the data support the
potential of preussin (1) as a scaffold for the development of an anticancer drug candidate and call
for further fundamental studies in vitro to clarify the molecular targets and the signaling pathways
involved in the anticancer activity demonstrated by preussin (1).

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/8/448/s1,
Figure S1: Effect of preussin (1) (50 and 100 µM) in the MCA sphericity (left side) and solidity (right side) 3D
culture. (A, B) MCF7, (C, D) MDA-MB-231, (E, F) SKBR3 and (G, H) MCF12A cells after 96 h of incubation.
Cells treated with 0.1% DMSO (SC) and STS at 1 µM were included as negative and positive control, respectively.
The results were expressed as the percentage of cell viability relative to negative control and are presented as
mean ± standard deviation (SD) of four independent experiments (twelve duplicates per replica).
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Figure S1. Effect of preussin (50 and 100 µM) in the MCA sphericity (left side) and solidity (right side) 3D 

culture. (A, B) MCF7, (C, D) MDA-MB-231, (E, F) SKBR3 and (G, H) MCF12A cells after 96 h of incubation, 

Cells treated with 0.1% DMSO (SC) and STS at 1 µM were included as negative and positive control, 

respectively. The results were expressed as the percentage of cell viability relative to negative control and are 

presented as mean ± standard deviation (SD) of four independent experiments (twelve duplicates per replica).  
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Abstract: Seaweed bioactive compounds have shown anticancer activities in in vitro and in vivo
studies. However, tests remain limited, with conflicting results, and effects in combination with
anticancer drugs are even scarcer. Here, the cytotoxic effects of five seaweed compounds (astaxanthin,
fucoidan, fucosterol, laminarin, and phloroglucinol) were tested alone and in combination with
anticancer drugs (cisplatin—Cis; and doxorubicin—Dox), in breast cell lines (three breast cancer (BC)
subtypes and one non-tumoral). The combinations revealed situations where seaweed compounds
presented potentiation or inhibition of the drugs’ cytotoxicity, without a specific pattern, varying
according to the cell line, concentration used for the combination, and drug. Fucosterol was the
most promising compound, since: (i) it alone had the highest cytotoxicity at low concentrations
against the BC lines without affecting the non-tumoral line; and (ii) in combination (at non-cytotoxic
concentration), it potentiated Dox cytotoxicity in the triple-negative BC cell line. Using a comparative
approach, monolayer versus 3D cultures, further investigation assessed effects on cell viability and
proliferation, morphology, and immunocytochemistry targets. The cytotoxic and antiproliferative
effects in monolayer were not observed in 3D, corroborating that cells in 3D culture are more
resistant to treatments, and reinforcing the use of more complex models for drug screening and a
multi-approach that should include histological and ICC analysis.

Keywords: breast cancer; combinatory therapy; drug screening; in vitro; multicellular aggregates

1. Introduction

Breast cancer (BC) is the most diagnosed cancer among women in high human de-
velopment index countries and a leading cause of cancer death among females [1,2]. BC
treatment involves different therapeutic approaches based mainly on the extent of the
disease and the tumor characteristics [3]. It is a very heterogeneous cancer type, presenting
different molecular subtypes which are associated with different prognostics. The deter-
mination of the molecular subtype is commonly performed by immunohistochemistry
and/or genetic analyses and its classification is related to the positivity or negativity for
estrogen and progesterone receptors (ER and PR), as well as for eventual (over)expression
of the oncogene human epidermal growth factor receptor 2 (HER-2). The main molecular
subtypes are: (a) luminal (ER and PR positive); (b) HER-2 enriched (ER, PR negative, and
HER-2 overexpression), and (c) triple-negative breast cancer (TNBC) (ER, PR, and HER-2
negative) [4–6]. For luminal and HER-2 subtypes, there are effective therapeutic drugs [7],
such as the well-established ER antagonist tamoxifen for hormone-positive tumors [8]
and the antibody trastuzumab, to HER2 subtype [9]. Patients with TNBC are generally
considered as high-risk patients, presenting the poorest prognosis as they cannot benefit
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from target therapies and therefore, the recommended treatment approach for this type of
patients is usually systemic chemotherapy [3].

Transversal to all cancer types is the problematic of drug resistance (innate or ac-
quired) [10] and the high cumulative drug toxicity of some chemotherapeutics on non-
cancer cells [11]. Therefore, there has been a great struggle for finding new drugs or
drug adjuvants to overcome both drug resistance and toxicity. This topic is a hotspot in
the pharmaceutical industry and in the scientific community. In this vein, one therapeu-
tical approach that has been applied is the use of multi-drug combinations that target
non-overlapping signaling pathways [12], with the intention to improve the coverage of
therapeutic responses and reduce the prospect of resistance [13] and toxicity [14]. This
approach has been applied in many cancer types including BC, especially in TNBC or in
metastatic BC [15]. The combination therapy revealed efficacy in lowering drugs’ doses or
acting in a synergistic way, potentiating drugs’ effects, or even reducing toxicity against
normal cells [16–18].

Although it is almost unknown by the community in general, 50–60% of the drugs
approved for cancer treatment are natural compounds and their derivatives [19,20]. The
marine environment is an immense reservoir of natural compounds with a huge chemical
and biological diversity. Among the rich marine flora, there has been a growing interest
in the pharmacological activities of marine macroalgae (seaweeds), especially in their
bioactive metabolites that can modulate the mechanisms involved in cancer. Anticancer
activities of these compounds have been associated with inhibition of cell proliferation,
proapoptotic, antiangiogenic, and anti-metastasis effects [21–25]. Interestingly, seaweeds
have been used for centuries in Traditional Chinese and Japanese Folk Medicines in
attempts to treat BC [26,27]. Data from several epidemiological and experimental studies
confirmed the potential effects of seaweed dietary consumption in BC prevention [28–30].
Various studies reported the use of natural products in combination therapy with anticancer
drugs [31–35]. When referring to seaweed compounds, the knowledge of interactions with
drugs is limited to a few in vitro [36–38] and in vivo studies [39,40]. Furthermore, when
considering the exploitation of the antioxidant properties of seaweed compounds, it should
be remembered that the intake of antioxidants during chemotherapy is controversial,
specifically in relation to BC. Evidences suggest that the effects, beneficial or not, are related
to the dose intake and type of antioxidant [41]. While some authors advised against the
intake of antioxidants during BC treatment [42], others showed that the administration of
antioxidants in the first six months after BC diagnosis could reduce the risk of mortality
and tumor recurrence [43].

Screening for new anticancer drugs is often performed using in vitro studies, and typi-
cally with cancer cell lines cultivated in monolayer [44]. Nowadays, there is a consensus in
the literature that the use of more complex in vitro models, such as three-dimensional
(3D) cell cultures, better simulates the in vivo tumor microenvironment [45,46]. The
arrangement of cells into 3D cell multicellular aggregates (MCAs) is associated with
a more functional state and promotes different gradients of nutrients and oxygen sup-
ply [47,48]. Additionally, cells cultured in 3D are supposed to be more resistant to drug
treatments [49–51].

When referring to the screening of effects of seaweed bioactive compounds in BC
cell lines, there are no systematic studies using a panel of cancer cell lines with distinct
biological characteristics while comparatively testing normal breast cell lines. Also, in what
concerns combinations with drugs, it is poorly explored if the cell line characteristics can
influence the type of response.

In concord with the current state of the art, it is worth exploring the anticancer
properties of selected seaweed compounds alone and in combination with reference drugs
in a panel of breast cancer cell lines. For that, we selected three BC cell lines representative
of the main BC subtypes: (i) MCF7 (ER+, PR+, HER-2–), corresponding to the most
common BC type—Luminal A; (ii) SKBR3 (ER–, PR–, HER-2+), representing the HER-2
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subtype; and (iii) MDA-MB-231, a triple-negative cell line (ER–, PR–, HER-2–), equivalent
to TNBC [52,53]. We also included a non-tumor breast cell line (iv) MCF12A [52].

For this combinatory panel screening, we selected five brown seaweed bioactive
compounds belonging to different chemical groups: (i) carotenoids: astaxanthin (Asta);
(ii) polysaccharides: fucoidan (Fc) and laminarin (Lm); (iii) sterols: fucosterol (Fct); and
(iv) phlorotannins: phloroglucinol (Phg).

1.1. Carotenoids—Astaxanthin (Asta)

Carotenoids are fat-soluble organic pigments, naturally occurring in phototrophic
organisms [54]. Asta is a xanthophyll carotenoid without vitamin A [55] present in diverse
marine organisms, including brown seaweeds [56]. Compared with other carotenoids, its
chemical structure possesses a special feature: two keto groups on each ring structure,
which enhances its antioxidant properties. That is why it is called the “super antioxi-
dant” [57]. Some anticancer activities of Asta have been reported, such as inhibition of cell
proliferation [58,59] and apoptosis induction [58,60,61]. In BC cell lines, Asta significantly
reduced proliferation rates and inhibited cell migration compared to control normal breast
epithelial cells [62]. Asta was described as having a potent effect in inhibiting tumor growth
due to its anti-inflammatory properties [63].

1.2. Polysaccharides—Fucoidan (Fc) and Laminarin (Lm)

Sulphated polysaccharides are a major constituent of seaweeds’ cell walls that have
attracted much attention as functional additives in the pharmaceutical, food and cosmetic
industries [64]. Fc is a complex sulphated polysaccharide, with many biological activities:
antioxidant, anticoagulant, antiviral, immunomodulatory, antiproliferative, antilipidemic,
anti-inflammatory, and anti-metastasis [22,65–67]. Accumulating data show the anticancer
effects of Fc in several cancer cell lines [68–70]. In BC cell lines, Fc induced the apoptosis
pathway in MCF7 [71–73] and MDA-MB-231 cells [73,74], inhibiting cell growth in both
cell lines [73]. Also, colony formation was inhibited by this compound in the BC cell line
T47D [73,75]. Fc was also pointed out as having a regulatory role in migration and invasion
in MDA-MB-231 [76]. In vitro co-exposure using Fc with cisplatin, tamoxifen, or paclitaxel,
potentiated the effect of the drug in MCF7 and MDA-MB-231 [73]. Moreover, case studies
have shown that the use of Fc as alternative medicine in mouse models and human clinical
trials seems to alleviate the side effects of anticancer chemotherapy [70].

Lm is a water-soluble polysaccharide, corresponding to a storage glucan. Glucans are
Food and Drug Administration approved compounds for lowering cholesterol levels [77]
and they have been described to promote anticancer immunity [78]. Evidence have shown
that Lm has anticancer activity in HT 29 human colon cells by inducing apoptosis in a
dose-dependent way [77,79], and also lead to apoptosis through mitochondrial pathway
in human colon cancer cell line LoVo [80]. Laminarins and their sulphated derivatives
inhibited proliferation [81], colony formation, and migration in several human cell lines
including BC ones [82].

1.3. Sterols—Fucosterol (Fct)

Phytosterols represent a class of cholesterol-like molecules that integrate the cellular
membranes of plants and algae, having a role in the regulation of membrane permeabil-
ity [83]. Fct has been mentioned as anti-inflammatory, antibacterial, antifungal, antidia-
betic, antidepressant, anticancer, antioxidant, and protective against a wide range of dis-
eases [84,85]. Fct had a cytotoxic effect in T47D breast cell line [86], induced mitochondrial-
mediated apoptosis, migration, inhibition, and downregulation of m-TOR/PI3K/Akt
signalling pathway in MCF7 [87]. Fct containing fractions presented cytotoxicity against
human colon and BC cell line (T47D), without inducing cytotoxic effects on the normal cell
line [86], and also reduced cell proliferation and induced apoptosis in MCF7 and MDA-MB-231
cell lines but these effects were not so evident in the non-tumoral cell line CHO [88].
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1.4. Phlorotannins–Phloroglucinol (Phg)

Phg is a polyphenolic compound whose chemical structure includes an aromatic
phenyl ring with three hydroxyl groups. Its biological activities include antioxidant and
anti-inflammatory actions [89,90]. The former seems to be related to free radical-scavenging
and metal chelation properties. Phg induced cytotoxicity through caspases activation in
MDA-MB-231 BC cell line [91] and suppressed metastasis in invasion assays with the same
cell line [92]. Additionally, in assays with BC cell lines, Phg suppressed sphere formation,
anchorage-independent colony formation and in vivo tumorigenicity, and decreased the
cancer stem cell population [92].

As reference anticancer drugs, we chose two drugs used for treating many cancer
types, including BC [93,94]: (i) cisplatin (Cis), an alkylating agent that damage the structure
of DNA through the crosslinking forming platinum-DNA adducts that interfere with DNA
transcription and replication, resulting in cell death; and (ii) doxorubicin (Dox), an
anthracycline antibiotic with no completely clear mechanisms of action, but it has been
reported to cause oxidative stress and block RNA transcription by intercalation into DNA
bases [95]. Both are highly effective drugs, but with associated side effects and drug
resistance [96–98]. Cis can cause nephrotoxicity, neurotoxicity and hearing impairments
[96]. Dox is vastly used in BC adjuvant and neoadjuvant chemotherapy [99], but it also
elicits cardiotoxicity, secondary leukaemia, myelosuppression, intestinal epithelium lesions,
and chemotherapy-related infertility [100].

In view of the above, this study aimed to evaluate the cytotoxic activity of the seaweed
bioactive compounds Asta, Fc, Fct, Lm, and Phg, alone or combined with Cis and Dox,
in three BC cell lines and one non-tumorous breast line, in monolayer culture (2D). The
most promising combination of seaweed compound plus drug in monolayer was chosen to
be investigated as to viability and proliferation, using a comparative approach with two
in vitro systems (2D-monolayers versus 3D–MCAs).

2. Materials and Methods
2.1. Cell Lines and Baseline Culture Conditions

MCF7 was acquired from the European Collection of Authenticated Cell Cultures
(ECACC). SKBR3 cell line was kindly provided by Professor Carmen Jerónimo (Portuguese
Oncology Institute–Porto, Portugal). MCF12A and MDA-MB-231 cell lines were purchased
from the American Tissue Culture Collection (ATCC). MCF7, MDA-MB-231, and SKBR3
were cultivated in high glucose Dulbecco’s modified Eagle’s medium (DMEM), without
glutamine and phenol red, supplemented with 10% Fetal Bovine Serum (FBS) and 1%
antibiotics solution penicillin/streptomycin (pen/strep) (10,000 U/mL/10,000 µg/mL,
respectively). MCF12A was cultivated in DMEM/Ham’s Nutrient Mixture F12 (DMEM/F12)
medium without phenol red and supplemented with 20 ng/mL human epidermal growth
factor (hEGF), 100 ng/mL cholera toxin, 0.01 mg/mL insulin, 500 ng/mL hydrocortisone,
10% FBS, and 1% of the same antibiotic solution. All cell lines were cultivated in T75 cm2

culture flasks (Orange Scientific, Braine-l’Alleud, Belgium) and maintained in the incubation
chamber MCO 19AIC (Sanyo, Tokyo, Japan), with 5% CO2, at 37 ◦C. For cells’ growth and
maintenance, the culture medium was replaced every two days. Cells were regularly
observed using an inverted phase-contrast microscope CKX41 (Olympus, Tokyo, Japan).
The experiments were performed with cells under passage number 30. At 80% of cell
confluence, monolayer cells were subcultured using trypsin/ethylenediamine tetraacetic
acid (EDTA) (trypsin/EDTA) solution (0.25/0.02 in %).

2.2. Chemicals and Solutions

Dimethyl sulfoxide (DMSO) was purchased from VWR Chemicals (Solon, OH, USA).
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), astaxanthin
(SML0982, CAS Number: 472-61-7, MW: 596.84), fucoidan (F8190, CAS Number: 9072-19-9,
MW: not determined by the supplier); fucosterol (F5379, CAS Number: 17605-67-3, MW:
412.69), laminarin (L9634, CAS Number: 9008-22-4, MW: not determined by the supplier);
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phloroglucinol (79,330, CAS Number: 108-73-6, MW:126.11), cisplatin (C2210000, CAS
Number: 15663-27-1; MW:300.05), doxorubicin (D1515, CAS Number: 25316-40-9, MW:
579.98); insulin (I2643); cholera toxin (C8052), hydrocortisone (H088), and hEGF (E9644)
were obtained from Sigma Aldrich (St.Louis, MO, USA). DMEM (F045), FBS, pen/strep,
trypsin/EDTA, were acquired from Biochrom KG (Berlin, Germany). DMEM/F12 was ob-
tained from GE Healthcare (Chicago, IL, USA). Resazurin (14,322) was purchased from Cay-
man (AnnArbor, MI, USA). Cell Proliferation ELISA and BrdU (5′-bromo-2′-deoxyuridine)
kit (colorimetric) were acquired from Roche (Basel, Switzerland). All other reagents and
chemicals used were analytical grade.

Stock solutions of astaxanthin (Asta), fucosterol (Fct), phloroglucinol (Pgh), and
doxorubicin (Dox) were prepared in DMSO, while those of fucoidan (Fc) and laminarin
(Lm) were prepared in supplemented cell culture medium. All those stock solutions were
kept at −20 ◦C until used, except for the stock solutions of Fc and Lm that were prepared
immediately before use. The stock solution of cisplatin (Cis) was prepared in a 0.9% NaCl
solution and kept at 4 ◦C up to 1 month. Exposure solutions were prepared immediately
before each experiment by diluting the stock solutions into the appropriate volume of
respective fresh culture medium ensuring a final concentration of 0.1% DMSO.

2.3. Cell Exposures
2.3.1. Study Design

The study was performed in three phases according to a consecutive set of experiments
(Figure 1). In Phase 1, it was performed a screening of the cytotoxic effects of five selected
bioactive seaweed compounds (Asta, Fc, Fct, Lm, and Phg) and the two reference drugs
(Cis and Dox). Each compound and drug were tested at five concentrations (Table 1). In
Phase 2, two concentrations of each compound used in Phase 1 were selected to be tested
in combination (seaweed compound + reference drug). The selected combinations are
described in Table 2. In Phases 1 and 2, the screenings were performed in the panel of breast
cell lines (MCF7, SKBR3, MDA-MB-231, and MCF12A), cultured in monolayer, and the
cytotoxic effects were assessed by MTT assay. The most promising combination obtained
in Phase 2 moved to Phase 3. That combination corresponded to the mixture that presented
not only a statistically significant cytotoxic effect but also the highest % of reduction of cell
viability when compared with the respective isolated compounds. Additionally, higher
concentrations of the reference drug were introduced in Phase 3 to guarantee there was a
positive control with cytotoxic effects in 3D. At Phase 3, other assays besides MTT were
performed: resazurin and BrdU assay for assessing cytotoxic and cell proliferation effects,
respectively. Also, the same conditions were tested simultaneously in monolayer (2D) and
in 3D cultures for comparison purposes, and a morphological analysis of the 3D cultures
was performed.

2.3.2. Exposures (Single or Combination) in Monolayer

Cells were seeded at the density of 0.05 × 106 cells/mL, 100 µL/well, and incubated
for 24 h for cell attachment. Then the culture medium was removed, and cells were
exposed to the tested conditions for 72 h. At the end of the exposure period, respective
cell viability or proliferation assays were performed, according to the phase of the study.
Tested concentrations of seaweed bioactive compounds and reference drugs used in the
screening of Phase 1 are detailed in Table 1.

Prior to the exposures, the different solvent controls (medium; medium with 0.1%
DMSO; and medium with 0.0009% NaCl) were tested in the four cell lines, using MTT to
evaluate the effects on cell viability. Four independent methodological experiments (with
triplicates per each experiment) were performed and no significant differences among
solvents were found (data not shown). For this reason, we opted for using the most
common one for the set of compounds—medium with 0.1% DMSO— as the solvent control
in all experiments.
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Table 1. Tested concentrations of bioactive seaweed compounds and reference drugs

Chemicals Tested Concentrations

Astaxanthin 1; 10; 50; 100 and 200 µM
Fucoidan 10; 50; 100; 500 and 1000 µg/mL
Fucosterol 1; 2.5; 5; 7.5 and 10 µM
Laminarin 10; 50; 100; 500 and 1000 µg/mL

Phloroglucinol 10; 50; 100; 500 and 1000 µM
Cisplatin 0.1; 1, 10, 20 and 50 µM

Doxorubicin 0.001; 0.01; 0.1; 1 and 2 µM

Regarding the selection of the concentrations to be tested in combination (Phase 2),
we opted to use those that did not have a statistically significant effect on the cell viability
of the tested cell lines or, in the case of the reference drugs, concentrations that did not
reduce the cell viability below (in mean) 50%. These criteria were considered for each cell
line. The selected combinations tested in Phase 2 are presented in Table 2.

