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I 
 

 

Abstract 

 

Breast cancer is one of the most predominant cancers in the world and the most frequent 

in women, registering an increasing incidence rate of 0.5% every year. This, combined with the 

development of resistance to the currently approved therapies, raises the need to develop new 

therapeutic approaches to treat this disease. However, the translation of new therapies to the 

clinic has been hampered by the absence of cellular models that can mimic the features of in 

vivo breast tumor microenvironment. Therefore, the development of innovative 3D models able 

to provide consistent and predictive responses about the in vivo efficacy of the formulations is 

still an unmet preclinical need. 

Taking this into consideration, the aim of this dissertation was to develop a 3D cell model 

based on multicellular breast tumor spheroids that combines human epithelial breast cancer 

cells, fibroblasts and macrophages. To characterize this triple co-culture model, the evaluation 

of the size and metabolic activity of the spheroids was performed overtime. Hematoxylin and 

eosin staining, immunohistochemistry analysis for the different cell populations and cell viability 

assays were also performed. 

The final optimized model consisted in a spheroid seeded at an initial cell density of 5,000 

cells, with the following initial ratio of MCF-7 cells to monocytes to fibroblasts – 1:2:1. 

Upon successful establishment of the triple co-culture model, its validation as a platform 

for drug screening studies was carried out by treatment with previously optimized gefitinib 

(GEF)-encapsulated nanoparticles. The results showed that these nanoparticles may display, to 

some extent, a cytotoxic effect in the spheroids, therefore suggesting the potential therapeutic 

effect of the GEF-loaded nanoparticles in breast cancer treatment. 

Overall, the triple co-culture spheroids developed constitute an improved model over 

others, as they recapitulate key features of the breast cancer microenvironment, while 

representing a valuable tool to more effectively predict the therapeutic effect of new treatments 

in breast tumor’s behavior. 
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Resumo 

 

O cancro da mama é um dos tumores malignos mais predominantes a nível mundial e o 

mais frequente em mulheres, registando uma taxa anual de incidência crescente de 0,5%. Este 

aspeto, combinado com o desenvolvimento de resistência aos tratamentos atualmente 

aprovados para esta doença, levanta a necessidade de desenvolver novas abordagens 

terapêuticas para o tratamento deste cancro. Contudo, a translação de novas terapias para 

clínica tem sido dificultada pela falta de modelos celulares que mimetizem, de forma mais 

fidedigna, as características do microambiente dos tumores de mama in vivo. Desta forma, o 

desenvolvimento de um modelo 3D inovador que permita prever a eficácia in vivo das 

formulações desenvolvidas é uma necessidade clínica ainda sem resposta. 

Deste modo, o objetivo desta dissertação foi o desenvolvimento de um modelo celular 3D 

de cancro de mama baseado em esferoides tumorais constituídos por células epiteliais de cancro 

de mama, fibroblastos e monócitos humanos. Para a caracterização deste modelo em tripla co-

cultura, o tamanho e a atividade metabólica dos esferoides foram avaliados ao longo do tempo. 

Para além disso, coloração por hematoxilina e eosina, análise por imunohistoquímica das 

diferentes populações celulares e ensaios de viabilidade celular foram também realizados. 

O modelo final otimizado consistiu em esferoides semeados a uma densidade celular 

inicial de 5000 células, com o seguinte rácio inicial de células – 1:2:1 (células MCF-7: 

monócitos:hMFs). 

Após o estabelecimento bem-sucedido do modelo em co-cultura tripla, a sua validação 

como plataforma para o rastreio de fármacos foi realizada através do tratamento com 

nanopartículas encapsuladas com gefitinib. Estes resultados mostraram que as nanopartículas 

podem potenciar, até certo ponto, um efeito citotóxico nos esferoides, demonstrando, assim, o 

potencial efeito terapêutico das nanopartículas encapsuladas com gefitinib para o tratamento 

do cancro de mama. 