Table 2. Concentrations of bioactive seaweed compounds and reference drugs used for combinations

Seaweed
Compound

Drug Dox (µM) Cis (µM)

0.01 0.1 1 1 10 20

Asta (µM)
10

MCF7
SKBR3

MCF12A

MCF7
SKBR3

MDA-MB-231
MCF12A

MDA-MB-231 MCF12A

MCF7
SKBR3

MDA-MB-231
MCF12A

MCF7
SKBR3

MDA-MB-231

20

Fc (µg/mL) 10
50

Fct (µM)
1
5

Lm (µg/mL) 10
50

Phg (µM) 10
50

Asta: Astaxanthin; Fc: Fucoidan; Fct: Fucosterol; Lm: Laminarin; Phg: Phloroglucinol.
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2.3.3. Exposures (Single or Combined) in 3D Cultures—Multicellular Aggregates (MCAs)

Cells were seeded in 96-well ultra-low attachment U-shaped spheroid plates (Corning,
NY, EUA) at a density of 40 × 104 cells/mL, 200 µL/well. Plates were then centrifuged in a
centrifuge Rotina 380 R (Hettich, Vlotho, Germany) at 200× g for 10 min and placed in the
incubator at 37 ◦C and 5% CO2 for 72 h to promote the MCAs formation. Then MCAs were
incubated with the tested conditions for 96 h of exposure. After exposure, cell viability and
proliferation assays as well as morphological analysis were performed.

2.4. Cell Viability Assessment
2.4.1. MTT Assay

Cytotoxic effects of the tested conditions were assessed by MTT reduction assay. In
short, 10 µL (monolayer) or 20 µL (3D) of MTT stock solution was added to each well,
and incubated for 2 h (monolayer) and 4 h (3D), at 5% CO2 at 37 ◦C. At the end of the
incubation period, MCAs must be transferred from the 96-well ULA plates to flat-bottom
96-well plates with the help of a P1000 micropipette with a cut tip. Exposure medium was
then aspirated, and formazan crystals were dissolved by adding 100 µL of DMSO:ethanol
solution (1:1) (v/v) (monolayer) or 150 µL of DMSO (3D). Plates were left for 15 min under
mild agitation to promote total formazan salt dissolution. Absorbance was measured at
570 nm in a microplate reader Multiskan GO (Thermo Fisher Scientific, Waltham, MA,
USA). Results are expressed as percentage of cell viability and were calculated based on the
absorbance ratio between treated conditions and the untreated control (cells incubated with
culture medium with 0.1% (v/v) of DMSO). In both situations (tested condition and control),
the absorbance of respective mediums without cells was subtracted in each situation to
eliminate interferences related to the compounds or drugs.

2.4.2. Resazurin Assay

For resazurin assay, 1 µL (monolayer) or 2 µL (3D) of stock resazurin was added to
each well. Plates were incubated for 3 h (monolayer) and 4 h (3D), with 5% CO2 and at
37 ◦C. Similarly, to what was performed for the MTT assay, MCAs and respective mediums
were transferred to flat-bottom 96-well plates. Fluorescence was then read using excitation
wavelength at 560 nm and emission wavelength at 590 nm in the plate reader Synergy
H1 (Biotek, Winooski, VT, USA). Results are expressed as a percentage of cell viability in
relation to control and were calculated based on the fluorescence ratio between treated
conditions and the untreated control (cells incubated with culture medium with 0.1% (v/v)
of DMSO). In both situations (tested condition and control), the fluorescence of respective
mediums without cells was subtracted in each situation to eliminate interferences related
to the compounds or drugs.

2.5. Cell Proliferation Assessment—BrdU Assay

Effects on cell proliferation were evaluated by BrdU assay (Roche, Basel, Switzerland).
For monolayer, the assay was performed according to the manufacturer’s instructions.
Briefly, cells were labeled with BrdU at a final concentration of 10 µM/well and incubated
for 4 h at 37 ◦C, 5% CO2. Labeling medium was removed, and cells were stored at 4 ◦C
overnight. Following the protocol, cells were fixed, and DNA denatured by the adding
of 100 µL of FixDenant reagent (30 min). After removing the FixDenant Reagent, BrdU
incorporation into cellular DNA was detected with mouse anti-BrdU conjugated with
peroxidase working solution (diluted 1:100) (100 µL/well) for 90 min. Wells were rinsed
with washing solution and 100 µL of substrate solution was added, to perform photometric
detection. After 25 min, absorbances were immediately measured at 370 nm in a microplate
reader Multiskan GO (Thermo Fisher Scientific, Waltham, MA, USA).

For 3D culture some alterations were implemented. Briefly, after MCAs exposure,
100 µL of each well medium was removed, and then MCAs were incubated with 10 µL of
BrdU labelling solution (final concentration = 10 µM BrdU) for 5 h, at 37 ◦C, 5% CO2. Then,
MCAs were transferred into a flat-bottom 96-well microplate and following the removal of
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the labelling medium, they were kept overnight at 4 ◦C. The following steps are identical
to the monolayer protocol.

Results are expressed as a percentage of cell proliferation in relation to the control
and were calculated based on the absorbance ratio between treated conditions and the
untreated control (cells incubated with culture medium with 0.1% (v/v) of DMSO).

2.6. Cell Morphology Assessment
2.6.1. Monolayer

The plates containing the monolayer cultures were observed photographed using a
phase-contrast inverted microscope CX41 (Olympus, Tokyo, Japan).

2.6.2. 3D–MCA Measurements

A total of 16 MCAs per tested condition/independent experiment were photographed
at the end of the exposure time, using a stereomicroscope with darkfield SZX10 (Olympus,
Tokyo, Japan), equipped with a digital camera DP21 (Olympus, Tokyo, Japan). The MCA
areas were analyzed using the freeware AnaSP [101].

2.6.3. Histological Analysis
MCA Histological Processing

At the end of exposure time, MCAs were collected to Eppendorf tubes with 10%
buffered formalin (Bioptica, Milan, Italy) for fixation (24 h). For histological processing,
MCAs were embedded in histogel (Thermo Scientific, MA, USA), according to manufac-
turer’s instructions. The following processing protocol consisted in dehydration-1 h in a
crescent series of ethanol (70%, 90%, 95%, and two absolute); clearing-1 h in each reagent:
xylene: absolute ethanol (1:1); xylene (twice); and infiltrating in liquid paraffin (1 h twice).
Paraffin blocks were obtained in an embedding station EG 1140H (Leica, Nussloch Ger-
many). Sections (3 µm) were performed in a microtome RM2255 (Leica, Nussloch Germany)
and placed onto silane treated KP-frost slides (Klinipath, Duiven, The Netherlands). Slides
were placed at 60 ◦C for 20 min, and then kept overnight at 37 ◦C.

Hematoxylin-Eosin (HE) Staining

Sections were deparaffinized in xylene and hydrated following the descendent se-
quence of ethanol (absolute, 95%, 70%), running tap water, 5 min each. Nuclei were stained
with Mayer’s hematoxylin (Merck, Darmstadt Germany) for 3 min, and then slides were
washed to remove dye excess. Following the protocol, sections were stained with 1% eosin
Y for 5 min (Merck, Darmstadt, Germany). Lastly, slides were dehydrated in ethanol (95%,
100%, 100%), 5 min each, cleared in xylene (2 × 5 min), and mounted with the medium Q
Path® Coverquick 2000 (VWR Chemicals, Briari, France).

Immunocytochemistry (ICC)

For ICC, sections were deparaffinized and hydrated as described above. Heat antigen
retrieval was made by sections immersion in citrate buffer 0.01 M, pH 6.0, using a pressure
cooker (3 min after reaching maximum pressure). Slides were then allowed to cool, and then
endogenous peroxidase blocking was performed with 3% hydrogen peroxide in methanol
(10 min). After two washes in Tris saline buffer pH 7.6 (TBS) (5 min each), unspecific reac-
tions were blocked using the appropriate reagent of the kit Novolink™ Polymer detection
(Leica Biosystems, Milton Keynes, UK) (5 min), followed by two washes in TBST (TBS with
0.05% of Tween 20). Primary antibodies were diluted in phosphate buffer saline with 5%
of bovine albumin serum and incubated 2 h at room temperature. For negative control,
the primary antibody was substituted by the antibody diluent solvent only. Two primary
antibodies were applied: rabbit monoclonal anti-Ki67, clone SP6 (Biocare Medical, USA) as
cell proliferation marker [102,103], dilution 1:200, and rabbit polyclonal anti-caspase-3, ab
13,847 (Abcam, UK), diluted 1:5000 for assessing caspase dependent apoptosis [104,105].
Novolink™ Polymer detection system was used for signal amplification and revelation,
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according to manufacturer’s instructions, using the chromogen 3,3′-Diaminobenzidine
(DAB). Nuclear counterstain was obtained using Mayer’s hematoxylin (2 min). Lastly,
slides were washed, dehydrated, and mounted, then photographed as described before.

2.7. Statistical Analysis

Descriptive and inferential statistics were performed using Past3 (version 3.19) free soft-
ware (https://folk.universitetetioslo.no/ohammer/past/) and GraphPad Prism 6.0 software
(GraphPad Software, La Jolla, CA, USA). The normality and homogeneity of variance were
confirmed by the Shapiro–Wilk and the Levene tests, respectively. The results are expressed
as mean + standard deviation, except for the MCAs areas that were presented in median,
maximum, minimum, and interquartile range (Q3–Q1), from at least five to six indepen-
dent experiments (triplicate per each experiment). Significant differences (p < 0.05) were
assessed by one-way ANOVA, followed by the post-hoc Holm–Šídák multiple comparison
test. On selected cases, the significance of the difference between two groups of interest
was tested with the Student’s t-test and using the sequential Holm–Bonferroni correction;
the latter was implemented via a freeware spreadsheet calculator [106,107].

3. Results
3.1. Cytotoxic Effect of Seaweed Bioactive Compounds

Cytotoxic effects of seaweed compounds were assessed by the MTT assay after 72 h
of incubation in cultured monolayers. Figure 2 shows the results obtained for tested
compounds in cellular viability. Asta was the only compound that had no effects on the
cell viability in all used cell lines (Figure 2a). The polysaccharides Fc and Lm promoted a
similar result since both only had cytotoxic effects in the non-tumoral cell line MCF-12A at
the highest concentration (1000 µg/mL) (Figure 2b,d). Fct was the compound with more
cytotoxic effects. It significantly decreased cell viability in SKBR3 (at 2.5 µM),and in SKBR3
and MDA-MB-231 cell lines (at 7.5 µM). At 10 µM it also decreased the cellular viability
of the other BC cell line MCF7, however not affecting MCF12A cell line (Figure 2c). Phg
decreased cell viability in MCF7 (at 500 µM and 1000 µM) and in MDA-MB-231 cell lines
(at 1000 µM) (Figure 2e).

3.2. Cytotoxic Effect of the Reference Drugs–Cisplatin and Doxorubicin

Five crescent concentrations were used to assess the cytotoxic effects of Dox and
Cis in the panel of breast cell lines, and the effects on cell viability were assessed by the
MTT assay.

Considering Cis exposure (Figure 3a), the non-tumoral cell line (MCF12A) was the
most susceptible to this drug, being the only cell line that showed a statistically signifi-
cant reduction on cell viability when cells were exposed to Cis at 1 µM, inducing then a
concentration-dependent response. In contrast, MCF7, only showed significant differences
in cell viability at Cis (20 µM and 50 µM), while SKBR3 and MDA-MB-231 were still more
refractive to Cis action, with a lowering trend at 20 µM that reached significance at 50 µM.
At the latter concentration, all cell lines had their cell viability decreased below 50%, in
relation to the control.

In relation to Dox cytotoxicity, this drug started to significantly reduce the viability
of SKBR3 and MCF12A at 0.1 µM, while for the other two cell lines this effect was only
observed at Dox 1 µM and 2 µM. At 1 µM, a reduction in cell viability below 50%, in
relation to the control, was observed in all cell lines (Figure 3b).
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** p < 0.01, *** p < 0.001, **** p < 0.0001).
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3.3. Cytotoxic Effect of Selected Combinations of Seaweed Bioactive Compound Plus Reference
Drug

In vitro cytotoxic effects of the five seaweed compounds combined with the two
reference drugs were assessed by the MTT assay in the panel of BC cell lines. For that,
two concentrations of each seaweed compound and two concentrations of each drug were
selected for the combination according to the criteria mentioned in Section 2.3.2.

For MCF7 cell line (Figure 4), Cis alone at tested conditions (10 and 20 µM) decreased
cell viability in a concentration-dependent manner. Among the tested seaweed compounds,
only Asta was able to reduce the effect of Cis. This happened when cells were exposed to
Cis (10 µM) in combination with Asta (10 and 20 µM) (Figure 4a).
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Regarding the SKBR3 line (Figure 5), Cis alone reduced cell viability at the tested 
concentrations. As to the combinations, the following conditions: Cis (10 μM) plus Asta 
(10 and 20 μM), Fc (10 μM), and Lm (10 and 50 μM), decreased the cytotoxicity of the drug 
not differing from the control. However, the combination Cis (10 μM) with Fc (50 μM) 
decreased cell viability to a percentage that statistically differed from the drug and Fc 
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Figure 4. Cytotoxic effects of the combination of (a) Astaxanthin (Asta); (b) Fucoidan (Fc); (c) Fucosterol (Fct); (d) Laminarin
(Lm); (e) Phloroglucinol (Phg) with the reference drugs cisplatin (Cis) and doxorubicin (Dox) assessed by the MTT the
assay after 72 h of exposure in MCF7 cell line cultured in monolayer. Control corresponds to cells incubated with medium
containing 0.1% DMSO. The percentages of cell viability are relative to the control and presented as mean + standard
deviation of six independent experiments (each in triplicate). Square brackets indicate t tests with Sequential Bonferroni
corrections. (* p < 0.05, ** p < 0.01; *** p < 0.001, **** p < 0.0001).

Still in MCF7 cells, only Dox at 0.1 µM significantly decreased cell viability. Neverthe-
less, Dox (0.01 µM) alone did not show effects on cell viability, but when combined with Fct
(1 and 5 µM), and Phg (10 and 50 µM) (Figure 4c,e, respectively), it significantly affected
MCF7 cells’ viability. Dox (0.01 µM) did not differ from the control, but in combination, cell
viability decreased by ≈15% when compared to the drug alone, differing from the control.
However, in the case of the combination of Dox (0.01 µM) plus Fct (5 µM), viability did not
differ from the Fct alone. In the case of Fc and Lm in combination with Dox (0.1 µM), the
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effect was the opposite, and the combination decreased the cytotoxic effect induced by the
Dox alone (Figure 4b,d). In line with this result, cells exposed to Lm (50 µM) presented
significantly higher cell viability than the control (Figure 4d).

Regarding the SKBR3 line (Figure 5), Cis alone reduced cell viability at the tested
concentrations. As to the combinations, the following conditions: Cis (10 µM) plus Asta
(10 and 20 µM), Fc (10 µM), and Lm (10 and 50 µM), decreased the cytotoxicity of the drug
not differing from the control. However, the combination Cis (10 µM) with Fc (50 µM)
decreased cell viability to a percentage that statistically differed from the drug and Fc alone
(Figure 5b). This combination enhanced the cytotoxic effect of Cis in ≈28%. Nonetheless,
in the combination of Dox at 0.1 µM with Fct (1 and 5 µM), and Phg (10 and 50 µM), the
cell viability differed from the control, not differing from the drug nor the compound alone
(Figure 5c,e).
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corrections. (* p < 0.05, ** p < 0.01; *** p < 0.001, **** p < 0.0001).
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With reference to the TNBC cell line MDA-MB-231 (Figure 6), Cis (10 and 20 µM) alone
did not present significant differences in cell viability in relation to the control. Conversely,
when in the following combinations Cis 20 µM plus Fc (10 and 50 µg/mL), Lm (10 and
50 µg/mL), and Phg (10 and 50 µM), cell viability significantly decreased relative to control,
with a reduction between 13 and 17%, but did not differ statistically from the drug alone
(Figure 6b,d,e).
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In relation to Dox, alone at 1 µM, it negatively affected cell viability. When combined
with Fc (10 µg/mL) and Fct (1 µM), Dox at 1 µM seemed to have lost its action, while in
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combination with Fc (50 µg/mL) and Fct (5 µM) its effects were maintained (Figure 6b,c).
The combination differing from control and with the most evident impact in cell viability,
when compared to either to the compound or to the drug alone, was Dox (0.01 µM) with
Fct (5 µM), which increased Dox cytotoxicity in ≈46%.

In relation to MCF12A cell line (Figure 7), Cis (1 and 10 µM) alone decreased cell
viability in relation to control. The combination of Cis 1 µM with Asta (10 and 20 µM), Fct
(5 µM), Lm (50 µg/mL), and Phg (10 and 50 µM), caused the loss of statistical significance
found in the drug alone. At 10 µM, Cis alone and all the combinations showed cell
viability of less than 50% in relation to the control. Regarding Dox, only the highest tested
concentration (0.1 µM) showed a significant effect on cell viability, however, in this cell line,
it occurred the loss of statistical effect in combination with all tested seaweed compounds
(Figure 7).
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Figure 7. Cytotoxic effects of the combination of (a) Astaxanthin (Asta); (b) Fucoidan (Fc); (c) Fucosterol (Fct); (d) Laminarin
(Lm); (e) Phloroglucinol (Phg) with the reference drugs cisplatin (Cis) and doxorubicin (Dox) assessed by the MTT assay
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The results of the combinations in the panel of cell lines are summarized in Table 3,
using a color code to discriminate the differences in relation to the control.

Table 3. Summary of the results on cell viability assessed by MTT of the combination seaweed bioactive compound and
reference drugs after 72 h of exposure in monolayer

Drug
(µM)

Asta
(µM)

Fc
(µg/mL)

Fct
(µM)

Lm
(µg/mL)

Phg
(µM)

0 10 20 0 10 50 0 1 5 0 10 50 0 10 50

M
C

F7

Dox
0

0.01
0.1

Cis
0

10
20

SK
B

R
3 Dox

0
0.01
0.1

Cis
0

10
20

M
D

A
-M

B
-2

31 Dox
0

0.1
1

Cis
0

10
20

M
C

F1
2A

Dox
0

0.01
0.1

Cis
0
1

10
Control

Cell viability is significantly higher than the control
Cell viability is not significantly different from the control

Cell viability is significantly lower than the control
Cell viability is significantly different from control and from both drug and compound alone

3.4. Comparative Study of One Promising Combination—Monolayer vs. 3D Cultures

For comparison purposes, we selected the most promising combination in which the
seaweed compound and the drug alone did not have any effect on cell viability in relation
to the control, but the combination potentiated the effect of the drug, that is, differing from
the control and from the compound and drug alone. The selected combination was Fct
5 µM with Dox 0.1 µM in MDA-MB-231 cell line, as it revealed the most evident effect on
cell viability, showing, on average, 46% less cellular viability than the drug alone. This
selected combination was tested simultaneously in monolayer and in 3D culture, the latter
providing multicellular aggregates (MCAs). Considering that 3D cultures are commonly
more resistant to treatments [50,108], we augmented the concentration of Dox (1, 2, and
5 µM) to allow the visualization of the drug effect and to have a concentration that served
as a positive control (in this case Dox 5 µM). An all-new set of experiments was conducted,
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with new replicas, where cell viability was assessed by MTT and resazurin assays, and cell
proliferation was evaluated by the BrdU assay. Additionally, MCAs were evaluated by
performing area measurement, histological and immunocytochemical analysis.

3.4.1. MTT Assay

The results obtained in monolayer by the MTT assay (Figure 8a) were very comparable
to those presented before in Section 3.3. Fct alone did not present effects on cell viability.
Dox (≥1 µM) showed high cytotoxicity, with cell viabilities under 50% in relation to the
control. The selected combination of Fct (5 µM) with Dox (0.1 µM) statistically differed
from the control and from drug and seaweed compound alone. As for the combination
with higher Dox concentration, there were no statistical differences when compared to
drug alone.
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Figure 8. Effect of fucosterol (Fct) at 5 µM alone and in combination with doxorubicin (Dox) at 0.1, 1, 2 and 5 µM, on the
viability of MDA-MB-231 cells in monolayer–72 h (a) and 3D–96 h (b) assessed by the MTT assay. Cells treated with 0.1%
DMSO and Dox 5 µM were included as negative and positive controls, respectively. The percentages of cell viability are
relative to the control and presented as mean + standard deviation of five independent experiments (each in triplicate).
(* p < 0.05, ** p < 0.01 and **** p < 0.0001).

In 3D culture (Figure 8b), the results were very different from the ones obtained in
monolayer. The cell viability in 3D only differed from the control when cells were exposed
to Dox at 5 µM, alone or in combination with Fct (5 µM).

3.4.2. Resazurin Assay

The resazurin assay performed in monolayer (Figure 9a) reproduced the results
obtained in the MTT assay. Fct alone did not impact cell viability, while all Dox (≥1 µM)
conditions significantly differed in cell viability relative to the control. Fct (5 µM) and Dox
(0.1 µM), alone, did not differ from the control, however, the combination Fct (5 µM) plus
Dox (0.1 µM) significantly decreased cell viability relative to control and to the seaweed
compound alone.
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Also, as in the MTT assay, cells in 3D culture (Figure 9b) were more resistant to drug
treatment, only revealing significant cytotoxic effect in cells exposed to Dox (5 µM), alone
and in combination with Fct (5 µM).

3.4.3. Assessment of Cell Proliferation

MDA-MB-231 cells cultivated in monolayer (Figure 10a) showed a decrease in cell
proliferation comparatively to the control, in all Dox concentrations (from 0.1–5 µM), and
also in all combinations with Fct (5 µM). The combination Dox (0.1 µM) with Fct (5 µM)
differed from the control and from the Fct alone, but did not differ from the drug alone.
Although no significant statistical differences in cell proliferation were detected, graphically
it seems that the combination of Dox (0.1 and 1 µM) with Fct (5 µM) had more effect than
the drug alone (decreasing the mean of cell proliferation in 22 and 31%, respectively). Fct
alone did not have any effect on cell proliferation.
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The effects on cell proliferation in 3D culture (Figure 10b) followed the same tendency
as the viability assays, showing more resistance to the treatments. There were significant
differences only in cells exposed to Dox (5 µM) alone (positive control) or in combination
with Fct.

3.4.4. Morphological Analysis of 3D Cultures (MCAs)
MCAs Measurements

In the stereo microscopic observation of the MCAs (Figure 11a), those exposed to Dox
(2 and 5 µM) (alone and in combination), revealed a loosening effect, which was much more
evident in the conditions with Dox (5 µM). In Figure 11b, representative images of MCAs
control (C) and Dox (5 µM), Fct (5 µM) and Fct/Dox (both 5 µM), photographed at the same
magnification, were overlapped to highlight this loosening effect. In both situations, there
is an evident loosening of the MCAs. There were no differences between the MCAs exposed
to the drug alone and its respective combination with Fct (5 µm). The MCAs photographs
were analyzed using AnaSP software. The determined areas are presented in Figure 11c,
where it is possible to observe that besides the visual impression from stereomicroscopy,
only the conditions with Dox at 5 µM significantly differed from the control.
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Histological and Immunocytochemical Analysis

After 96 h of exposure, MCAs were fixed, processed for paraffin embedding, and
sectioned for hematoxylin-eosin (HE) staining and immunocytochemistry (ICC) analysis.
By observing the MCAs stained with HE, the combinations in which morphological alter-
ations were present are given in Figure 12. Under Dox (1 µM) (alone and combined) the
alterations were very subtle, a higher number of cells with hyperchromatic and pyknotic
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nuclei were observed, but the MCAs structure was intact. Differently, in the MCAs exposed
to Dox (2 and 5 µM) (alone and in combination with Fct), the structure of the MCAs was
concentration-dependent damaged, with looser structure, where cells lost their attachment,
and with an increased number of cells with death compatible morphology, as shown in
higher magnification in the inserted image of Fct/Dox 5 combination (at the bottom rigth
of Figure 12). MCAs exposed to Dox (5 µM) tended to disintegrate quickly, forming a cell
suspension. Morphologically, there was no difference between the MCAs exposed to Dox
alone and the respective combination with the Fct (5 µM). No necrotic core was observed
in the sectioned MCAs.
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combination with doxorubicin (Dox) 1, 2, and 5 µM. Cells treated with 0.1% DMSO correspond to the control (C). MCAs
sections were stained with hematoxylin-eosin.

Antibodies against caspase-3 and ki67 were used for ICC. Here we show representative
images of the control (C) and the combinations of Fct with Dox (1, 2, and 5 µM), as these
were the conditions in which visual alterations of ICC staining existed in relation to the
control (Figure 13). Also, in each drug concentration, the results were very similar between
the drug alone and its combination with Fct. The outcomes showed that there were caspase-
3 positive cells in the MCAs of all tested groups, including in the control, being these
positive cells randomly distributed throughout all the MCAs. However, the number of
stained cells in the C group is much lower when compared with the positive cellularity
in the drug-exposed groups. Positive caspase-3 cells in the groups exposed to Dox (1 and
2 µM) were similar, but, when using Dox (5 µM), more than 80% of all cells were positive,
indicating a high degree of cell death.

In relation to the immunostainings for ki67, positive cells were also distributed all
along the MCAs, with more predominance in their outer region (Figure 13). In Dox (0.1 and
1 µM) groups, the number of Ki67 positive cells seemed similar to the control. When it
comes to MCAs of the Dox groups (2 and 5 µM), and its combination with Fct, the number
of positive cells were visibly lower; less than 10% of the total number of cells (Figure 13).
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4. Discussion

This study explored the cytotoxic effects of five brown seaweed compounds alone and
combined with two reference drugs in a panel of breast cell lines, representing three BC
subtypes and including a non-tumoral breast cell line. The study is justified considering
that seaweed compounds, especially those from brown seaweeds, have been showing
anticarcinogenic activities in many in vitro and in vivo studies related to many types of
cancers, including BC [22,24,54,109,110]. The effects of combining seaweed compounds
plus chemotherapeutic drugs are also relevant to explore, taking into consideration their
implications in clinical scenarios. Despite their importance, the literature about this topic is
still scarce [37–39,73,111]. Several studies with natural products, mostly in vitro, described
beneficial combinatory effects with several anticancer drugs in BC, through diverse action
mechanisms, suggesting that these combinations represent a promising strategy to treat
BC [95,112]. However, in a clinical scenario, interactions can occur, potentially affecting
drug effects [113]. In this vein, many seaweed compounds have antioxidant properties,
and the intake of antioxidants during chemotherapy is very controversial, requiring further
studies [28,29,114,115]. In connection with this problem, there is nowadays easy access in
classical herbalists, or on the internet, to commercially available seaweed products without
a medical doctor’s prescription and appropriate legislation.

In this study, we started screening five seaweed compounds and two selected drugs
in a panel of four breast cell lines, testing five concentrations of each, and then selected
two of them for the combinations, according to pre-established criteria. Although there
are some data related to the effects of the drugs in the used cell lines, the IC50 values vary
from study to study, from 2- to 10-fold of concentration within the same line [116–118].
For this reason, we preferred to screen and select a drug concentration based on our cell
culture conditions. In the end, we chose the most interesting result of the combinations in
monolayer and tested it in a more complex 3D in vitro model [50,119].

Regarding the cytotoxicity of the carotenoid Asta, alone (1–200 µM), it had no have
effects on cell viability. This contrasts with previous studies that reported that Asta (50 µM)
induced apoptosis in T-47D and MDA-MB-231 cells (both BC cell lines) [120], reduced
proliferation rates and inhibited cell migration in MCF7 and MDA-MB-231 cell lines [62].
When in combination with Cis, in MCF7, SKBR3, and MCF12A cell lines, Asta interfered
with this drug action, as in the mixture, Cis 10 µM lost its effect. Asta has been previously
described to confer protection against oxidative stress [121] and, in in vivo studies with
rats, it had a protective effect against Cis-induced toxicity in the gastrointestinal tract [122],
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ear [123], and also retina [124], which could partially explain the loss of effect observed in
the present study.

In relation to the polysaccharides, Fc and Lm alone caused significant cytotoxicity
in MCF12A cell line at the highest tested concentration (1000 µg/mL). In contrast, other
authors reported that Fc from 300 to 1000 µg/mL decreased cellular viability in a dose-
dependent manner, induced G1 phase arrest, promoted ROS induction and triggered
apoptosis through caspases-dependent pathway [125]. Another work described that Fc
at 400 µg/mL inhibited cell proliferation measured by the MTT assay, in MDA-MB-231
and MCF-7 cells [73]. It is unclear why there is such inter-study variability, particu-
larly when using the same cell line, but the facts warn for caution regarding accepting
definitive conclusions.

In combination, Fc modelled different effects according to the drug and the cell line
tested. In SKBR3, Fc (10 µg/mL) in combination with Cis (10 µM) decreased Cis cytotoxicity,
while the combination with Fc (50 µg/mL) statistically increased cell toxicity, differing
from both the compound and the drug alone. A similar pattern of Cis enhancement effect
with Fc was observed in MCF7, MDA-MB-231, and MCF12A cell lines, even if not with the
same statistical significance, suggesting that Fc in higher concentrations may potentiate
the effect of Cis in all cell lines. These findings are in line with previous studies where
Fc significantly enhanced the cytotoxicity of Cis, Dox, and taxol in MCF7 cells [126]. Fc at
400 µg/mL in co-treatment with Cis at 5 and 10 µM, enhanced intracellular ROS and reduced
glutathione (GSH) levels in MCF7 and MDA-MB-231 cells, suggesting that the induction of
oxidative stress was an important event in the cell death induced by the combination in those
BC cell lines [73].

In some combinations of Fc with Dox—Fc at 10, 50 µg/mL with Dox at 0.1 µM, in MCF7
and MCF12A; Fc at 10 µg/mL with Dox at 1 µM, in MDA-MB-231—Fc seems to decrease
Dox effect compared to Dox alone, since in the latter case Dox significantly differed from
the control. In contrast, this effect was not verified in the referred combinations. Our results
are in contradiction with a previous study describing that Fc enhanced Dox effects [126]. In
the opposite view, in vivo and in vitro studies in rodent models suggest that Fc may play a
protective role in Dox-induced acute cardiotoxicity [127]. Therefore, in our research and in
some conditions, Fc may have protected the tested breast cell lines from Dox cytotoxicity.
These results indicate that we are far from understanding, controlling, and predicting the
effects of Fc over cancer cells. In this sense, the anticancer activities of fucoidans continue to
be explored, and recently these compounds have been used in clinical trials to evaluate their
potential synergy with other anticancer therapies, in several cancer types, including BC [128].

The other tested polysaccharide, Lm, when tested alone, presented significant higher
cellular viability than the control in MCF7. Although not statistically significant, the same
tendency was observed in SKBR3 and MCF12A cells. Hypothetically, Lm can protect cells
from oxidative stress produced by cellular metabolism. Treatment of mouse thymocytes
with Lm suppressed apoptotic death around 2- to 3-fold and extended cell culture survival
in about 20–30% [129]. Our study in BC cells is well in line with the hypothesis and
the given proof of concept with thymocytes. However, a study reported the cytotoxic
effects of Lm at 200 µg/mL in MDA-MB-231 cell line [130], and another one described a
reduction in cell viability in MCF7 and MDA-MB-231 cell lines exposed to Lm from 12.5 to
400 µg/mL [81].

As to the combinations with Cis, this drug lost its effects in some combinations with
Lm (Lm at 10, 50 µg/mL in SKBR3 and Lm at 50 µg/mL in MCF12A). Conversely, in
MDA-MB-231, Cis (20 µM) alone did not influence cell viability, but when in combination
with Lm it presented lower cell viability, differing from the control. The literature related to
the combination of Lm with Cis and Dox is very scarce, but it has been already described a
protective effect against Cis-induced toxicity in auditory cells [131]. When combined with
Dox, Lm inhibited its effect in MCF7 and MCF12A cells. To the best of our knowledge, no
literature was found in relation to the combination of Lm and Dox.

Chapter 4

 258



Toxics 2021, 9, 24 23 of 32

Considering the phlorotannins, Pgh alone had a cytotoxic effect in MCF7 from the
concentration of 500 µM, and in MDA-MB-231 at 1000 µM. Our data corroborate a prior
study reporting that Pgh at 100 µM was not cytotoxic to MCF7 and SKBR3 cell lines [92]. At
the latter concentration, Phg suppressed cell migration and invasion in MDA-MB-231 cell
line [132]. At higher concentrations than those described here, Phg induced cytotoxicity
through caspases activation in MDA-MB-231 cell line [91].

In combination with Cis, two different effects were observed: in MDA-MB-231, Pgh
with Cis (20 µM) increased Cis cytotoxicity differing from the control, while in MCF12A,
the combination with Cis (1 µM) negatively affected this drug action, rescuing cell viability
to the control levels. Therefore, our results point to the possible protective and potentiating
effects of Cis, depending on the cell line and the concentration used. The literature is also
contradictory. On one hand, Pgh displayed a protective effect against Cis-induced cell
death in normal human urothelial and bladder cancer cells [133]. On the other hand, the
exposure with Phg before Cis treatment, sensitized the cell to this drug, enhancing its
cytotoxic effect in BC cell lines [92]. Phg also enhanced the tumoricidal effect of Cis in
ovarian cancer cells in a rodent model [134].

The combinations of Phg with Dox (0.01 µM) potentiated the effects of the drug in
MCF7, where the combination differed from the control and both the compound and drug
alone. A similar effect was observed with Dox (0.1 µM) in SKBR3, but did not differ from
the compound and drug alone. However, in MCF12A, the opposite effect was observed. In
the literature, we only found reports of the protective effects of Phg: cardioprotective agent
against doxorubicin-induced cardiotoxicity [135]. Some new Pgh derivatives reversed
multidrug resistance in Dox-induced resistant MCF7/Dox sublines [136]. This finding
agrees with ours, that is suggestive of Dox potentiation against MCF7 and calls for more
studies to refine what appears to be a promising interaction.

Due to the conflicting information in the literature in relation to the combination
of seaweed compounds with anticancer drugs, more studies are necessary to elucidate
both methodological aspects and mechanisms beyond these contradictory results. The
differences between our study and several others in relation to the cytotoxicity of seaweed
compounds can be justified by many possible reasons. First, some concentrations largely
differ, and, as we observed, different concentrations can trigger different responses within
the same model. Secondly, there are differences in the sources of compounds. We used
high purity commercial compounds, but most of the other studies used extracts from
different seaweeds species, with diverse extraction processing and certainly different
degrees of purity that could interfere with the results. Also, for some compounds, such
as Fc, the molecular weight was considered a critical factor for its anticancer activity,
and different fucoidans can present different molecular weights [137]. Similarly, the
hepatoprotective effects of phlorotannins against Dox-induced cytotoxicity were related to
the molecular weight of phlorotannins [138]. Thus, for these cited compounds, and possibly
for others, the specific chemical characteristics can determine the biological effect and
their bioavailability. Beyond chemistry and experimental procedures, even the statistical
analyses follow different options that influence the acceptance/rejection of hypotheses
and conclusions.

From the five tested compounds, Fct had the most promising results. Fct alone at
10 µM induced cytotoxicity effects in the three BC cell lines, not affecting the non-tumoral
cell line (MCF12A). Such pattern also existed in some other studies. Fct containing fractions
of seaweeds were cytotoxic for colon cell lines and T47D BC cell line, without cytotoxic
effects on the normal cell line [86]. Fct from lipid extracts of Antarctic seaweeds also
reduced cell proliferation and induced apoptosis in MCF7 and MDA-MB-231 cell line, but
these effects were not so evident in the non-tumoral cell line CHO [88].

Globally, and according to the present data and literature, Fct seemed to have less (or
even no) impact on the non-tumoral cell lines than in cancer ones. This notion goes beyond
breast cells. Indeed, besides colon cell lines [87], others reported that Fct exerted minimal
cytotoxicity in non-tumoral lung cell lines with IC50 >100 µM [139], therefore suggesting
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that Fct selectively impacts cancer cells. Conversely, Fct did not show any cytotoxicity in
the liver cancer cell line HepG2 at concentrations up to 100 µM [140].

For the Fct combination with drugs, we selected a non-cytotoxic concentration of the
former. The combination of Fct with Cis did not differ from the effects of Cis alone. Contrary
to our results, one study showed a synergistic anticancer effect of Fct in combination with Cis,
related to the expression of apoptotic and angiogenic genes, in ovarian cancer cell lines [141].

Differently, the combination of Fct with Dox enhanced cytotoxicity in MCF7 and MDA-
MB-231 cells. In both situations, the lowest Dox concentration did not have cytotoxicity
alone. Still, combined with Fct, the cytotoxic effects increased, differing from the control
and the compound and drug alone. In MDA-MB-231, the potentiation of Dox effects was
more evident, because Dox (0.1 µM) in combination with Fct (5 µM) differed from the
control, from Fct alone and almost doubled the impact of the drug alone. In SKBR3 the
same enhancement trend of Dox toxicity was observed, but without statistical significance.
By the opposite, in MCF12A cell line, the combination of Fct with Dox increased cell
viability suggesting a protective effect against Dox action.

Notably, the most promising combination involving Fct was noted in the MDA-MB-
231 cell line, representative of TNBC. From our data, Fct seems to be a promising drug
adjuvant in this type of BC type. Owing to the lack of ER, PR, and HER2 receptors, which
are nowadays the available BC target therapies, TNBC presents poor prognosis, being the
systemic chemotherapy (often using Dox) the mainstream treatment [142–144]. Despite the
advancement of molecular technologies that identified TNBC as a disease with intrinsic
molecular and immunological heterogeneity, recognizing the variety of clinical phenotypes
and revealing several putative biomarkers in TNBC, some of them already used in clinical
approach, there is necessary preclinical and clinical research mainly for resistant popula-
tion in order to improve the development of new therapeutic strategies [145,146]. Drug
resistance is also a major problem in the treatment of TNBC [147]. Thus, the investigation
of new drugs or drug adjuvants to boost cytotoxicity, overcome drug resistance or reduce
drug toxicity is of utmost importance. Indeed, it has been described that plant-derived
compounds in combination with classical chemotherapeutic agents were more efficient in
the treatment of TNBCs [112].

The most promising combination determined here was further explored, moving
to what we called Phase 3, where another set of experiments was performed, including
different types of assays for assessing cell viability (MTT and resazurin assays). Addition-
ally, BrdU assay was included to evaluate the effects on cell proliferation. The new set
of experiments was made in monolayer and, simultaneously, in multicellular aggregates
(MCAs), which are 3D cell cultures. It is expectable that the other combinations that had
no effect in monolayer would also have no effect in 3D culture, however, we cannot ensure
this is the case because we did not test it.

In 3D culture models, cells are not attached to a plastic surface. Conversely, they
form a three-dimensional cell arrangement. In the case of our study, the MCAs were
self-assembled due to the use of low-attachment plates, and they were not grown in any
matrix or scaffolds. These MCAs have cells in multilayers, which constitute a barrier to
the penetration of chemicals to be tested [148], and therefore MCAs are considered a more
realistic representation of an in vivo tumor for testing drug efficacy and toxicity [149]. For
this reason, we selected higher Dox concentrations to be tested in the MCAs, to guarantee
the drug effect.

The results obtained in this set of experiments (Phase 3) relative to monolayer cultures,
replicated the results of Phase 2 in terms of cell viability, thus reinforcing the value of
the obtained data. Both viability assays were concordant, because Fct alone did not
present cytotoxicity while Dox (0.1 µM) plus Fct continued to cause effect, that significantly
differed from the effects of both the compound and drug alone. Thus, Fct seemed to have
potentiated Dox’s cytotoxicity. We consider these data as impressive in terms of future
applications for cancer treatment, especially for TNBC: a low Dox concentration that alone
did not have an effect on cell viability, when combined with a non-toxic compound, in this
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case, Fct significantly decreased cancer cells’ viability. This triad Fct/Dox/TNBC deserves
further studies to explore the mechanisms involved in these interactions, namely using
a pathway-focused gene expression analysis and additional cell-based assays. As to the
latter, and because Fct may change the levels of reactive oxygen species (ROS) [87,141], the
fine balance of which is critical for cancer cells to thrive, the determination of ROS would
be a particularly relevant target in the future mechanistic assays.