No geral, os esferoides em co-cultura tripla desenvolvidos constituem uma mais-valia em 

relação a outros modelos, uma vez que estes mimetizam características fundamentais do 

microambiente tumoral do cancro de mama, constituindo também uma ferramenta valiosa para 

antecipar, de forma mais eficaz, o efeito terapêutico de novos tratamentos no comportamento 

do tumor. 
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Chapter 1 

Introduction 
 

1.1 Context and motivation 

In 2020, breast cancer was the most frequently diagnosed cancer globally and registered 

the fifth highest mortality rate among all cancer types [1]. Although there are approved 

therapies to treat this disease, the development of therapeutic resistance remains a major 

clinical challenge in the treatment of breast cancer patients [2]. Therefore, there is an emergent 

need to develop new anticancer therapeutic agents. However, in comparison to other 

therapeutic areas, cancer displays the lowest approval rate regarding the development of new 

drugs. This situation is greatly attributed to the lack of clinically relevant models that effectively 

reproduce the features of in vivo tumors and respective microenvironment [3]. Consequently, it 

is crucial to establish more robust models that better recapitulate breast cancer conditions, 

which will ultimately contribute to a higher feasibility of the results obtained on drug screening 

studies and favor the development of more efficient therapies to treat this disease. 

 

1.2 Objectives and expected contributions 

Taking into consideration the previous information, the main objectives of this 

dissertation comprehend the: 

• Establishment and characterization of a 3D breast multicellular tumor spheroid (MCTS) 

model by combining epithelial breast cancer cells, human fibroblasts and human blood-

derived macrophages;  

• Validation of the developed 3D breast tumor model as a platform for drug screening 

through the evaluation of the therapeutic efficacy of a nano-based drug delivery system 

encapsulating GEF, a drug that has formerly shown promising in vitro results regarding 

breast cancer treatment [4, 5]. 

This work is expected to contribute to the establishment of a valuable tool to be used, in 

the future, for high throughput screening of different therapeutic agents that seek approval for 

breast cancer treatment. 

 

1.3 Document structure 

This document is divided into 5 chapters. The current chapter comprises the introduction 

to the work, in which a contextualization to the main problematic of the dissertation is given, as 

well as a clarification of the main objectives. Chapter 2 addresses the recent state of the art 
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regarding breast cancer. Therefore, a brief explanation of the disease (including the main 

symptoms, risk factors, molecular subtypes and main treatments) is given, along with an 

overview of key cellular components, and respective roles, in the breast tumor 

microenvironment, followed by an elucidation of the most important 3D breast cancer models 

that are currently used to recapitulate this disease in vitro. Chapter 3 focuses on the description 

of the experimental methodologies performed to develop the triple co-culture breast cancer 

model desired, while chapter 4 is dedicated to the analysis of the results obtained regarding this 

model, complemented with the discussion on those same results. Finally, chapter 5 

comprehends the final remarks on the dissertation, as well a brief perspective on possible future 

work.  
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Chapter 2 

Literature Review: Breast cancer 
 

2.1 Overview 

Breast cancer is one of the most frequent malignant tumors worldwide, representing 

approximately 30% of all female cancers [6]. In fact, according to recent statistics from the 

International Agency for Research on Cancer (IARC), breast cancer has been overall reported as 

the most commonly diagnosed cancer type in 2020, accounting for an estimated number of 2.3 

million new cases (11.7% of all cancer cases), thereby surpassing lung cancer. Moreover, it 

currently holds the fifth highest cancer mortality rate, with 685,000 deaths (6.9% of all cancer 

deaths) registered globally, in that same year [1, 7]. 

Even though the mortality rate has been declining in the past few years, mainly due to an 

earlier diagnosis, the incidence rate of breast cancer has been on a growing trend of 0.5% every 

year, according to recent statistics. This is, at least partially, attributed to an increase in body 

weight and a decreased fertility rate [6]. 

 

2.1.1 Anatomy of the female breast 

Female breasts, located in the pectoral region, on the anterior thoracic wall, can be 

divided into three major structures: corpus mammae, subcutaneous tissue and the skin. The 

morphology of the corpus mammae can be further divided into the parenchyma (mammary 

gland) and the stroma [8]. 

The mammary glandular tissue is a specialized tissue responsible for milk production, 

which comprises breast lobes and lactiferous (or milk) ducts. These structures are usually where 

breast cancer begins its development [9, 10]. 

The stroma is the supporting structure of the breast that surrounds the parenchyma. It 

comprehends the fibrous and adipose tissues, as well as the nerves, blood vessels and 

lymphatics [7]. The fibrous stroma forms the suspensory ligaments of Cooper that suspend the 

mammary gland from the pectoral fascia, while the fatty stroma fills in the spaces between the 

fibrous and glandular tissues, and consequently largely dictates the size of the breasts [11]. 

The skin of the breast includes the areola and the nipple, as well as the general skin [8]. 

The nipple is a conical eminence which is connected to the several ducts. It contains smooth 

muscle fibers and is highly innervated with sensory nerve endings. The areola is a circular 

pigmented area that surrounds the nipple and is rich in sebaceous glands named tubercles of 

Montgomery. These glands have an important role especially during pregnancy and lactation, 

through the lubrification and consequent protection of both the nipple and the areola [8, 11]. 
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Figure 1 Schematic representation of the anatomy of the female breast (lateral and anterior views, from left to 
right). From [10]. 

 

2.1.2 Symptoms 

Distinct people may manifest different symptoms of breast cancer, while some may not 

manifest any symptoms at all. Nevertheless, it is important to be aware of a number of signs 

that can be associated with this disease, such as [7, 12]: 

• the appearance of a new lump or thickening in the breast or armpit; 

• alterations of the breast concerning its size or shape; 

• changes in breast skin, namely dimpling, pitting, a rash or redness of the skin, among 

other alterations; 

• changes in the areola or in the position of the nipple; 

• abnormal fluid leaking from the nipple. 

 

2.1.3 Risk factors and prevention 

Epidemiologic studies have helped establishing a variety of risks factors that are usually 

associated with breast cancer, which include both modifiable (such as diet, smoking habits, 

physical activity, etc.) and nonmodifiable factors (like gender, age, family history, among others) 

[13]. 

Out of all the aspects to take into consideration, age and gender are definitely the most 

crucial ones for breast cancer, as it is a disease that occurs almost exclusively in women (male 

breast cancer accounts for less than 1% of all breast cancers), especially after the age of 50 [14]. 

However, there are several other factors, including genetic or hereditary, hormonal and 

reproductive, as well as lifestyle factors, which can increase the possibility of developing breast 

cancer. 

Taking in consideration the hereditary background, 20-25% of breast cancer patients have 

a first degree relative who has been diagnosed with this disease. Nonetheless, most genetic 
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mutations are sporadic and only 5-10% of these cases have an autosomal dominance inheritance 

[13, 15]. Hereditary cancers are mainly explained by inherited mutations in the BRCA1 and 

BRCA2 genes, which play a key role in repairing double-stranded DNA breaks in the nucleus. In 

fact, women carrying mutations in these genes have an approximately 40-87% risk of developing 

breast cancer by age 70 [13]. 

Although genetic factors have a huge impact on a person’s predisposition to this disease, 

breast cancer is generally a multifactorial disease, which means that non-genetic aspects have a 

crucial role as well [13]. For instance, it has been widely reported that an increased estrogen 

exposure contributes for a higher risk of developing breast cancer [16]. As such, reproductive 

history aspects like younger age during menarche (first menstrual cycle) and older age at 

menopause, are more likely to increase the risk of breast cancer. The use of contraceptive 

methods, as well as the use of hormone replacement therapy (HRT) after menopause constitute 

other hormone-related factors believed to increase this risk, according to several studies [14, 

15]. Additionally, various reports have indicated that older age at first full-term pregnancy may 

increase the chance of breast cancer, while prolonged breastfeeding has been associated with 

a reduced risk of having this disease [13, 14]. Amidst the lifestyle factors, alcohol consumption, 

obesity, active smoking and lack of physical activity were shown to be important risk factors for 

the development of breast cancer [13-16]. 

While many of these factors correspond to aspects that one cannot control or change, it 

is possible to reduce the risk of breast cancer by adopting a few measures that promote a 

healthier lifestyle. Even with these precautions, however, the risk is only reduced by 30%, at 

most [7]. Therefore, it is highly recommended for women to undergo regular screening tests for 

early detection of breast cancer, since the 5-year relative survival rate is around 99% when 

breast cancer is diagnosed at an early stage, according to the American Cancer Society (ACS) [9]. 

In agreement with this statement, studies have shown that the breast cancer mortality rate has 

dropped by 41%, since 1989, mainly due to an increased implementation of screening 

procedures, along with improved treatment options [6]. 

 

2.1.4 Screening methods 

Mammography remains the most widely used screening method in breast cancer [17]. A 

mammogram consists of a low-dose x-ray that produces an image of the breast tissue [9]. The 

ACS guidelines recommend that women with moderate risk of developing breast cancer should 

get a mammogram every year starting at age 45 until age 54, with the possibility of switching to 

a mammogram every 2 years after that age [18]. Magnetic resonance imaging (MRI) is another 

method that can be used to screen women for breast cancer; however, following the 

recommendations from the ACS, it should be used as a complementary method to screening 

mammography, and not as a substitute to the former.  