Interestingly, the combination of Dox (0.1 µM) with Fct also had effects on cell prolif-
eration, being more effective in inhibiting cell proliferation than the compounds in single
exposure. Similar to what was seen in our study, Fct from two brown seaweeds induced
antiproliferative effects on the MCF-7 cell line but using much higher concentrations than
the ones applied here [150]. As we stressed earlier, factors such as the purity of freshly
obtained isolates may as well promote inter-assay variability.

Despite the promising effects that we observed in monolayer cultures, they were
not detected in 3D cultures. It was expectable that in 3D the same drug concentrations
did not induce the same degree of cytotoxicity than in monolayer, as 3D cultures seem
more resistant to drugs cytotoxicity [151,152], including Dox in 3D BC models [153,154].
Our results support this phenomenon. While in monolayer, Dox at 1 µM decreased cell
viability by more than 50%, in 3D, a similar effect was only observed when the MCAs
were exposed to Dox at 5 µM. The MCAs exposed to Dox from 0.1 to 2 µM did not
show significant differences neither in viability nor in proliferation assays. As to the cell
morphology, the qualitative stereomicroscopy and the measured areas corroborate the
results of the bioassays. Only the MCAs exposed to Dox at 5 µM presented loose structures,
correspondent to bigger areas. At this level, there were no differences between the drug
alone and the combination with Fct, at any concentration.

However, when MCAs were observed after processing for light microscopy analysis
and ICC, the drug effects started to be noticed at 1 µM, with a discrete but noticeable
increase of cells with a morphology that was compatible with apoptosis; presenting cell
shrinkage, nuclear condensation, chromatin margination, karyorrhexis, and putative apop-
totic bodies [155,156]. These morphological aspects were confirmed by the increase of
positive cells for caspase-3, indicating a higher number of apoptotic cells. With Dox at 2
µM, the effect was similar to Dox at 1 µM, but in the MCAs exposed to Dox at 5 µM the
number of apoptotic cells greatly increased-over 80% of the cells stained positively for
caspase-3. This high number of cells undergoing death caused a disaggregation of the
MCAs’ structure and subsequent increase in their areas. There were no observed differ-
ences between the MCAs exposed to the drug alone and those subjected to its respective
combination with Fct. As for cell proliferation, evaluated using Ki67, the control revealed a
higher number of Ki67 positive cells, preferentially located in the outer part of the MCAs.
In Dox and Dox combinations, there were still observed Ki67 positive cells, located in
the inner part of the MCAs and not in the outer zone. There were no observed evident
differences between Dox concentrations and even in Dox at 5 µM there were ki67 positive
cells. In BrdU assay, differences in cell proliferation were only observed in Dox 5 µM and
its combination with Fct.

From the structural evaluation in 3D culture, we conclude that the qualitative histology
complemented with ICC, is an important and useful tool for evaluating the cytotoxicity of
the tested drugs, as the effects were observable in more detail, revealing damages that were
neither detected by the stereomicroscopic images, and respective measurements of areas,
nor by the viability assays. Cell-based assays represent a technically simpler and quick way
of assessing drug effects, while histological and ICC analyses are more time-consumable,
require more equipment and know-how, and can be more expensive, especially due to the
reagents for ICC; yet, they can give information on the localization of the processes through
the MCAs. Furthermore, by using paraffin sections a great number of proteins related to
different outputs, such as stem cell, epithelial-mesenchymal transition, and senescence
markers can be detected. Our data calls for using histological analysis as an output to be
included in drug testing.
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5. Conclusions

This study tested the cytotoxic effects of five seaweed bioactive compounds (Asta,
Fc, Fct, Lm, and Phg) alone and in a range of combinations with the reference drugs (Cis,
Dox), in a panel of breast cell lines. We described concentrations in which the seaweed
compounds alone presented cytotoxic effects against the BC cell lines. Also, conditions
existed where a non-toxic concentration of the seaweed compound revealed potentiation or
inhibition of the drug’s cytotoxicity. The results did not unveil patterns, varying according
to the cell line, compound concentration used for the combination, and the drug in the
combination. The overall findings showed that seaweed compounds may have anticancer
effects against BC cell lines. However, studying and establishing an effective combinatory
therapy is complex, with variability between cell lines and the used compounds and
concentrations.

Among the tested compounds, Fct was the most promising compound concerning
higher anticancer activity. Alone, Fct induced cytotoxicity at low concentrations against
the three BC cell lines, without cytotoxic effects in the non-tumoral cell line. Also, in
combination with Dox, it enhanced the drug’s effect under certain conditions. The data
supported the importance of performing cytotoxicity screening in more complex culture
models, as the effects found in monolayer were not reproducible in 3D, at least using
the same bioassays. Our data stressed the importance of using other techniques, namely
histological analysis, and ICC, for better understanding the cytotoxic effects and underlying
mechanisms of seaweed bioactive compounds, alone and combined with drugs. Although
there were no effects in the 3D model, the mixture of Dox with Fct, especially in TNBC
needs further investigation, from increasing the concentration of Fct to recurring to other
technologies for delivery of both types of chemicals.
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Abstract: Fucoxanthin (Fx) is a carotenoid derived from marine organisms that exhibits anticancer
activities. However, its role as a potential drug adjuvant in breast cancer (BC) treatment is still
poorly explored. Firstly, this study investigated the cytotoxic effects of Fx alone and combined
with doxorubicin (Dox) and cisplatin (Cis) on a panel of 2D-cultured BC cell lines (MCF7, SKBR3
and MDA-MB-231) and one non-tumoral cell line (MCF12A). Fucoxanthin induced cytotoxicity
against all the cell lines and potentiated Dox cytotoxic effects towards the SKBR3 and MDA-MB-231
cells. The combination triggering the highest cytotoxicity (Fx 10 µM + Dox 1 µM in MDA-MB-231)
additionally showed significant induction of cell death and genotoxic effects, relative to control.
In sequence, the same combination was tested on 3D cultures using a multi-endpoint approach
involving bioactivity assays and microscopy techniques. Similar to 2D cultures, the combination of
Fx and Dox showed higher cytotoxic effects on 3D cultures compared to the isolated compounds.
Furthermore, this combination increased the number of apoptotic cells, decreased cell proliferation,
and caused structural and ultrastructural damages on the 3D models. Overall, our findings suggest
Fx has potential to become an adjuvant for Dox chemotherapy regimens in BC treatment.

Keywords: cisplatin; combinatorial therapy; doxorubicin; fucoxanthin; seaweed compounds;
triple-negative breast cancer

1. Introduction

Nature has always been a source of active substances for drug development, and
despite the advances in synthetic biology, most of the currently approved medicines are
based on natural products [1,2]. In fact, more than 60% of the anticancer drugs used in
clinical practice are derived from natural sources, including the well-known chemother-
apeutics doxorubicin (Dox), paclitaxel, vincristine and vinblastine [1,3]. In the last few
decades, there has been a growing interest in exploring the marine ecosystem for drug
discoveries [4,5]. Marine organisms yield a wide variety of bioactive compounds with
unique properties and promising potential for developing new anticancer drugs [6,7].
Recent data report that, so far, five marine-derived drugs have been approved for cancer
treatment [8], while 24 drug candidates are being tested in clinical trials [9].
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Among marine organisms, seaweeds (or macroalgae) bear a high content of phyto-
chemicals (e.g., carotenoids, polyphenolic compounds and polysaccharides) with promising
chemopreventive and chemotherapeutic properties towards several types of cancer, namely
breast cancer (BC) [10]. Interestingly, in Asiatic folk medicine, seaweeds have been used since
ancient times as potential weapons to treat BC [11]. Besides, some studies have also been
pointing out the benefits of dietary seaweed consumption on the prevention of BC [12,13].

Fucoxanthin (Fx) is one of the most abundant xanthophyll carotenoids of the ma-
rine environment that is mainly found in brown seaweeds such as the popular edible
algae Wakame (Undaria pinnatifida) [14,15]. This orange-colored pigment is known for
having distinct health-promoting activities, such as anti-inflammatory, antioxidant, antidi-
abetic, anti-obesity and anticancer effects in various types of cancers [16–22], including
BC [23]. The anticancer effects comprise proapoptotic, antiproliferative, antimetastatic and
antiangiogenic activities [24]. In BC cells, Fx increases apoptosis [14,22,23] and decreases
lymphangiogenesis [25].

BC is currently the most prevalent cancer and the leading cause of cancer-related
deaths amongst females worldwide [26,27]. In 2020, there were 2.3 million women di-
agnosed with this disease, accounting for 685,000 deaths globally [28]. BC comprises
tumors with high heterogeneity and a wide variety of histological and molecular features,
which translate into distinct biological behaviors and treatments [29]. According to the St.
Gallen International Breast Cancer Conference 2013, BC is classified into four molecular
subtypes: Luminal A, Luminal B, HER-2 overexpression, and triple-negative. These BC
subtypes are differentiated by the presence of estrogen receptor (ER), progesterone receptor
(PgR) and different expression levels of the human epidermal growth factor receptor 2
(HER-2) and antigen Ki67 [30]. Luminal A (ER+/PgR+/HER-2– with low ki67) and B
(ER+/PgR+/HER-2– with high ki67) subtypes present the lowest recurrence rates and the
best prognosis [30,31], being typically treated with hormonal therapy or a combination of
both chemotherapy and hormonal treatments [32]. The HER-2 overexpression subtype
(ER–/PR–/HER-2+) is linked with an aggressive phenotype and worse prognosis, however,
it is often successfully treated with HER-2 targeted therapies, such as trastuzumab and
pertuzumab [33]. The triple-negative BC (TNBC) subtype (ER–/PR–/HER-2–) accounts
for the poorest clinical outcomes due to its aggressive metastatic behavior and the lack of
targeted therapies, being chemotherapy the single treatment option currently available [34].
Despite being the most chemotherapy-responsive subtype, TNBCs still present the highest
recurrence and metastasis rate compared to other BCs [35].

Current neoadjuvant or adjuvant chemotherapy treatments for BC usually involve
the administration of reference anticancer drugs such as Dox, cisplatin (Cis), or paclitaxel
isolated or in combination regimens [36]. While commonly used, chemotherapy drugs can
cause severe adverse effects, as they induce cytotoxicity in non-target cells (non-tumorigenic
cells) [37]. For instance, Dox is normally associated with cardiotoxicity, myelosuppression,
intestinal epithelium lesions [36], and Cis can induce nephrotoxicity, neurotoxicity and
hearing impairments [38]. Additionally, the onset of multidrug resistance is still one
of the major hurdles of chemotherapy, being responsible for the death of many cancer
patients [37]. Therefore, strategies to overcome chemotherapy-associated limitations are in
need, encouraging the search for new anticancer drugs or adjuvant drugs.

In this vein, recent reports have shown that the combination of established anticancer
drugs with natural products, such as marine-derived compounds, can potentiate drug
efficacy and reduce the administered doses, causing the mitigation of the associated adverse
effects and preventing the onset of drug resistance [39,40].

Although data are scarce, a few studies tested the effects of Fx in combination with
conventional anticancer drugs such as 5-Fluorouracil [41], Imatinib [42] and Dox [43].
A recent review on the mechanisms of the anticancer effects of Fx and its combination
with chemotherapy drugs reported that generally the combinations were more effective
than either Fx or the drugs alone [44]. However, more mechanistic studies are required
to investigate the interactions of Fx with anticancer drugs and elucidate the processes
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underlying the combinatorial effects. Knowledge on this subject is of utmost importance
not only for oncological medicine, but also for the field of nutritional therapy, as seaweeds
can be included in diets or be consumed as dietary supplements [45].

Most of the existing data regarding the anticancer effects of Fx were obtained from
in vitro studies using monolayer cultures. Despite providing valuable information in the
scope of oncology drug discovery, 2D cell culture models present several limitations in
predicting drug activity and toxicity in vivo [46,47]. One of the main disadvantages of
these models is the lack of interactions between cell–cell and cell–extracellular environment.
These are usually found in solid tumors, affecting cell polarity and other related cellular
functions, including proliferation and differentiation, viability, apoptosis, proteins and
gene expression, response to stimuli, and drug metabolism [48]. Accumulating evidence
confirms that cells grown in a 3D physical shape have a better predictive capacity of in vivo
cellular responses than cells grown as a monolayer [49,50].

To make up for the current lack of information, this study aimed to: (1) evaluate the
cytotoxic effects of Fx alone and in combination with reference drugs—Cis or Dox—on
a panel of four 2D-cultured cell lines (three BC cell lines of different molecular subtypes
and one non-tumoral breast cell line); (2) select the combination with the most promising
cytotoxic effect and further investigate its effects in the respective 3D cell model; and
(3) explore some possible underlying anticancer mechanisms of that combination on both
cell models, using bioactivity assays and microscopy techniques.

2. Results
2.1. Phase 1—Cytotoxic Effects of Fx Alone in 2D Cell Cultures

The cytotoxicity of Fx was evaluated by the MTT assay after 72 h of exposure. Fucox-
anthin induced dose-dependent cytotoxic effects in all the tested cell lines at concentrations
equal to or above 10 µM (Figure 1). At 10 and 20 µM, Fx reduced the viability of MCF7,
SKBR3 and MDA-MB-231 cells to approximately 62 and 22%, respectively. For the MCF12A
cells treated with the same concentrations, the viability decreased to around 74 and 31%.
At the highest tested concentration (50 µM), Fx induced significant cytotoxic effects on all
the cell lines by reducing their viabilities to nearly 10%.
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Figure 1. Effects of Fx on the viability of MCF7 (a), SKBR3 (b), MDA-MB-231 (c) and MCF12A
(d) cells, assessed by the MTT assay after 72 h of incubation. Results are expressed as mean + standard
deviation of six independent experiments. Asterisks indicate significant differences relative to control
(* p < 0.05; ** p < 0.01; **** p < 0.0001).

2.2. Phase 2—Cytotoxic Effects of Fx Combined with Dox or Cis in 2D Cell Cultures

Considering the cytotoxicity data and the selection criteria defined in Section 4.4,
two concentrations of Fx and two concentrations of Dox and Cis were selected to be tested
in combination on the panel of BC cell lines. The effects of these mixtures and respective
isolated compounds on cell viability were determined by the MTT assay after 72 h.

Regarding the MCF7 and SKBR3 cells (Figure 2a,b), the drug Cis at 10 and 20 µM
markedly reduced the viability of both cell lines by 35% and 62%, respectively. Additionally,
all the combinations between this drug and Fx induced significant cytotoxic effects on both
cell lines in relation to the control group. Still, those effects did not differ from the ones
of the single compounds. Fx at 10 µM induced a significant cytotoxic effect on the SKBR3
cell line, either alone or in combination with Dox at 0.1 µM, resulting in a reduction in cell
viability of roughly 31% and 43%, compared to the control. Beyond that, the mentioned
combination was also found to cause significantly higher cytotoxicity than the compounds
alone, resulting in a cell viability loss of 12% in relation to Fx and 18% compared to Dox.

Results from the MDA-MB-231 cell line (Figure 2c) showed that Cis alone did not
induce statistically significant cytotoxic effects. However, the combination of Fx (1 or
10 µM) with Cis 20 µM decreased cell viability in relation to the control. Moreover, cells
treated with Dox alone at 1 µM as well as with the combinations Fx 10 µM + Dox 0.1 µM
and Fx 1/10 µM + Dox 1 µM also presented a statistically significant decrease in cell
viability compared to control cells. Noteworthy, the combination of Dox 1 µM with Fx
10 µM was the only one that remarkably decreased MDA-MB-231 viability to a percentage
that statistically differed from both Fx and the drug alone. This combination was able to
cause a reduction in cell viability of 73%, in relation to the control, and to increase Dox
cytotoxicity by approximately 26%.

In line with the one-way ANOVA analysis detecting differences between groups in the
MDA-MB-231 and MCF7 cell lines, the Holm–Bonferroni corrected t-tests comparing only
the Fx 10 µM with control (p < 0.05 and p < 0.001, respectively) indicated that Fx induced
statistically significant cytotoxicity in those cells.

Concerning the MCF12A cell line (Figure 2d), Fx at 10 µM exhibited significant
cytotoxic effects, reducing cell viability by 37% relative to the control group. Cytotoxicity
was also observed in cells exposed to Cis 1 µM combined with Fx 10 µM and to Cis 10 µM,
alone and combined with Fx 1 or 10 µM. Furthermore, Dox only significantly increased
cytotoxicity in MCF12A cells when combined with Fx 1 µM (Dox 0.1 µM) or Fx 10 µM (Dox
0.01 and 0.1 µM).
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Figure 2. Effects of Fx alone and in combination with Dox or Cis on the viability of MCF7 (a), SKBR3 (b), MDA-MB-231 (c) and
MCF12A (d) cells, assessed by the MTT assay after 72 h of incubation. Results are expressed as mean + standard deviation of
five independent experiments. Asterisks indicate significant differences relative to control (* p < 0.05; ** p < 0.01; **** p < 0.0001).
Square brackets indicate differences between conditions using t-tests with sequential Holm–Bonferroni corrections.

Given all the above results, the condition Fx 10 µM + Dox 1 µM tested in MDA-MB-231
cells was elected as the most promising combination since it showed the highest decrease
in cell viability, which statistically differed from the control and both the drug and Fx alone.
To explore the possible mechanisms of action underlying its cytotoxic activity, the nuclear
condensation and comet assays were performed in 2D cultures.

2.3. Phase 3—Effects of Fx Combined with Dox on Cell Death and DNA Damage in 2D
Cell Cultures

The effect of the selected combination and respective isolated compounds on the
induction of cell death in MDA-MB-231 cells was evaluated by the nuclear condensation
assay after 72 h of exposure. Statistical results (Figure 3a) showed that Fx alone did not
induce effects on cell death. On the other hand, Dox 1 µM and the combination Fx 10 µM +
Dox 1 µM markedly increased the number of cells with condensed nuclei (both around
13%), relative to control. Concordantly, when analyzing the images from the nuclear
condensation assay (Figure 3c), it was noted that those conditions exhibited a higher
number of cells with condensed nuclei, as compared to Fx and the control.

Effects on DNA damage (strand breaks) were determined by the alkaline version of
the comet assay following 2 h of exposure. According to the statistical results (Figure 3b),
Dox alone and in combination with Fx showed a significant increase in DNA damages
compared to the control, accounting for a tail intensity of 26% and 21%, respectively. In
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both conditions, it was observed an increase of fluorescence intensity in the comet tail
(Figure 3d). In contrast, both the control and Fx-treated groups presented a low level of
DNA damages, as the DNA of most cells occurred as a nucleoid with no or a small tail.

Molecules 2021, 26, x 6 of 26 
 

 

 

Figure 3. Effects of Fx alone and in combination with Dox on the cell death (a,c) and DNA damage 

(b,d) of the MDA-MB-231 cell line, assessed by the nuclear condensation and comet assays, respec-

tively. Images illustrate the induced cell death (b) and genotoxic effects (d). The white arrowheads 

indicate the cells with condensed nuclei. Results are expressed as mean + standard deviation of three 

to five independent experiments. Asterisks indicate significant differences relative to control (* p < 

0.05; **** p < 0.0001). Scale Bar: 100 µm. 

2.4. Phase 4—Effects of Fx Combined with Dox in 3D Cell Cultures (Multicellular Aggregates-

MCAs) 

2.4.1. Cytotoxic Effects 

The most promising combination in the 2D cell culture screening (Fx 10 µM + Dox 1 

µM) was selected to be tested in 3D culture. Additionally, combinations with higher con-

centrations of Fx (20 µM) and Dox (2 µM) were included, as well as a positive control for 

cytotoxicity (Dox 5 µM). Effects on cell viability were assessed by two assays: MTT and 

LDH. 