In addition, women are encouraged to perform a breast self-exam (BSE) regularly, to 

check for lumps or other physical changes, as well as to become familiar with the anatomy of 

their own breasts [15]. Regardless, there is little evidence about its effectiveness as a screening 

method for breast cancer. This examination can also be performed by a healthcare professional 

and, in that case, it is called a clinical breast exam (CBE). In a similar way to BSE, the accuracy of 

this exam is questionable and its efficacy is highly dependent on the examiner’s expertise [15, 

19]. 
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2.2 Subtypes of breast cancer 

Breast cancer is a very heterogeneous disease that, traditionally, has been categorized 

based on the histological assessment of the tumor tissue [20]. However, this classification has 

proven to be insufficient in prognosis evaluation, as well as in predicting the response to a 

specific targeted therapy [20, 21]. Therefore, more recently, studies have been conducted to 

further analyze and characterize molecular patterns in breast cancer that can be incorporated 

in new classification systems for this disease [21].  

 

2.2.1 Histological classification 

Regarding the histological analysis, breast cancer can be primarily classified into in situ 

carcinoma and invasive carcinoma, which happens when tumor cells cross the basement 

membrane and invade the surrounding stroma [22]. 

Breast in situ carcinoma 

Breast in situ carcinoma can be further subdivided into ductal carcinoma in situ (DCIS) and 

lobular carcinoma in situ (LCIS). The former is the most common type of non-invasive breast 

cancer and it is confined to the breast ducts, while the latter is limited to the breast lobes [23]. 

DCIS may additionally be categorized into one of five subtypes, according to the architectural 

features of the tumor: papillary, micropapillary, comedo, cribriform and solid [21, 22]. 

Breast invasive carcinoma 

Invasive tumors are also a very heterogeneous group, with over 20 subtypes defined by 

the World Health Organization (WHO) [20, 22, 24]. The most frequent of them is invasive ductal 

carcinoma of no special type (IDC-NST), which accounts for approximately 40-75% of the cases 

[22]. IDC refers to a cancer that has its origin in the milk ducts but has spread into the 

surrounding breast tissue. The classification of “no special type” relates to the fact that these 

tumors have very distinctive morphological characteristics, and thereby do not gather enough 

common features to be categorized into a histological “special type” [25]. The diagnosis of this 

type of cancer is assessed through an exclusion method, when the histological characteristics of 

the tissue do not fulfill the criteria for any histological special subtype [20]. 

Amidst the special types, the more commons include invasive lobular carcinoma (ILC), 

which is the second most prevalent type of invasive breast carcinoma, as well as ductal/lobular, 

medullary, tubular, mucinous and papillary carcinomas [22]. Other rarer breast carcinomas 

comprise inflammatory breast cancer, Paget’s disease of the breast and phyllodes tumor [23]. 

 

2.2.2 Molecular classification 

Another classification system for the assessment of breast cancer subtypes is based on 

the molecular patterns of the tumor tissue, which provide a better prognostic value than the 

classic histological division. In particular, breast cancers can be divided according to the 

presence or absence of three molecular receptors: estrogen receptor (ER), progesterone 

receptor (PR) and human epidermal growth factor receptor 2 (HER2) (Figure 2) ( [22]. 
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ER and PR are hormone receptors that are expressed in several breast cancers. These 

receptors have an important role in tumorigenesis through the binding to the respective 

hormones (estrogen and progesterone), which activates mechanisms that lead to uncontrolled 

cell division and ultimately result in cancer growth [26]. HER2 is a membrane tyrosine kinase 

that is involved in signaling pathways that also promote cell proliferation and survival. It is 

overexpressed in about 20% of breast cancers [27]. Furthermore, Ki67 is a cell proliferation 

marker that can additionally be used to help distinguishing between the different molecular 

subtypes, especially luminal A and luminal B carcinomas [28]. 

 

 

Figure 2 Molecular breast cancer subtypes with the respective molecular markers and main treatments applied. 
Adapted from [29]. 

 

Taking this into consideration, breast cancers can be alternatively divided into [25, 30]: 

 

Luminal A – ER-positive, high levels of PR, HER2-negative and low expression of Ki67. This 

is the most frequent subtype, accounting for nearly half of the diagnosed cases. Moreover, it 

tends to grow slowly and it is generally associated with the most favorable prognosis. 