According to the MTT assay (Figure 4a), Fx alone did not present effects on cell via-

bility in MDA-MB-231 MCAs. Doxorubicin (≥2 μM) and respective combinations showed 

cytotoxicity, with cell viabilities under 55% in relation to the control. At 1 µM, Dox alone 

did not significantly affect cell viability, but in combination with Fx 10 µM, it statistically 

differed from the control and the drug, causing a decrease in 22% of cell viability in rela-

tion to the drug and 30% in relation to the seaweed compound alone. As for the other 

combinations with higher Fx and Dox concentrations, they did not statistically differ from 

Dox alone. 

In the LDH assay (Figure 4b), Fx alone did not present cytotoxic effects on the MDA-

MB-231 MCAs. The same was observed after exposure to Dox 1 µM (alone and combined) 

and Dox 2 µM (alone and combined with Fx 10 µM). The conditions that presented higher 

LDH release, differing from the control and indicating high cytotoxicity, were Dox 2 µM 

combined with Fx 20 µM (56%) and Dox 5 µM (77%). 

Figure 3. Effects of Fx alone and in combination with Dox on the cell death (a,c) and DNA damage (b,d) of the MDA-MB-231
cell line, assessed by the nuclear condensation and comet assays, respectively. Images illustrate the induced cell death
(b) and genotoxic effects (d). The white arrowheads indicate the cells with condensed nuclei. Results are expressed as
mean + standard deviation of three to five independent experiments. Asterisks indicate significant differences relative to
control (* p < 0.05; **** p < 0.0001). Scale Bar: 100 µm.

2.4. Phase 4—Effects of Fx Combined with Dox in 3D Cell Cultures (Multicellular Aggregates-MCAs)
2.4.1. Cytotoxic Effects

The most promising combination in the 2D cell culture screening (Fx 10 µM + Dox 1 µM)
was selected to be tested in 3D culture. Additionally, combinations with higher concentrations
of Fx (20 µM) and Dox (2 µM) were included, as well as a positive control for cytotoxicity
(Dox 5 µM). Effects on cell viability were assessed by two assays: MTT and LDH.

According to the MTT assay (Figure 4a), Fx alone did not present effects on cell
viability in MDA-MB-231 MCAs. Doxorubicin (≥2 µM) and respective combinations
showed cytotoxicity, with cell viabilities under 55% in relation to the control. At 1 µM,
Dox alone did not significantly affect cell viability, but in combination with Fx 10 µM,
it statistically differed from the control and the drug, causing a decrease in 22% of cell
viability in relation to the drug and 30% in relation to the seaweed compound alone. As for
the other combinations with higher Fx and Dox concentrations, they did not statistically
differ from Dox alone.

In the LDH assay (Figure 4b), Fx alone did not present cytotoxic effects on the MDA-
MB-231 MCAs. The same was observed after exposure to Dox 1 µM (alone and combined)
and Dox 2 µM (alone and combined with Fx 10 µM). The conditions that presented higher
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LDH release, differing from the control and indicating high cytotoxicity, were Dox 2 µM
combined with Fx 20 µM (56%) and Dox 5 µM (77%).

1 

 

 

 

 

 

Figure 4. Effects of Fx alone and in combination with Dox on the cell viability of MDA-MB-231 MCAs, assessed by the
MTT (a) and LDH (b) assays after 96 h of incubation. The percentages of cell viability and LDH release are relative to the
control and presented as mean + standard deviation of five independent experiments (each in triplicate). Asterisks indicate
significant differences relative to control (* p < 0.05; ** p < 0.01, *** p < 0.001; **** p < 0.0001). Square brackets indicate
differences between conditions using t-tests with sequential Holm–Bonferroni corrections.

2.4.2. Stereomicroscopic Analysis and Area Measurements

MCAs were monitored throughout the exposure by regular observation under a
stereomicroscope (Figure 5a), and photographs of each MCA were taken at the end of the
exposure period (96 h). To explore the single and combinatory effects of Fx and Dox on the
MCAs morphology, the areas of each MCA were measured by the AnaSP software. Results
indicated that only the MCAs exposed to Dox 5 µM presented a significant increase in area,
compared to control (Figure 5b).
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Figure 5. Representative stereomicroscopic images of MDA-MB-231 MCAs exposed to Fx (10 and
20 µM) and Dox (1, 2 and 5 µM), alone and combined, for 96 h (a). MCAs area measurements
are expressed as median, maximum, minimum and interquartile range (Q3–Q1) of four to six
independent experiments (b). Asterisks indicate significant differences relative to control (* p < 0.05).
Scale bar: 500 µm.

2.4.3. Structural and Ultrastructural Analysis

At the end of the exposure time, MCAs from all tested conditions were fixed, and pro-
cessed for light and electron microscopy. Paraffin sections were submitted to Hematoxylin-
Eosin (HE) staining for assessing the general morphology and for Immunocytochemistry
(ICC) analysis to study the apoptotic and proliferative status of the MCAs. Additionally,
semithin and ultrathin sections of epoxy-embedded MCAs were obtained to analyze the
ultrastructural changes caused by the compounds.

HE Staining

Observation of the HE-stained MCAs (Figure 6) revealed that most MCAs presented a
compact structure. This compactness was gradually lost in the exposure conditions of Dox
2 µM > Fx 20 µM + Dox 2 µM > Dox 5 µM. There was a total disaggregation of the MCAs
exposed to Dox 5 µM when collecting them for fixation and processing. In all MCAs, there
were some cells with hyperchromatic or pyknotic nuclei; however, these features were
more evident in Dox 2 µM (alone and combined) and Dox 5 µM.

A higher degradation of the MCAs structure was noticed in the aggregates exposed to
the combinations of Fx with Dox, when compared to MCAs treated with the drug alone,
especially in the mixtures with Dox plus Fx 20 µM. These MCAs revealed an increased
number of cells with an apoptotic morphology comprising pyknotic nuclei, and/or nuclear
fragmentation. At the combination of Fx 20 µM with Dox 1 µM, it was observed a marked
increase in cellular eosinophilia. The same was not so evident in the combination of Fx
20 µM with Dox 2 µM. No necrotic cores were observed in the sectioned MCAs.
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Figure 6. Representative histological images of the MDA-MB-231 MCAs exposed to Fx (10 and
20 µM) and Dox (1 and 2 µM), alone and combined, for 96 h. Dox 5 µM was included as a positive
control. MCAs from at least three independent experiments were sectioned and stained with HE
staining. Scale bar: 100 µm.

ICC

An ICC analysis was performed on the MCAs from all the tested conditions, and the
correspondent percentages of positive cells for caspase-3 and ki67 are displayed in Figure 7.
About caspase-3 (Figure 7a), the control MCAs presented, on average, 15% of positive cells,
revealed by brown staining in the cytoplasm of apoptotic cells (Figure 8). Fucoxanthin and
Dox 1 µM alone did not differ from the control. However, when Dox 1 µM is combined
with Fx 10 and 20 µM, statistical differences relative to control were found, presenting
a significantly higher number of apoptotic cells. Additionally, Dox 2 µM alone and in
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combinations with Fx, statistically differed from the control. Still, only the combination of
Fx 20 µM + Dox 2 µM differed from the control and both compounds alone, presenting an
increase of 23% of positive cells relative to Dox 2 µM alone. Figure 8 shows representative
images of these conditions immunomarked with caspase-3. Most cells of the MCAs exposed
to Fx 20 µM + Dox 2 µM are brown stained, contrasting with the control where the brown
staining is restricted to a small number of cells distributed throughout the MCAs. The
conditions Fx 20 µM + Dox 2 µM and Dox 5 µM showed marked apoptotic effects as the
percentages of positive cells for caspase-3 were five times higher than the control.

Regarding the ki67 proliferation marker (Figure 7b), there was an opposite trend as
the number of positive cells decreased with the compound’s concentration increase. The
control MCAs showed, on average, 23% of immunomarked cells, corresponding to the
brown color in the nucleus (Figure 8). The ki67 positive cells were distributed in the MCAs
without any preferential localization. Fx alone did not differ from the control, however, the
combination of Fx 20 µM with Dox 1 µM showed a decrease in the number of proliferating
cells (8.5% on average) that not only differed from the control but also from both Fx 20 µM
(18%) and Dox 1 µM (16%) alone. Representative images of ki67 immunostaining relative
to this combination are given in Figure 8. Dox 2 µM (alone and combined) and Dox 5 µM
differed from the control, showing fewer ki67-positive cells.

1 

 

 

 

 

 

Figure 7. ICC against caspase-3 (a) and ki67 (b) in MDA-MB-231 MCAs exposed to Fx alone and in combination with Dox
for 96 h. Dox 5 µM was included as a positive control. The results are expressed as absolute percentages and presented as
mean + standard deviation of three independent experiments. Asterisks indicate significant differences relative to control
(* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). Square brackets indicate differences between conditions using t-tests
with sequential Holm–Bonferroni corrections.
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Figure 8. Representative images of ICC against caspase-3 and ki67 in the MDA-MB-231 MCAs
exposed to Fx (20 µM) and Dox (1 and 2 µM), alone and combined, for 96 h. Brown staining
corresponds to positive immunomarking. Scale bar: 100 µm.

Transmission Electron Microscopy (TEM)

The observation of the MCAs semithin sections revealed a subset of cells with high
cytoplasmic lipid content. These cells were present in all tested conditions, even in the
control group (Figure 9a,b). The study of the MCAs ultrathin sections confirmed a high
amount of lipid droplets in some cells (Figure 9c). Generally, cells possessed very irregular
nuclei, a cytoplasm rich in organelles, constituted mainly by Golgi apparatus, rough
endoplasmic reticulum cisternae and irregularly shaped mitochondria (Figure 9c,d).
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Figure 9. Representative images of semithin (a,b) and ultrathin sections (c–h) of MDA-MB-231
MCAs after 96 h of incubation. Golgi ap.—Golgi apparatus; LD—lipid droplets; Mi—mitochondria;
Nu—nucleus; RER—rough endoplasmic reticulum. The arrows indicate the autophagic vacuoles and
arrowheads point to the electron-dense granular deposits around lipid droplets.

Figure 9e–h illustrate the ultrastructural changes found in the most promising combi-
nation (Fx 10 µM + Dox 1 µM).

The MCAs exposed to Dox alone and Dox combined exhibited cells with dense bodies
and pleomorphic autophagic vacuoles (Figure 9f–h), which were more pronounced at the
tested conditions that contained Dox 2 µM and Dox 5 µM.

The MCAs exposed to Fx displayed lipid droplets too, but with a lower electron
density when compared to those of the control and Dox alone. In these latter conditions,
lipid droplets appeared as denser structures. Additionally, in the Fx exposed cells, there was
a deposition of fine granular electron-dense material around the lipid droplets (arrowheads
in Figure 9e,g,h). These deposits existed in all tested conditions that involved Fx, being
more evident at Fx 20 µM.
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The MCAs treated with the combinations of Fx and Dox presented the same alterations
observed in the MCAS exposed to each compound alone.

3. Discussion

Fucoxanthin has been considered as a promising anticancer compound. However,
most of the available data regarding its effects derive from in vitro studies performed in
2D cultures, and its underlying mechanisms of action are not fully elucidated. Apart from
this, there are just a few studies about its combinatory effects with reference anticancer
drugs, especially in BC. Thus, our study aimed to bring new insights into the effects of Fx
alone and in combination with two reference drugs (Dox and Cis) in a panel of 2D-cultured
breast cell lines and investigate the most promising combination (Fx + drug) in a more
physiologically relevant in vitro model—the 3D cell culture. This study is the first to report
the effects of Fx in combination with a chemotherapy drug in a BC 3D model.

Considering 2D cultures, Fx exerted cytotoxicity in all the cell lines (tumoral and
non-tumoral) in a dose-dependent manner. Even though we found no studies in the
literature for the SKBR3 BC cell line, several authors have reported the cytotoxic activities
of Fx towards the MCF7 and MDA-MB-231 cells [14,23,51]. For instance, Rwigemera and
colleagues stated that Fx promotes a dose-dependent decrease in the metabolic activity
of MCF7 and MDA-MB-231 cells, at similar concentrations to the ones used herein [14].
The cytotoxic effects of Fx in the non-tumoral cells are controversial in the literature, since
some authors claim the absence of Fx-induced effects on normal cells [21,52], while others
as de La Mare and coworkers, showed that Fx at 10 µM reduced the percentage survival of
MCF12A cells to around 71% [53]. Our results are in line with the latter one indicating that
Fx is not specific to tumor cells since MCF12A cells were also affected.

According to our results, Fx did not induce cell death nor DNA damage detectable
by the conducted assays. Nonetheless, some studies suggested that Fx caused apoptotic
and genotoxic effects in BC cells [14,23,51]. When analyzing the existing reports, we
noted that apart from the differences in the BC cell lines tested, some used different
culture conditions, higher concentrations of Fx, different exposure times, and/or distinct
experimental methods for analyzing cell death and DNA damage.Besides, the used alkaline
version of the comet assay only detects strand-breaks and alkali-labile sites [54], not
excluding that other DNA damages might occur. All these factors might explain the
divergent outcomes compared to our study.

Regarding the individual effects of the drugs in 2D cultures, Cis reduced the viability
of all cell lines except the MDA-MB-231 cells. These results suggest that MDA-MB-231 is
more resistant to Cis than other BC cell lines, as Leon-Galicia and colleagues reported [55].
Differently, Dox only showed cytotoxicity in MDA-MB-231 cells at the highest tested
concentration. In agreement, other authors also reported cytotoxicity in the MDA-MB-231
cell line at the same Dox concentration [56]. Dox cytotoxicity seems to be correlated to
the increase of DNA damages and consequently induction of cell death in MDA-MB-231
cells, concordantly with other reports with the same cell line [57,58]. Dox is known for
causing DNA damage through several different mechanisms (e.g., DNA intercalation,
topoisomerase II inhibition, ROS induction), which can trigger cell cycle arrest, impairment
of mitochondrial function and cell death [59,60].

Drug combinations bring several benefits in cancer treatment as they might, for instance,
increase drug efficacy, decrease drug resistance and reduce the adverse effects. In this
scenario, the combination of anticancer drugs with natural compounds has been reported
in some clinical trials as a promising chemotherapeutic strategy [61]. In this study, the
drug concentrations used in the combinatorial experiments were clinically relevant as they
were similar to plasmatic concentrations found in oncological patients after intravenous
infusion [62]. Besides, they were in line with other studies that used BC lines [63,64].

Our results showed that the combination of Fx with Dox promotes greater cytotoxic
effects than each of the compounds separately on the SKBR3 and MDA-MB-231 cell lines.
Interestingly, the most promising anticancer effects were noted for the combination Fx
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10 µM + Dox 1 µM in the MDA-MB-231 cell line, representative of TNBC, the BC subtype
where chemotherapy with drugs like Dox is the unique treatment option.

Recent reports have assessed the effects of Fx combined with conventional drugs in
several types of cancer (e.g., leukaemia and colon cancer) [42,44,65]. However, data is
almost non-existent in the context of BC, being, as far as we know, restricted to one study
performed by Vijay and colleagues [43]. The latter supports our results, showing that the
combination of Fx with Dox was more cytotoxic to MDA-MB-231 cells than the individual
compounds. Also, in our study, the combination of Dox with Fx promoted genotoxicity
and cell death in MDA-MB-231 cells, however, the effects were not different from Dox
alone. These findings do not fully explain the increased cytotoxicity registered for this
combination. One possible explanation for the observed effect might be the induction
of cell cycle arrest since it is one of the mechanisms induced by Fx in different cancer
cell lines [66,67]. Some reports also describe that the combination of carotenoids with
ROS-inducing anticancer drugs like Dox, can act synergistically, enhancing the toxicity of
the drug [68] which probably occur in this case, as Fx can also have a pro-oxidant action,
increasing ROS, and consequently triggering cell death pathways [17,69].

Regardless of the inconclusive mechanistic data reported in 2D, the most promising
combination was explored in a more complex cell model—3D MCAs. Although many
studies reported the effects of Fx in 2D cultures, in 3D cultures, as far as we investigated, the
literature is limited to four studies [53,70–72]. Only de la Mare and collaborators reported
Fx effects in a BC cell line cultured in 3D [53]. However, they aimed to test the impact of Fx
on the formation of mammospheres and not in already formed 3D BC cultures. The scarce
data on 3D cultures reinforces the need for more studies exploring the effects of Fx alone
and combined with the chemotherapy drugs.

It seems now consensual that 3D cell cultures are more resistant to drug treatments
and better translate organism-level realities [73,74]. That is why we prolonged the exposure
time in MDA-MB-231 3D cultures and tested not only the most promising combination in
2D, but also higher Fx and Dox concentrations alone and in combination.

In the MTT assay, effects on cell viability were observed at Dox 1 µM only when com-
bined with Fx, and at higher concentrations of Dox, alone and combined. Otherwise, in the
LDH assay, cytotoxic effects were only observed in two conditions: Fx 20 µM + Dox 2 µM
and Dox 5 µM. The used viability tests (MTT and LDH) are both colorimetric assays, although
they are based on two different approaches. The MTT assay relies on mitochondrial metabolic
activity [75], while the LDH test evaluates plasmatic membrane integrity through the quan-
tification of the LDH released from damaged cells [76]. MTT assay detected differences in
cell viability at lower Dox and Fx concentrations, while in LDH, only higher concentrations
differed from the control. Thus, the differences in the detected cytotoxicity can be related
to the different targets of these assays. The cytotoxic effect of the combination Fx with Dox
obtained by the MTT, in 3D cultures, lined up with the results from 2D cultures.

A previous study from our group showed similar results to Dox’s cytotoxicity in
MDA-MB-231 cells [77]. Other authors tested Dox’s concentrations that were from 10 [53]
to 100 [78] times higher than the ones applied in our study, and surprisingly did not induce
greater cytotoxicity.

Furthermore, the morphological evaluation by stereomicroscopy only revealed a
significant increase in the area of the MCAs treated with the highest cytotoxic condition.
Thus, no significant variations were detected for the conditions with a lower cytotoxicity
degree, showing that the evaluation of the MCAs areas alone has not enough sensibility to
detect cytotoxic effects.

The histological analysis of the HE-stained MCAs supports the results of the MTT
assay. It was observed a deterioration in cell morphology of the MCAs treated with the
conditions that statistically differed from the control in MTT. Additionally, the MCAs that
revealed the highest degree of morphological damage presented cytotoxic effects that
statistically differed from the control in both cytotoxic assays.
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Apoptosis is widely used to evaluate the cellular response to a chemotherapeutic
agent [79], and caspase-3 is frequently employed as a biomarker of apoptosis [80]. The ICC
evaluation of caspase-3 expression showed that Fx alone did not differ from the control,
similarly to 2D results from the nuclear condensation assay. The combination of Fx with
Dox increased the percentage of caspase-3 positive cells in relation to the drug alone,
suggesting a possible pro-apoptotic effect of Fx. Previous studies also reported that Fx
induces apoptosis in several cell lines [18,23,61], even in 3D models [72]. However, due to
the non-existing data on the combined effects of Fx and Dox in 3D BC cultures, it was not
possible to compare our results in such situations.

Additionally, the results of ICC for caspase-3 and MTT in 3D were very similar, as both
experiments showed that Fx and Dox 1 µM alone did not present differences in relation to
the control, while Dox ≥ 1 µM in combination with Fx revealed differences that show cell
cytotoxicity and apoptosis induction. Once again, these findings reinforce the promising
effects of combining Fx with Dox.

The effects on cell proliferation were evaluated using ki67, a well-known prognostic
marker for BC [81], that is expressed in all phases of the cell cycle, except the G0 phase [82].
In 3D culture, Fx alone did not show effects on cellular proliferation, however, the combi-
nation of Fx 20 µM with Dox 1 µM augmented the drug effects, lowering cell proliferation
to nearly half of the percentage of the compounds alone. These results point to a possible
decrease in the cell proliferation caused by the combination of Fx and Dox. Still, further
evaluation of the cell cycle will be necessary to elucidate this topic.

The histological analysis complemented with ICC unveiled as a useful tool for evalu-
ating the cytotoxicity of the tested compounds, not only for corroboration of the cytotoxic
assays and verifying the proliferation and apoptotic status, but also to give a general view
of the morphology of the MCAs, verify the existence of necrotic cores, and correlate the
ICC markers with their localization into the MCAs. An additional advantage of processing
MCAs for paraffin embedding is the possibility of having the biological samples in a form
that can be stored indefinitely and generate sections for different ICC markers or even
extract genetic material for further studies.

The ultrastructural analysis revealed that MDA-MB-231 MCAs presented a pool of
cells with high lipid droplets content, not noticeable in paraffin sections due to lipid
dissolution during the processing. These lipid droplets were previously reported in this cell
line, and the authors described that the sub-population of highly enriched lipid cells was
related to stemness features [83]. In MCAs exposed to Fx (alone and combined), a lower
electron density of the lipid droplets was observed. Knowing that the electron density of
lipid droplets reflects fatty acid composition [84], this can indicate that Fx can influence
the composition of the lipid droplets. Additionally, it was noted a deposition of a granular
electron-dense material around the lipid droplets. The explanation of such changes needs
to be investigated, however, it could be related to lipidic trafficking as Fx is described as
a regulator of pathways related to fatty acid synthesis, lipolysis, and thermogenesis [85].
Indeed, the presence of lipid droplets is thought to be part of stress response to treatments,
regulation of proliferation, migration and survival of cancer cells [86]. The additional
presence of a great number of autophagic vacuoles in the cytoplasm indicates that Dox
induced autophagy in the MDA-MB-231 cell line, which agrees with a previous report [87].

In summary, our results indicated that Fx alone had cytotoxic effects in all the 2D-
cultured breast cell lines. In combination with Dox, Fx suggestively potentiated the drug
effect in SKBR3 and MDA-MB-231 cells, being these effects more pronounced in the
TNBC cell line. However, the mechanisms behind the enhanced cytotoxicity need further
elucidation, since in addition to DNA damage and cell death induction, other mechanisms
as cell cycle arrest, ROS induction and alteration of lipid metabolism may occur.

Besides being more resistant to Fx and Dox alone, 3D cultures also presented higher
cytotoxic effects in the combination of Dox with Fx, corroborating the 2D results. The cyto-
toxicity in 3D was supported by the morphological analysis (light and electron microscopy)
and ICC. Apart from increasing the number of apoptotic cells and lowering cell prolifera-
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tion, the combination of Fx and Dox damaged the MCAs histological structure and caused
ultrastructural alterations. These findings reinforce the utility of using a multi-endpoint
approach for evaluating the cytotoxic effects of compounds.

Our data from 2D and 3D cultures suggest that Fx has potential as a drug adjuvant
in TNBC treatment when Dox is applied for chemotherapy. Notwithstanding, more in vitro
and in vivo studies are necessary to explore the underlying mechanisms of action of Fx
and its combination with Dox.

4. Materials and Methods
4.1. Chemicals

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), 4′,6-
diamidino-2-phenylindole (DAPI), cisplatin, cholera toxin, doxorubicin, epidermal growth
factor receptor (EGFR), fucoxanthin, hydrocortisone, insulin, low and normal melting
agarose and triton X-100 were obtained from Sigma Aldrich (St. Louis, MO, USA). Dimethyl
sulfoxide (DMSO) was purchased from VWR Chemicals (Solon, OH, USA). Dulbecco’s
modified Eagle’s medium (DMEM) high glucose without glutamine and phenol red, fetal
bovine serum (FBS), streptomycin-penicillin and trypsin-ethylenediaminetetraacetic acid
(EDTA) solution were acquired from Biochrom KG (Berlin, Germany). Dulbecco’s modified
Eagle’s medium/Ham’s nutrient mixture F12 (DMEM/F12) medium without phenol red was
obtained from GE Healthcare (Chicago, IL, USA). All the other reagents and chemicals used
were analytical grade.

4.2. Stock and Exposure Solutions

Stock solutions of Dox and Fx were prepared in DMSO and the stock solution of Cis
was prepared in 0.9% NaCl solution. All stock solutions were kept at –20 ◦C before use,
except Cis stock solution that was kept at 4 ◦C for up to 1 month. Exposure solutions
were always prepared before experiments by diluting the appropriate volume of each
compound stock solution into the respective supplemented fresh culture medium (DMEM
or DMEM/F12 medium, dependent on the cell line).

4.3. Cell Culture
4.3.1. 2D Cell Culture

The MDA-MB-231, SKBR3 and MCF12A cell lines were purchased from the American
Tissue Culture Collection (ATCC) and the MCF7 cell line was acquired from the European
Collection of Authenticated Cell Cultures (ECACC). MCF12A is a non-tumor breast cell
line, while the others are tumor cell lines representative of different BC subtypes: MCF7—
Luminal A; SKBR3—HER-2 subtype; MDA-MB-231—TNBC [88,89]. MCF7, SKBR3 and
MDA-MB-231 cells were cultured in high glucose DMEM deprived of phenol red and
supplemented with 10% of FBS and 1% of the streptomycin-penicillin solution. MCF12A
cells were cultured in DMEM/F12 supplemented with 20 ng/mL of EGFR, 100 ng/mL of
cholera toxin, 0.01 mg/mL of human insulin and 500 ng/mL hydrocortisone, 10% FBS and
1% of streptomycin-penicillin solution. All the cell lines were maintained as monolayer
cultures in T75 cm2 culture flasks (Orange Scientific, Belgium) and incubated under
standard cell culture conditions (37 ◦C, 5% CO2). When reaching approximately 80%
confluence, cells were subcultured using 0.25% trypsin/EDTA at 37 ◦C, counted in a
hemocytometer and assessed for their viability using the standard trypan blue staining
procedure. All experiments were conducted with cells at passages under 40.

4.3.2. 3D Cell Culture—Multicellular Aggregates (MCAs)

MCAs were formed in ultra-low attachment plates (Corning Inc., Corning, NY, USA)
as described in a previous report [90]. Cells were seeded at 40 × 104 cells/mL, 200 µL per
well, and MCAs were formed after 72 h of incubation at 37 ◦C, 5% CO2.
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4.4. Study Design

Experiments were conducted according to the study design represented in Figure 10.
First, in Phase 1, the cytotoxic effects of four concentrations of Fx (1; 10; 20 and 50 µM) were
screened by the MTT assay in the panel of breast cell lines cultured in 2D. Considering
the results obtained in Phase 1, two concentrations of Fx were selected to be tested in
combination with two reference drugs (Cis and Dox) in Phase 2 (Table 1). For each cell line,
one concentration of Fx was selected with no statistical effect on cell viability and another
that did not reduce the cell viability below 50% (on average). The drug concentrations
were chosen according to the results of a recent report [77]. Only the concentrations with
no effects or that did not affect cell viability by more than 50% were selected for our study.
As in Phase 1, in Phase 2 the cytotoxic effects of the combinations and respective isolated
compounds were also assessed by the MTT assay on the 2D-cultured breast cell lines.
According to the results obtained in Phase 2, we selected the most promising combination,
that is, the one with the highest cytotoxic effects that statistically differed from the control
and both isolated compounds. This combination and constituent compounds were further
explored in the respective cell line, during Phases 3 and 4. In Phase 3, the nuclear conden-
sation and comet assays were conducted on 2D cultures to study the potential mechanisms
behind the induced cytotoxicity. In Phase 4, the combination and respective individual
compounds were tested on 3D cultures at equal and higher concentrations than the ones
tested in the 2D cultures. The effects were evaluated using a combination of functional
and morphological methodologies, including cytotoxic assays (MTT and LDH assays),
stereomicroscopy, hematoxylin and eosin (HE) staining, immunocytochemistry (ICC) and
transmission electron microscopy (TEM).

Table 1. Tested concentrations of Fx, Cis and Dox in the combinatorial experiments.

Cell Line
Compound Fucoxanthin

(Fx)
Cisplatin (Cis) Doxorubicin (Dox)

MCF7

1; 10 µM 10; 20 µM 0.01; 0.1 µMSKBR3
MDA-MB-231 0.1; 1 µM

MCF12A 1; 10 µM 0.01; 0.1 µM

1 
 

 

Figure 10. Conts.
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1 
 

 
Figure 10. Schematic representation of the study design. HE: hematoxylin and eosin; ICC: immunohistochemistry and TEM:
transmission electron microscopy.

In all the experiments, control cells (negative control) were incubated in a culture
medium with 0.1% DMSO.

4.5. Exposures (Single or Combination) in 2D Cell Cultures
4.5.1. MTT Assay

Cells were seeded in 96-multiwell culture plates (Orange Scientific, Braine-l’Alleud,
Belgium) at a density of 0.5 × 105 cells/mL (100 µL/well) and left to adhere for 24 h.
Then, cells were exposed for 72 h to different concentrations of Fx alone (Phase 1) and in
combination with Dox or Cis (Phase 2). After the exposure, 10 µL (0.5 mg/mL) of MTT
stock reagent was added to the wells, and the microplate was incubated for 2 h at 37 ◦C, 5%
CO2. The medium was then removed, and the formazan crystals were dissolved in 150 µL
of DMSO under slight agitation for 30 min in the dark. Absorbance (A) was measured at
570 nm using a microplate reader Multiskan GO (Thermo Fisher Scientific, Waltman, MA,
USA). Results were expressed as % of cell viability relative to the control—an average of
five to six independent experiments performed in triplicate—and calculated according to
the following equation:

Cell viability (%) = (ASample ÷ AControl) × 100

4.5.2. Nuclear Condensation Assay

Cells were seeded (1000 µL/well) in 24-multiwell culture plates (Orange Scientific, Bel-
gium) at a density of 0.5 × 105 cells/mL and incubated for 24 h under standard cell culture
conditions. Cells were then exposed for 72 h to the most promising combination selected in
Phase 2 and respective isolated compounds. Briefly, both adherent and non-adherent cells
were collected, washed, centrifuged and fixated with 4% (w/v) paraformaldehyde (Sigma
Aldrich, St. Louis, MO, USA) in PBS. Then, cells were placed onto silane adhesive micro-
scope slides (VWR International B.V, Amsterdam, The Netherlands) by cytocentrifugation
using Shandon Cytospin 3 cytocentrifuge (Thermo Fisher Scientific, Waltham, MA, USA)
at 28× g for 5 min. Slides were incubated with DAPI staining solution (1 µg/mL) for
10 min in the dark and after incubation, at least 300 cells per sample were counted under a
fluorescence microscope (Olympus IX71, Tokyo, Japan) using the total magnification of
200× (20× objective lens plus 10× eyepiece lens). The results were expressed as percent-
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age of condensed nuclei—an average of three to five independent experiments, with one
replicate per condition—and calculated according to the following equation:

% Condensed nuclei = (No. cells with nuclear condensation ÷ No. total cells) × 100

4.5.3. Comet Assay

Cells were seeded at 0.5 × 105 cells/mL (1000 µL/well) in 24-multiwell culture plates
and allowed to adhere for 24 h, under standard conditions. Subsequently, cells were treated
for 2 h with the test conditions and by the end of the treatments they were washed with
PBS, trypsinized with 0.25% Trypsin/EDTA solution, collected and centrifuged at 1700× g
for 1 min using the Micro Star 12 microcentrifuge (VWR International, Pennsylvania,
USA). After centrifugation and removal of the supernatant, the cells were mixed with
0.5% (w/v) Low Melting Point Agarose and transferred to microscope slides previously
coated with 1% (w/v) Normal Melting Point Agarose. Slides were immediately covered
with glass coverslips (Thermo Fisher Scientific, Waltham, MA, USA) and maintained at
4 ◦C for 10 min. Then, the coverslips were removed, and slides were incubated in a lysis
solution [2.5 M NaCl, 100 mM Na2EDTA, 10 mM Tris Base, pH 10 plus 1% (v/v) Triton
X-100, pH 10] for 1 h, at 4 ◦C, to lysate the cells and release the DNA. Subsequently, slides
were washed with distilled water, transferred into a horizontal electrophoresis tank, and
immersed in electrophoresis buffer (300 mM NaOH and 1 mM Na2EDTA, pH ≥ 13) for
40 min at 4 ◦C for DNA unwinding. Electrophoresis ran for 20 min at 4 ◦C under a voltage
gradient of 1 V per cm (20 V). Following electrophoresis, slides were rinsed in distilled
water, dehydrated with absolute ethanol, and lastly air-dried. Before analysis, slides were
rehydrated in 25 mL of Tris-EDTA (TE) Buffer (Tris-HCl 10 mM and EDTA 1 mM) for
15 min under slight agitation, and then 20 µL of SYBR Gold (Thermo Fisher Scientific,
Waltman, MA, USA) was added to the TE buffer for DNA staining. Slides were incubated
for 30 min in the dark under slight agitation. After staining, slides were analyzed with a
Nikon Eclipse E400 microscope (Nikon, Tokyo, Japan) connected to an epi-fluorescence
illuminator Nikon C-SHG1 power supply for HG 100 W with 250×magnification (Semrock
SYBRGold-A-NQF filter, Rochester, NY, USA). Samples were analyzed by the Comet Assay
IVTM software (Perceptive Instruments, Haverhill, UK) and the parameter “tail intensity”
(percentage of DNA in the comet tail) was used to evaluate the DNA damages. A hundred
randomly selected nucleoids were analyzed per sample. Results were expressed as the
mean of three independent experiments, with one replicate per condition.

4.6. Exposures (Single or Combination) in 3D Cell Cultures

MCAs were exposed to Fx alone and combined with Dox for 96 h under standard
cell culture conditions. Cells treated with 0.1% DMSO and Dox 5 µM were included as a
negative and positive control, respectively.

4.6.1. MTT Assay

The MTT assay was performed as previously described for monolayer cultures, with
slight modifications. MCAs were incubated in the dark at 37 ◦C in a 5% CO2 atmosphere with
20 µL of the MTT stock solution per well for 4 h. After incubation, the MCAs were transferred
from the ULA 96-well microplates into 96-well flat-bottomed microplates and the medium
was removed. Formazan crystals were dissolved in 150 µL of DMSO and after 30 min under
slight agitation in the dark, absorbance measurements were performed. The cell viability
percentages were calculated according to the formula mentioned above. The results were
expressed as the mean of five independent experiments performed in triplicate.

4.6.2. Lactate Dehydrogenase (LDH) Assay

LDH assay was performed using the LDH Cytotoxicity Assay Kit (Enzo Life Sciences,
Lausen, Switzerland) according to the manufacturer’s instructions. The medium from the
treated conditions, high control (maximum LDH release by applying the lysis buffer) and
negative control wells were transferred to a flat-bottom 96-well microplate. Then, the working
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solution from the LDH kit was added and after the incubation period, the reaction was
terminated by the stop solution. Absorbance (A) was measured at 490 nm in a microplate
reader Multiskan GO (Thermo Fisher Scientific, Waltman, MA, USA). The results were
expressed as percentage of cytotoxicity based on the LDH release—mean of five independent
experiments performed in triplicate—and calculated using the following equation:

Cytotoxicity (%) = (Atest substance − Anegative control) ÷ (Ahigh control − Anegative control) ×100

4.6.3. Stereomicroscopic Analysis and Area Measurements

MCAs were photographed at the end of the exposure (96 h) using an Olympus
SZX10 stereomicroscope, equipped with a digital camera DP21 (Olympus, Tokyo, Japan).
Stereomicroscope images were analyzed by the free download AnaSP software [91] that
measured the MCAs areas. Results were expressed as the mean of four independent
experiments performed in triplicate.

4.6.4. Hematoxylin and Eosin (HE) Staining

MCAs were fixed, harvested, processed, embedded in paraffin blocks and ultimately
sectioned as previously described [77]. The obtained slides were selected and divided for
standard HE staining and immunocytochemistry (ICC). For HE, sections were deparaf-
finized in xylene (twice, 10 min each), rehydrated in descending alcoholic concentration
solutions (absolute ethanol, ethanol 95% and ethanol 70%, 5 min each) and rinsed in
running tap water. Then, sections were stained with Mayer’s hematoxylin (Merck, Darm-
stadt, Germany) for 2 min, rinsed in tap water, stained with eosin Y 1% aqueous solution
(Merck, Darmstadt, Germany) for 5 min and newly washed in tap water. Following the
HE staining, sections were dehydrated in absolute ethanol (thrice, 5 min each) and diapha-
nized in xylene (twice, 3 min each). Finally, slides were mounted using Coverquick 2000
mounting medium (VWR International, France). Representative images of MCAs sections
were taken using a DP21 camera (Olympus, Tokyo, Japan) linked to an Olympus BX50
microscope (Olympus, Tokyo, Japan).

4.6.5. Immunocytochemical Analysis

ICC was performed using ki67 and caspase-3 as proliferation [92] and apoptosis [93]
markers, respectively. Sections of the paraffin-embedded MCAs were deparaffinized and
hydrated as described for the HE staining protocol. The heat antigen retrieval step was
performed in a pressure cooker by placing the slides in boiling citrate buffer (0.01 M,
pH 6.0) for 2 min after reaching the maximum pressure. After cooling and rinsing with
distilled water, slides were immersed for 10 min in a solution of 3% hydrogen peroxide
in methanol to block endogenous peroxidase activity and rinsed in tris-buffered saline
(TBS, pH 7.6). Briefly, unspecific antibody binding was blocked for 5 min using the Protein
block reagent from the NovoLinkTM Max Polymer Detection System Kit (Leica Biosystems,
Nussloch, Germany) and the sections were rinsed with TBS (twice, 5 min each). Thereafter,
the sections were incubated for 2 h in a humidified chamber at room temperature with the
following primary antibodies: Rabbit monoclonal anti-Ki67, clone SP6 (Biocare Medical,
Pacheco, CA, USA), dilution of 1:200; rabbit polyclonal anti-caspase-3, ab 13847 (Abcam,
Cambridge, UK), dilution 1:5000. All the primary antibodies were diluted in PBS with 5%
bovine serum albumin (BSA) (Nzytech, Lisbon, Portugal). As a negative control, sections
were incubated in PBS with 5% BSA solution under the same conditions. After incubation,
sections were rinsed (twice, 5 min each) in TBST (TBS with 0.05% Tween 20) (Sigma Aldrich,
St.Louis, MO, USA), incubated for 30 min with the Post Primary solution from the kit and
again washed with TBST. Slides were incubated with the NovoLinkTM Polymer reagent
(30 min), washed in TBST (twice, 5 min each) incubated with DAB (3,3′-diaminobenzidine)
working solution from the kit for signal revelation (2 min) and rinsed in tap water. Lastly,
slides were counterstained with Mayer’s hematoxylin (Merck, Darmstadt, Germany) for
1 min, washed in tap water, dehydrated in ethanol, cleared in xylene and coverslipped
with Coverquick 2000 mounting medium (VWR International, Fontenay sous Bois, France).
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In every independent experiment, one representative image of a single MCA per test
condition was captured using an Olympus BX50 microscope (Olympus, Tokyo, Japan)
attached to a DP21 camera (Olympus, Tokyo, Japan). From those images, a quantification
of the percentage of positive immunomarked cells was calculated by superimposing a
grid for preventing the edging effects. A total of 200–800 cells were counted per condition
(fewer cells were counted in high cytotoxicity treatments due to cell loss).

4.6.6. Transmission Electron Microscopy (TEM)

MCAs were processed for TEM to assess their ultrastructural morphology. Fixation
was conducted with 2.5% Glutaraldehyde in Cacodylate buffer (0.15 M, pH 7.2) for 2 h, and
then the MCAs were washed twice in Cacodylatebuffer (30 min each). Post-fixation was
performed with 1% osmium tetroxide (Agar Scientific, Stansted, UK) in Cacodylate buffer for
2 h. MCAs were then washed with the same buffer and dehydrated in graded ethanol series
up to 100% (50% ethanol; 70% ethanol; 95% ethanol; absolute ethanol; absolute ethanol—30
min each). Until this step, all procedures were conducted at 4◦C. Then, MCAs were placed at
room temperature and the dehydrating agent was replaced for propylene oxide (Merck,
Darmstadt, Germany) (two baths of 30 min each). Following the resin impregnation, MCAs
were subjected to three mixtures of propylene oxide and epoxy resin with increasing resin
concentration (propylene oxide + epon 3:1; 1:1; 1:3—1 h each mixture) and ultimately
embedded in only resin (epon—1 h; epon—10 min at 60◦C). After, TEM blocks were obtained
by placing the MCAs in rubber molds and then tranferring them to the oven where they
stayed for 48 h at 60 ◦C for resin polymerization. Semithin (1.25 µm) and ultrathin (90 nm)
sections were obtained with a diamond knife (Diatome, Nidau, Switzerland) on an
ultramicrotome EM UC7 (Leica, Nussloch, Germany). Ultrathin sections were placed on 200
mesh hexagonal copper grids (Agar Scientific, Stansted, UK) and contrasted with 3%
aqueous uranyl acetate (20 min) (Merck, Darmstadt, Germany) and Reynolds’ lead citrate
(10 min) (Merck, Darmstadt, Germany). Grids were analyzed under an electron microscope
JEOL 100CXII (JEOL, Tokyo, Japan), operated at 60 kV, and photographs of representative
ultrastructural features were taken with the Orius SC1000 CCD digital camera (Gatan,
Pleasanton, CA, USA).

4.7. Statistical Analysis

The descriptive and analytical statistics were performed with Past3 (version 3.19)
freeware [94] and GraphPad Prism 6.0 software (GraphPad Software, La Jolla, CA, USA).
The normality and homogeneity of variance were tested by the Shapiro–Wilk and the Levene
tests, respectively. All the results were obtained from at least three independent experiments
and expressed as mean + standard deviation (SD), except for the MCAs areas that were
presented in median, maximum, minimum, and interquartile range (Q3–Q1). Significant
differences (p < 0.05) were assessed by one-way ANOVA, followed by the post hoc Holm–
Šídák multiple comparison test. In selected cases, the significance of the difference between
two groups of interest was tested using the Student’s t-test together with the sequential
Holm–Bonferroni correction. The latter was applied via a free spreadsheet calculator [95,96].
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Chapter 6 - General Discussion 
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6.1. What is this thesis about? 

This thesis was dedicated to studying the bioactive effects of selected marine-derived 

compounds - preussin, as isolated from a sponge-associated fungus, and six seaweed 

compounds - alone and combined with chemotherapy drugs on a panel of breast cell 

lines cultivated in 2D. For this purpose, we selected a panel of BC cell lines 

corresponding to the main subtypes of BC: MCF7 (luminal A); SKBR3 (HER-2 

overexpression), and MDA-MB-231 (TNBC). Additionally, we included a non-tumoral cell 

line (MCF12A) for comparative purposes. The selection of the seaweed compounds was 

made to include compounds of different chemical classes: (a) carotenoids: astaxanthin 

(Asta) and fucoxanthin (Fx); (b) polysaccharides: fucoidan (Fc) and laminarin (Lm); (c) 

sterols: fucosterol (Fct); and (d) phlorotannins: phloroglucinol (Phg). By including 

different chemical classes, we could have a broader view of the effects of seaweed 

compounds on BC cells and evaluate which class could be more interesting in terms of 

single and combined exposures with chemotherapy drugs. For the chemotherapy drugs, 

we selected two currently used in clinical practice to treat BC: Doxorubicin (Dox) and 

Cisplatin (Cis). In addition to the 2D culture studies, the most promising combinations 

(seaweed compound + drug) were also evaluated in 3D cell cultures. This multitude of 

combinations gave us a broad scenario of the cytotoxic effects of these compounds on 

the BC cell lines. 

 
6.2. What were the new aspects tested in this thesis? 

As far as we know, this is the first study that reports on a panel of breast cell lines: (a) 

characterization of the 3D cell culture models using morphometric, morphological, and 

immunocytochemical approaches; (b) cytotoxic and antiproliferative effects of preussin 

in 2D and 3D cell culture; (c) cytotoxic effects of seaweeds compounds belonging to 

different classes (alone and combined with Dox and Cis) in 2D cell culture; and (d) the 

cytotoxic and antiproliferative effects of Fct and Fx alone and combined with Dox in 3D 

cell culture. 

 
In the literature, few studies on BC cell lines tested seaweed compounds combined with 

a chemotherapy drug (Zhang et al., 2013, Vijay et al., 2018, Fouad et al., 2021), and all 

rely only on 2D cell cultures. Here, we made a step forward by evaluating the most 

promising combinations selected on monolayer culture (Fct + Dox and Fx + Dox) in 3D 

cell culture, using a multi-end approach consisting of cell-based assays for exploring the 

cytotoxic effects (at least two different ones), and other morphological outputs including 
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area measurement, histology, immunocytochemistry (ICC), and ultrastructural analysis 

by transmission electron Microscopy (TEM).  

 
6.3. How were obtained the 3D cell cultures? What were the advantages and 

disadvantages of the method used? 

To assess the effects of the selected marine-derived compounds in 3D cell culture, we 

first obtained and characterized the 3D cell cultures of the breast cell lines, which 

consisted of the work presented in Chapter 2. 

 
The 3D cell cultures, here called multicellular aggregates (MCAs), were obtained using 

a scaffold-free stationary method, the ultra-low-attachment (ULA) plates. This technique 

was revealed to be a reasonably economical and practical solution when compared to 

other 3D methods. It was simple to perform and enabled the formation of the MCAs of 

the four used cell lines without adding medium supplements such as extracellular matrix 

components or viscosity-raiser compounds. As with any other laboratory procedure, it 

required optimization. This was partially described in the supplementary files of Chapter 

2, together with a table of tips and tricks to solve some problems during the obtention 

and analysis of the MCAs. In the optimization process, different densities and times in 

culture were tested, and the best conditions for each cell line were selected and used in 

the exposure experiments described in the following chapters. 

 
The ULA plates also brought some difficulties and disadvantages. First, during the plating 

of cells in the wells, if any small fiber or dust falls into the wells, the MCAs tend to form 

differently. The format of the MCAs followed the fibers' extension, not allowing the use 

of these MCAs in the exposures. Thus, we found it necessary to have extreme care when 

plating, maintaining the lid covering the areas that are not being used as much as 

possible. Another disadvantage is that, due to the wells' curvature, when performing 

techniques that require absorbance or immunofluorescence measurements, it was 

necessary to transfer the MCAs to flat-bottom plates. Besides being time-consuming, 

this step can also disrupt or damage some MCAs. Another aspect worth mentioning is 

that within the same cell line, and within each experiment, the formed MCAs were 

relatively uniform in shape and area. However, among different days of experiments, 

there were observed differences, not in the MCAs’ shapes but their areas, corresponding 

to different cell compaction mainly during 3 days of MCAs formation. These variations 

among experiments can be easily observed in the graphics in Figure 1 of Chapter 2. We 

propose that factors like the time of trypsinization, the time between the trypsinization 
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and the seeding, calibration of the plate during centrifugation, and different cell passages 

among experiments could explain these variations.  

 
Furthermore, we agree with other authors that it may be a low-throughput strategy as it 

generates a limited number of MCAs when compared to other techniques as is not 

amenable to automation of medium change without aspirating or damaging the MCAs 

(Katt et al., 2016, Jensen and Teng, 2020). However, in our experience during this work, 

it is a good option for laboratories wanting to start screening compounds in 3D. However, 

more improvements are required in this technology to make it a higher throughput 

technique. 

 
6.4. What were the main characteristics of the formed MCAs? 

The type of the formed MCAs depended on each cell line's characteristics, which is in 

line with previous descriptions (Froehlich et al., 2016, Gencoglu et al., 2018). To 

exemplify this, of the four used cell lines, two formed compact 3D structures (MCF7 and 

MDA-MB-231), and two formed loose ones (SKBR3 and MCF12A). The same number 

of cells was seeded for the three BC cell lines, and the SKBR3 formed the MCAs with 

bigger areas and loose structures. For MCF12A, the double number of cells were 

seeded, and the MCAs areas were not higher than the SKBR3. None of the formed 3D 

cultures was spherical. Contrarily, they were more oblate, discoid structures and the 

loose ones were even more flattened, which is very far from a spherical structure, as 

confirmed by the manipulation and histological sectioning. Thus, we opted not to call 

them spheroids and used the nomenclature MCAs, as this terminology embraces all 

formed 3D cell cultures. 

 
We reinforce here our opinion about the urgent need to uniform the nomenclature of 3D 

cell cultures through publication guidelines for scientists. If a generical term could be 

applied to all 3D cell cultures, we would suggest “multicellular aggregates”, as all 3D cell 

cultures correspond to a group of cells joined together to form an aggregate, 

independently of whether they are spherical or not, or if they correspond to compact or 

loose aggregates. We believe “spheroids” should only be used for compact spherical or 

nearly spherical models and not for other irregular-shaped and loose cell aggregates.  

 
According to the different techniques used in the thesis, our obtained MCAs do not fit in 

the classical 3-layered model proposed for the general structure of the 3D cell cultures, 

with a more proliferative outer layer, followed by senescent cells and an inner necrotic 

core (Edmondson et al., 2014, Costa et al., 2016). We only observed a central core with 

concentrated dying cells in some compact MCAs. Once again, relatively to the 
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nomenclature of this central core with dying cells, there is also a high degree of 

inconsistency, as most studies call it “necrotic core” (Mehta et al., 2012, Costa et al., 

2016), without assessing the type of cell death, or only using techniques for apoptosis 

detection. In the MCAs, we observed immunostaining and morphological aspects of both 

death processes, so we opted to call them apoptotic/necrotic core instead of just necrotic. 

 
Additionally, with ICC techniques, proliferating and dying cells were observed throughout 

all the MCAs, without preferential localization. This spreading may be a consequence of 

two main facts: first, the loose MCAs display more spaces among cells, and second, the 

oblate discoid shape increases the surface area and reduce the distance from the MCA's 

center of mass; both aspects facilitate the diffusion of the nutrients and oxygen and, as 

a consequence, prevent the formation of a hypoxic central region with a higher number 

of dying cells (Leung et al., 2015). 

 
The reality is that depending on methodology, the used cell lines, the medium used, and 

other factors, the 3D models can be quite different not only in terms of gross morphology 

but also in their inner structures and physiological status. For instance, MCAs may not 

present an apoptotic/necrotic core because cells have more access to nutrients and 

oxygen. Therefore, and despite their usefulness, we concur that the responses of these 

models to a different stimulus can be very different among different 3D models (Barbosa 

et al., 2022). 

 
As for the characterization, besides the described aspects related to the 3D shape, the 

compactness of the MCAs, and the presence of proliferating and dying cells, the other 

techniques (optical and electron microscopies, ICC) gave more information about the 

inner structure of the MCAs as well as the expression of other selected markers 

(AE1/AE3, Vimentin, E-cad, ER, PR, and HER-2). 

 
In a brief characterization summary of this study, all the cell lines in 3D expressed the 

epithelial marker AE1/AE3, and the mesenchymal marker vimentin was expressed in 

SKBR3 and MCF12A cell lines, which are generally in line with previous studies 

(Sommers et al., 1989, Holliday and Speirs, 2011, Bock et al., 2012, Sweeney et al., 

2018). We found in the literature many incongruences relative to the positive staining or 

absence of the tested markers, some support our results, and others contradict them.  

 
The MCF7 MCAs were the ones where we encountered aspects of cell differentiation, 

such as the expression of ER/PR (Sommers et al., 1989, Iglesias et al., 2013) and Ecad 

(Iglesias et al., 2013, Amaral et al., 2017), restoration of cell polarity and tissue 
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recapitulation features as the formation of acinar-like structures with an accumulation of 

secretory vesicles into the lumen MCAs, as previously described in other studies (Krause 

et al., 2010, D'Anselmi et al., 2013). TEM also showed high amounts of glycogen 

(Pelletier et al., 2012) and some lipid droplets (Abramczyk et al., 2015), as described in 

the literature. 

 
SKBR3 MCAs showed more than 80% of cells with complete and intense membrane 

immunostaining for HER-2. However, the published data only refers to the positivity for 

HER-2 without describing the percentage or the type of immunostaining (Neve et al., 

2006b, Iglesias et al., 2013). This cell line is also negative for E-cad (Iglesias et al., 2013). 

 
MDA-MB-231 MCAs were negative for ER, PR, and HER-2 consistently has been a triple 

negative cell line (Huang et al., 2020). In TEM, there were observed a high number of 

lipid droplets (Abramczyk et al., 2015) and dense multi-vesicular bodies, which seemed 

to be very characteristic of this cell line cultivated in 3D cell culture (Ivers et al., 2014). 

 
MCF12A cells were negative for ER and PR, and just a subset in the outer part of the 

MCAs was positive for E-cad. Both characteristics are controversial in the literature. 

Some describe MCF12A cells as positive for ER/PR (Dai et al., 2008, Marchese and 

Silva, 2012) and E-cad (Neve et al., 2006a, Sweeney et al., 2018), while others declare 

negativity for ER/PR (Neve et al., 2006a, Sweeney et al., 2018) and E-cad (Lombaerts 

et al., 2006). TEM showed that these MCAs were the richest cells in terms of organelle 

content while also revealing some cells with lipid droplets, small glycogen deposits, and 

bundles of microfilaments dispersed around the nucleus or dispersed in the cytoplasm. 

Other studies that used this cell line for 3D cell culture with added Matrigel (Marchese 

and Silva, 2012, Weber-Ouellette et al., 2018) observed acini formation in 3D. In our 

study, with the ULA plates and without adding such compounds, no acini were observed, 

and there was only some membrane projection into the intercellular spaces. 

 
Knowing the structure of the MCAs, we can select if they are a good model for studying 

some particular topics. For instance, if the objective is to study cells’ response to hypoxic 

conditions, the loose MCAs or the MCAs that do not have a dead central core may not 

be a good model. The same can apply to the delivery of the compound. In theory, in 

loose MCAs the compounds do not encounter the same resistance to diffusion as in 

compact MCAs. From our experience, we believe it is essential to characterize the model 

well before using it to screen compounds. Only an excellent model characterization can 

be a reference to sustain interpretations when analyzing the compound exposure results. 
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6.5. What were the effects of the preussin on the panel of BC cell lines cultivated 

in 2D and 3D cell cultures? Are they worth exploring further? 

Regarding the effects of preussin in 3D cell cultures, and to the best of our knowledge, 

the present study is the first to report cytotoxic effects in such in vitro model. We revealed 

high levels of preussin cytotoxicity at both tested concentrations (50 and 100 µM), in 2D 

and 3D cell cultures, in all tested cell lines (Chapter 3). Other studies have reported the 

cytotoxic effects of preussin in 2D cell cultures of different human cell lines with IC50 

varying between 2.3 – 4.5 µM (Achenbach et al., 2000) and 12.3 – 74.1 µM (Buttachon 

et al., 2018), including in the MCF7. In the latter, the estimated IC50 has varied from 3.7 

µM (Achenbach et al., 2000) to 53.6 µM (Buttachon et al., 2018). However, in the study 

of Achenbach et al., 2000, they used a different method for estimating the cell viability, 

by measuring the crystal violet dye retained by the cells after 48 h of exposure to preussin 

followed by incubation in a drug-free medium for another 48 h. While Buttachon et al., 

2018, also used the MTT assay, in similar conditions to the ones used here. 

 
Despite the relatively high concentrations tested, the marine fungal metabolites have 

demonstrated unique molecular traits that are very attractive as lead structures, so they 

should be further investigated (Gomes et al., 2015). Therefore, we propose to study 

further the impacts of preussin in selected cell lines, particularly by exploring 3D models 

and covering more concentrations. Moreover, other mechanisms of cell delivery could 

be equated and tested if preussin continues to evidence interesting anticancer activities.  

 
Notwithstanding, the obtention of this compound and others from natural sources is 

extremely laborious, time-consuming, and needs highly qualified technical skills and 

knowledge (Malve, 2016). Also, the yield of the purified compound is tiny (typically only 

a few mg), limiting the number of assays that can be devised, at least in a short period. 

Nowadays, it is possible to acquire synthetic preussin commercially, but only by custom 

synthesis, and the delivery times are high (months). In short, the supply prevents fast 

scientific advances. 

 
6.6. What were the effects of the seaweed compounds (alone or combined with Cis 

and Dox) on the panel of BC cell lines cultivated in 2D cell culture? 

Relatively to the seaweed compounds, we opted to use high-purity commercial ones, 

easier to obtain and with more quantity available for different experimental studies. 

Additionally, it is much easier to compare our results with other studies, as the source 

and purity of the compounds are the same. This cannot be said for seaweed-extracted 

compounds since the biological activity of a chemical can be altered by extraction 
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methods, solvent type, pressure and temperature, solvent-to-solid ratio, and dried 

seaweed particle size (Okeke et al., 2021). Even when comparing our results with other 

studies that used the same commercial compounds in similar concentrations, it was 

common to encounter very different results. From our experience and understanding, 

this finding can be related to a plethora of factors, such as variations related to the cell 

culture. These include culture medium and their supplementations, state of the cell line 

(for instance, the number of passages), different preparations of the stock and working 

solutions, storage of the compounds, times of exposure, and different methods for 

detecting the effects. All the mentioned factors can influence the differences in the 

obtained results. 

 
Compared with the literature, there are examples of these differences in the obtained 

effects among the seaweed compounds tested in this work (Chapters 4 and 5). However, 

in other cases, our results corroborated previous studies. For instance, Asta has been 

reported to induce apoptosis in BC cells in a wide range of concentrations, varying from 

2 (Vijay et al., 2018) to 100 µM (Karimian et al., 2022). We tested Asta up to 200 µM, 

and it did not affect the cell viability of any tested cell lines. Yet, others reported no 

cytotoxicity in other cell types, despite trying the same concentration range we used 

(Siangcham et al., 2020). Contrary, concerning the other carotenoid Fx, at 10 µM, it 

decreased the cell viability of all cell lines with a similar magnitude effect. This result 

matches others that used the same cell lines (Rwigemera et al., 2014, Vijay et al., 2018, 

Garg et al., 2019). 

 
The polysaccharides Lm and Fc reduced MCF12A cell viability only at the highest tested 

concentration (1,000 µg/mL). We did not find any study for Lm to compare with our data. 

Regarding Fc, studies that employed the same commercial chemical reported apoptosis 

induction at concentrations as low as 100 µg/mL in the MDA-MB-231 cell line (Chen et 

al., 2014) and reduced cell viability only at doses of 25 mg/mL in the same cell line (Li et 

al., 2019). 

 
Concerning Fct, most studies used Fct isolated from different seaweed species. The only 

work that used commercial Fct reported higher cytotoxic concentrations than our study, 

with IC50 of 125 µM in MCF7 (Jiang et al., 2018). Our findings show that Fct at 10 µM 

decreased cell viability of the three BC cell lines by about 30% in MCF7 and MDA-MB-

231 and 40% in SKBR3 cell lines, without effects in the non-tumoral MCF12A. However, 

the referred study does not mention the solvent used nor the percentage of solvent in 

cells. In our study, we could not raise the concentration of the exposure to Fct, more than 
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10 µM because of the solubility of Fct in DMSO and in a way not to exceed 0.1% of 

solvent in cells. 

 
Lastly, for Phg, in our study, cytotoxic effects were observed in MCF7 and MDA-MB-231 

cell lines at 1000 µM. In the literature, Phg at lower concentrations (such as 100 µM) 

showed suppression of metastatic ability without cytotoxic effects (Kim et al., 2015a) and 

sphere formations (Kim et al., 2015b); and these outputs were not tested in this work. 

 

6.7. Which were the most promising combinations of seaweed compounds plus 

drugs to be studied in 3D cell culture? 

When studying the combinations of a “seaweed compound + drug” in 2D cell culture, we 

considered them promising when the resulting cytotoxic effect significantly differed from 

the control and both compounds alone, suggesting an enhancement of the drug effect. 

In all BC cell lines, promising combinations existed, while none displayed enhanced drug 

cytotoxic effects in the non-tumoral cell line MCF12A (Chapters 4 and 5). 

 
The relevant combinations are summarized here, and the mean percentage of 

enhancement in relation to the drug alone is displayed in brackets. In MCF7 cell line: Fct 

5 µM + Dox 0.01 µM (15%) and Phg 10 µM + Dox 0.01 µM (15%). In SKBR3: Fc 50 

µg/mL + Cis 10 µM (28%) and Fx 10 µM + Dox 0.1 µM (17%). In MDA-MB-231: Fct 5 µM 

+ Dox 0.1 µM (46%) and Fx 10 µM + Dox 1 µM (19%). For each set of experiments in 

2D cultures, the two most promising combinations (that were the ones with the highest 

percentage of drug enhancement) were studied in 3D cell culture were: Fct 5 µM + Dox 

0.1 µM (46%) (Chapter 4) and Fx 10 µM + Dox 1 µM (19%) (Chapter 5). Interestingly, 

both were in the TNBC cell line (MDA-MB-231). 

 
Although both Fct and Fx seemed to enhance the cytotoxic effects of Dox, there were 

some relevant differences between the two situations. In monolayers, Fct 5 µM alone did 

not affect the viability of any cell line. Still, in combination with a low dose of Dox, it 

enhanced the cytotoxic drug effect and diminished cell proliferation. This combination 

was the one that revealed the highest Dox cytotoxicity enhancement observed in the 

experiments of this thesis. Another noteworthy finding with Fct alone is that it decreased 

the viability of the three tested BC cell lines at 10 µM while not affecting the non-tumoral 

cell line MCF12A. However, this enhancement was not observed in 3D cell culture. More 

resistance of 3D cell cultures to the tested compounds is well-documented in other drugs 

(Breslin and O'Driscoll, 2013, Nowacka et al., 2021). However, the opposite can also 

occur (Breslin and O'Driscoll, 2013). Likely, for Fct displaying in 3D the same 
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enhancement of Dox observed in 2D cell culture, it would be necessary to use higher 

concentrations. 

 
This resistance can be related to the difficulty of drug diffusion caused by the multilayers 

of cells, the different gradients of nutrients, pH, and oxygen, and the presence of cells at 

various stages of proliferation, which also can affect sensitivity to drugs (Jo et al., 2018) 

Additionally, in 3D cell culture, an increment of extracellular membrane components can 

be secreted, and the cell-ECM interactions and spatial positioning of cells relative to the 

ECM can affect drug sensitivity to drugs (Law et al., 2021). 

 
However, Fx 10 µM enhancement of Dox effects existed in 2D and 3D cultures. In the 

3D cell culture, both Fx 10 µM and Dox 1 µM did not have cytotoxic effects, yet their 

combination significantly differed from the control and both compounds alone. The 

difference from the previous combination of Dox with Fct may be due to the different 

characteristics of the Fx compound which has a high polarity, making it rapidly absorbed 

into cancer cell organelles (Din et al., 2022). The lipid droplets' electron density 

decreased in the MCAs exposed to Fx (alone or in combination with Dox), and dense 

granular material was deposited around them, indicating mechanistic interferences in 

lipidic trafficking. 

 
6.8. Screening compounds in 3D – the importance of a multi-end point assay. 

This work compared 2D and 3D culture conditions and the responses to test compounds. 

In practical terms, the 3D cell culture, even using a relatively simple technique, is much 

more challenging, time-consuming, and less handy for performing cell-based assays. 

Furthermore, in the obtained results, 3D cell cultures were more resistant to effects, even 

to Dox. In Chapter 4, Dox at 1 µM decreased cell viability by more than 50% in 2D, but 

in 3D a similar effect was observed when the MCAs were exposed to Dox at 5 µM. This 

phenomenon has been reported before (Lovitt et al., 2018, Nunes et al., 2019). Similarly, 

one of the most promising combinations (Fct 5 µM + Dox 0.1 µM) and Fx 10 µM, which 

displayed a significatively cytotoxic effect in 2D cell culture, did not affect the viability in 

3D cell culture. All these findings support the notion that 3D cell arrangements may be 

more physiologically relevant models (Duval et al., 2017, Langhans, 2018). We believe 

that testing compounds in 3D, even in simple 3D culture models like the one used in this 

thesis, is a step forward in the drug discovery process in the sense that they can be 

useful to decipher some mechanisms of action of a given compound of interest and are 

easy to perform a screening study for selecting. 
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Additionally, when performing a screening compound in 3D cultures, we consider a multi-

end approach a valuable strategy to confirm and then further explore selected promising 

conditions. In this study, we did not rely only on viability assays and complemented the 

information by performing morphological and immunohistochemical studies. Relatively 

to this topic, after completing this work, we advise using, if possible, more than one 

viability assay, as they have different theoretical foundations and procedures, like MTT 

and LDH assay. MTT relies on mitochondrial metabolism (Prabst et al., 2017), while the 

LDH test evaluates plasmatic membrane integrity by quantifying the LDH released from 

damaged cells (Kumar et al., 2018). Accordingly, those tests have different sensitivities 

to detect cytotoxic effects. One advantage of using both tests in parallel is that they can 

be performed the same well. The reason is that the LDH technique requires only 50 µL 

of the culture medium for the assay, and the remaining medium can be used to dilute the 

MTT reagent. 

 
Our study draws attention to the relevance of morphology to a multi-end approach. The 

processing of the MCAs for optical and electron microscopies revealed several aspects. 

First, it allowed us to check the presence of an apoptotic/necrotic core, revealing aspects 

compatible with apoptosis and necrosis cell death processes. Secondly, it was possible 

to perform ICC and visualize the localization of several markers, especially the caspase-

3 and ki67 showing the death and proliferating status of the MCAs, and also allowing 

their quantification. The morphological and ICC results also contributed to the validation 

of the cell-based assays by showing a degree of cell damage that, in some situations, was 

not detected by the cell viability assays. One example is the case of preussin at 50 µM, 

that in different cell lines did not differ from the control using the viability assays. At the 

same time, the morphology revealed a quite considerable level of cell damage. Another 

important advantage is that the biological material stored in paraffin can be stored 

indefinitely at room temperature and can be used to further studies using other markers.  

 
Transmission electron microscopy (TEM) gave additional relevant information about the 

characteristics of the cells in 3D, revealing the content of organelles, dense bodies, and 

accumulation substances (glycogen and lipid droplets). The TEM also unveiled the inner 

structures of the MCAs, revealing the type of cell adhesions, the presence of polarity and 

microvilli projected into the intercellular spaces, and ultimately the acinar-like structures 

and associated secretion vesicles. Because of the fixatives used for TEM, it was possible 

to see lipid droplets and ultrastructural modifications resulting from chemical exposures, 

as in the case of Fx exposure. 
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Another component of the multi-end approach was MCAs area measurement which was 

considered the most informative parameter to characterize spheroid assembly and 

growth and to evaluate a drug effect (Mittler et al., 2017). With what we know today, it 

does not seem an appropriate parameter to evaluate the extent of cell damage within 

the MCAs, at least for our tested condition. Areas maintained even in conditions of high 

cytotoxicity (observed by optical and electron microscopy), however, the MCAs tended 

to disintegrate when manipulated. It is important to mention that the pictures used for 

area measurement were taken before performing the other outputs. The only condition 

in which a reduction of cell viability paralleled the altered area was Dox at 5 µM, which 

also corresponded to a reduction of more than 50% in MTT and an increase in LDH 

release of more than 50% compared to the control. The combination of Fx 20 µM + Dox 

2 µM, had similar results in the cytotoxic assays without alteration in the areas of MCAs. 

Similarly, preussin at 100 µM also had cytotoxic effects of the same magnitude as Dox 

at 5 µM, without area alterations. Nevertheless, it was crucial to measure the areas for 

model characterization, understand the dynamics of the MCA formation, and monitor 

their compaction over time in culture. The area's usefulness was well-illustrated in the 

case of MCAs from SKBR3 and with a higher degree in MDA-MB-231. 

 

6.9. What is the importance of using a panel of BC cell lines? Is it worth including 

a non-tumoral breast cell line? 

Our data support the usefulness of a panel of cell lines of the same tissue or organ to 

perform a screening of compounds. In this study, cell lines with different characteristics 

displayed different sensitivities to the tested compounds, and thus a panel of cell lines 

allows a broad view of the effects in the type of cells under investigation. Apropos, the 

most promising combinations of chemicals in the used panel were on the MDA-MB-231 

cell line, representing the TNBC, where fewer therapeutic options exist (Li et al., 2022).  

 
The use of a non-tumoral cell line from the same tissue or organ of the cancer type of 

interest paired with the panel of the immortalized cell lines in vitro screening studies is a 

topic of controversy. The rationale is that if a compound is less toxic to normal than to 

cancer cell lines, it may have a potential therapeutic application (Liu et al., 2015). Some 

authors are very stringent about the need to test the effects of the tested compound on 

normal cells (Gomes et al., 2015). They argue that if a compound displays cytotoxic 

effects against cancer cells, it must also be tested on normal cells to determine its level 

of selectivity between normal and cancer cells. If the magnitude of the effects is similar 

in tumoral and non-tumoral cells or are more cytotoxic to normal cells (Zhou et al., 2022), 

it should not be considered a potential anticancer agent (Gomes et al., 2015). On the 
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contrary, others view the argument as a fallacy (Liu et al., 2015) because the main cells 

affected by the chemotherapy drugs are: a) the fast-proliferating cells, as blood cells; b) 

the cells that do not have the capacity of regeneration as neurons and cardiomyocytes; 

and c) cells from the most metabolic organs, that is the liver and kidney, responsible 

respectively for the metabolization and excretion of the drugs. Moreover, non-tumoral 

cell lines require special supplementation needs, and some studies cultivate these cell 

lines in the same medium as the other ones, making them more susceptible to the testing 

compounds. Overall, we believe there are scientifically sound reasons not to discard a 

compound just because it is toxic on non-tumoral cell lines, as there are other strategies 

to direct the compounds to cancer cells.  

 
We used here the non-tumoral cell line (MCF12A), and among the tested compounds, 

the effects were very similar to the other cell lines; exceptions were for Fct, which was 

not cytotoxic just in this cell line, and Cis, for which the line was more sensitive to the 

drug’s cytotoxic effects. As we characterized the MCF12A cell line, we thought it did not 

have a phenotype of a normal epithelial breast cell line for several reasons. Indeed, the 

ICC characterization revealed some features that are not in line with normal epithelial 

cells: a) it did not express E-cad (or express just in a small subset of cells); b) it expressed 

simultaneously the epithelial and the mesenchymal markers (AE1/AE3 and Vim, 

respectively), similarly to the MDA-MB-231 cell line, that is a basal type cell line; c) it 

does not express ER and PR. Moreover, the 3D cell cultures did not reveal aspects of 

“tissue recapitulation”, such as the formation of acinar-like structures with the restoration 

of cell polarity, microvilli, and secretion of vesicles as observed in the MCF7 cell line. In 

view of the reasons presented, we believe that this cell line is a poor proxy for assessing 

cytotoxic effects on normal mammary cells, at least in drug discovery screening assays. 

 
6.10. Why is it important to study the interactions of seaweed compounds with 

chemotherapy drugs? 

In this study, we described an enhancement of Dox cytotoxicity in combination with Fct 

and Fx. As far as we know, there is no prior study on BC cell lines with the combination 

of Fct and Dox. In other cell lines, Fct has already enhanced the effects of 5-Fu (Ramos 

et al., 2019) in cancer colon cells and Cis and paclitaxel in ovarian cancer cells (Bae et 

al., 2020). 

 
Fct is a sterol that belongs to the class of cholesterol-like molecules (Mouritsen et al., 

2017), and its chemical structure is very similar to the cholesterol in vertebrates (Lopes 

et al., 2014). A recent study discovered that Dox encapsulation with polymeric 
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nanoparticles containing cholesterol is more active against breast cancer cells, 

especially in the MCF7 cell line, hypothesizing that the high affinity of steroids to cell 

membranes improves drug uptake by cancer cells (Misiak et al., 2022). This idea may 

also be applied to Fct due to its similarity to cholesterol. 

 
In the case of Fx, in vitro studies using Fx in combination therapy with Dox showed the 

enhancement of the drug effect in relation to the inhibition of cell growth in MCF7 and 

MDA-MB-231 cell lines (Vijay et al., 2018). Other studies reported interactive 

antiproliferative and cytotoxic effects have been described where Dox was combined 

with other carotenoids, such as lutein in the MCF7 cell line (Shokrzadeh et al., 2021) and 

astaxanthin in MDA-MB-231 (Vijay et al., 2018). However, it has been argued that the 

combination of a carotenoid with DOX can have contradictory effects causing cytokilling 

(breast cancer cells under higher oxidative stress) or cytoprotection (non-cancerous cells 

under oxidative balance status) depending on the carotenoid and their combination with 

the drug (Vijay et al., 2018). 

 
The literature on combining seaweed compounds with chemotherapy drugs is still 

scarce. Nevertheless, most seaweed compounds, including the ones tested here, have 

antioxidant activities which can potentially interfere with the action of some 

chemotherapy drugs. However, data concerning antioxidant intake during chemotherapy 

is very controversial (Mut-Salud et al., 2016, Akanji et al., 2020, Ferdous and Yusof, 

2021), and due to insufficient data from clinical studies, clinicians should advise their 

patients against the use of antioxidant dietary supplements during chemotherapy or 

radiotherapy (D'Andrea, 2005, Khurana et al., 2018). Of course, this is an in vitro study, 

and the effects on a whole organism cannot be extrapolated. However, we believe it is 

relevant to call attention to this point for those who may read this thesis while lacking 

general knowledge about the possible interactions of medical drugs with the ingredients 

of edible items. 

 
Indeed, the studied seaweed compounds can be consumed through dietary intake or by 

the consumption of supplements that are sold free of medical prescriptions, without strict 

governmental regulations or verification by competent authorities, under a strong 

marketing slogan of promoting several health benefits that are often based on insufficient 

(or completely absent) evidence from human interventional studies (Kumar and Sharma, 

2021). Unfortunately, most patients do not communicate the intake of herbs and other 

supplements to their doctors with the false belief that natural products cannot be harmful 

to one´s health (Phua et al., 2009, Bhadra et al., 2015). Most patients are unaware that 

besides the possibility of undesired side effects just for their intake, there is a possibility 
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of interactions with other drugs (Tachjian et al., 2010, Ekor, 2014). Typically, there are 

no guidelines on the consumption of seaweeds and their derivatives issued by regulatory 

bodies, including information on specific drug seaweed interactions (Kumar and Sharma, 

2021). Thus, the interactions of the combinations of antioxidants with chemotherapy 

drugs deserve more studies to understand better the mechanisms behind these 

interactions. 

 
Conversely, the investigation of marine-derived compounds as a source of new drugs or 

lead compounds (scaffolds for synthesis and modifications to obtain desired activities) is 

under the spotlight of academics and industries (Montuori et al., 2022). The preclinical 

screening pipeline continuously supplies drug discovery with new potential anticancer 

compounds. The drug discovery process is typically long, taking 10 to 15 years (Sun et 

al., 2022). Additionally, drug resistance is the main problem in cancer treatment. Thus, 

the search for new compounds or lead compounds that can be used as a drug or drug 

adjuvants that can act through different fighting fronts, reducing the doses of the drugs, 

minimizing side effects, or helping to prevent or reverse drug resistance is of extreme 

importance. 

 
In this vein, marine-derived compounds are thought to present renewed hope in the drug 

discovery field as they have shown unique structures with some promising results. 

Moreover, developing more effective drug combinations is essential in the struggle to 

overcome drug resistance (Groenendijk and Bernards, 2014). Accordingly, Fct and Fx 

displayed interesting modulation of Dox cytotoxic effects, deserving further investigation. 

 
Additionally, some marine organisms, like seaweeds, have advantages in farming, i.e., 

they are easy to produce and generate high amounts of compounds (Stedt et al., 2022). 
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7. Concluding Remarks  

This study evaluated the cytotoxic effects of marine-derived bioactive compounds (one 

fungus and six seaweed-derive compounds) on a panel of BC cell lines. The lines MCF7, 

SKBR3, and MDA-MB-231 were representatives of the three main BC subtypes, while 

the non-tumoral breast cell line was the MCF12A. We cultured cells as monolayers (2D) 

and aggregates (3D). The main conclusions were: 

 
1) From the 3D model characterization, we concluded that at the tested conditions, MCF7 

and MDA-MB-231 formed compact MCAs, while SKBR3 and MCF12A formed loose 

MCAs; all MCAs were oblate discoid structures, being the looser ones also flattered and 

with greater areas. The MCAs do not fit the idealized classical 3D spheroids, as both 

proliferating and apoptotic cells were randomly distributed throughout all the MCAs, and 

not concentrated in one specific area. The MCF7 MCAs showed signs of tissue 

recapitulation, forming acinar-like structures with the presence of microvilli and secretion 

vesicles projected to the lumen. 

 
2) At 50 µM, the marine-fungi-derived compound preussin showed high cytotoxic and 

anti-proliferative effects against all cell lines in 2D and 3D cell cultures. 

 
3) In 2D cell culture, the seaweed compounds that exerted cytotoxic effects in lower 

concentrations were a) Fct, at 10 µM, negatively impacting cell viability in the three BC 

cell lines and not affecting the non-tumoral; b) Fx, at 10 µM, that affected all cell lines.  

 
4) Fct and Fx, in combination with Dox, enhanced Dox cytotoxicity in 2D. Fct combined 

with Dox showed enhanced Dox cytotoxic effects in MCF7 and MDA-MB-231 cell lines, 

while Fx demonstrated similar effects in SKBR3 and MDA-MB-231 cell lines. In both 

situations, the magnitude of the effects was higher in the triple-negative breast cancer 

cell line MDA-MB-231. This discovery is especially interesting because chemotherapy is 

the only treatment option for TNBC patients, and drug resistance is a significant issue.  

 
5) The cytotoxic effects of the combination of Fct + Dox in 2D were not reproduced in 3D 

cell culture. On the contrary, the mixture of Fx + Dox enhanced Dox's cytotoxic and 

antiproliferative effects in 2D and 3D. This study’s data support that 3D models are a 

promising tool for screening marine-derived compounds as candidates for anticancer 

effects in BC. 

 
6) Relatively to the modeling effects of the bioactive compounds with Dox in MDA-MB-

231 cells, we observed that in 2D cell culture Fct + Dox increased Dox effects by 
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induction of apoptosis, corroborated by caspase-3 positive and morphological analysis, 

and decreased cell proliferation. 

 
As for the combination of Fx + Dox, the enhanced Dox cytotoxic effects in 2D and 3D 

cell cultures, through induction of apoptosis, displayed by a higher number of caspase-

3 positive cells and cells with compatible apoptotic morphology, however, without 

differences in the DNA damage caused by Dox alone. There was also observed a lower 

number of ki67-positive cells, indicating inhibition of cell proliferation. 
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8. Future perspectives 

This work raised further research questions that we plan to address in the near future. 

 
The characterization of the model we presented here can be helpful as a baseline for 

other investigators. Nonetheless, there are much more characterization procedures that 

could be performed. Besides the techniques used in this thesis for assessing the effects 

of the compounds, other techniques could be applied according to the investigation’s 

interests, such as different immunocytochemical markers, for instance, for stem cells or 

different types of death, different microscopies such as fluorescence, flow cytometry, 

Western blot, quantitative real-time reverse transcription polymerase chain reaction 

(qRT-PCR) of specific target-pathways and other colorimetric assays. 

 
Concerning preussin, more studies are being performed in our laboratory to check other 

effects, for instance, inhibition of migration and possible mechanisms of action such as 

cell cycle arrest, cell death, and DNA damage. Besides the promising effects of preussin, 

one of the main challenges of its application on a larger scale is the obtention of high 

amounts of the compound, preferably from the same source at this stage of knowledge.  

 
Regarding what we consider promising results, we would like to test Fct and Fx in the 

same model but under different experimental conditions, such as increasing Fct 

concentration, as this may be required to maintain its effects of Dox enhancement in 3D. 

Moreover, we would like to test decreasing Fx concentration (to a non-cytotoxic one) to 

see if it could maintain the same influence on Dox effects. The ideal situation would be 

to find a non-toxic compound that could enhance its effects combined with Dox. 

 
Further studies are required to elucidate the mechanisms behind the cytotoxicity and 

inhibition of cell proliferation of the compounds and the interactions of Fct and Fx with 

Dox. Given the potential complexity of those effects, little was disclosed in this thesis. 

Besides the cell damage detected by cell-based assays, the morphological changes and 

apoptosis induction revealed by caspase-3 immunostaining, we also detected inhibition 

of cell proliferation by ki67 immunostaining and BrdU assays. For Fx, we further looked 

into the effects of DNA damage and nuclear condensation. However, none was found. 

Thus, more research on the involved mechanisms is essential through other techniques. 

Furthermore, because both Fct and Fx have antioxidant properties and may alter reactive 

oxygen species (ROS), ROS and mitochondrial functional studies could be informative.  
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Finally, after better understanding the mechanisms underlying the enhancement of Dox 

effects and eventually improving the compound's delivery to cancer cells, we could try 

more sophisticated 3D cell culture models (co-cultures, microfluid) before in vivo studies. 
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