 

Luminal B – this subtype can be subcategorized into luminal B, HER2-negative and luminal 

B, HER-2 positive. Besides the levels of HER2, there are other molecular differences regarding 

these subcategories. The former is ER-positive and presents low levels of PR but high levels of 

Ki67. The latter is also ER-positive but may present high or low levels of Ki67 and PR. Luminal B 

cancers represent 20-30% of newly diagnosed breast cancer cases and, in comparison to luminal 

A tumors, have a poorer prognosis and a faster-growing tendency. 

 

HER2-enriched – opposite to luminal A and luminal B, which are both hormone receptor-

positive carcinomas, HER2-enriched is classified as a hormone receptor-negative subtype (that 

is, ER and PR-negative). It is characterized by high expression levels of HER2 and comprises 15-

20% of breast cancer cases. Studies have shown that HER2 overexpression correlates to a higher 

proliferative capacity of the tumors and propensity to metastasis, therefore being associated 

with a worse prognosis than the subtypes mentioned above. 

 

Triple negative – triple negative breast cancer (TNBC) is considered the most aggressive 

subtype of breast cancer, accounting for 10-20% of all cases. It is defined by the lack of 

expression of all three molecular receptors – ER, PR and HER2. Importantly, a correlation 

between this subtype of cancer and mutations in the BRCA1 gene has been well-described, with 
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70% of breast cancers that harbor a mutation in this gene presenting a triple-negative 

phenotype [30, 31]. 

 

Some literature additionally reports the existence of a fifth subtype referred to as 

“normal-like”. Though very similar to the luminal A subtype in terms of expression patterns, it is 

characterized by a comparably worse prognosis [30, 32]. 

 

2.3 Main treatments and their limitations 

Because of breast cancer’s heterogeneity, the therapeutic options to be applied in each 

situation may vary and are highly dependent on the stage of the disease and the molecular 

breast cancer subtype [7]. 

In case of nonmetastatic breast cancer, treatment should be aimed at locally eliminating 

the tumor (usually through surgery and radiation therapy) and preventing the risk of metastatic 

spread using systemic therapy, such as hormonal therapy, chemotherapy and targeted therapy 

[7, 33]. In regards to metastatic breast cancer, therapeutic approaches focus on prolonging life 

and providing palliative care [33]. 

 

2.3.1 Local therapy 
 

Surgery 

In the past, mastectomy, which consists in the complete removal of the breast, was 

considered the standard surgical treatment for breast cancer [34]. Today, however, most of the 

breast surgeries carried out result from a smaller procedure, called lumpectomy or breast-

conserving surgery, in which only the tumor and a small margin of healthy tissue are resected 

from the breast [7, 35]. Following this surgical intervention, radiation therapy is usually 

recommended, in order to prevent the chance of relapse [7]. 

Another surgical treatment that is often performed along with mastectomy or 

lumpectomy in invasive carcinomas is axillary lymph node dissection (ALND), which is the 

removal of lymph nodes, from under the arm, that drain the breast tissue [35]. This procedure 

is used not only as a therapeutic tool (to remove cancer cells and, consequently, prevent the 

spread of the tumor), but also in diagnosis (to determine the invasiveness level of the cancer) 

[33]. Yet, it can cause pain, swelling, numbness and lack of mobility in the operated arm. Due to 

this, in case of no clear evidence of cancer in the lymph nodes, ALND has often been replaced 

with a smaller intervention – called sentinel lymph node (SLN) biopsy – that only removes a few 

lymph nodes, thus reducing the side effects associated with the former procedure.  

Even though surgery is usually the first line of treatment against breast cancer, not all 

tumors can be removed with surgery. Furthermore, a surgical procedure is not generally 

performed alone, but rather is combined with other approaches that are applied before or after 

surgery, as neoadjuvant or adjuvant therapies, respectively [7]. 

 

Radiation therapy 

Radiation therapy, or radiotherapy, is characterized by the use of high energy x-rays to 

destroy cancer cells. It is usually delivered as external beam radiation, but it can also be given as 
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brachytherapy (or internal radiation), in which the source of radiation is placed inside the body, 

within the tumor or close to it [36]. 

Radiotherapy is usually given after mastectomy or lumpectomy, as an adjuvant therapy 

to prevent relapse, with reported data showing a decrease by nearly half in breast cancer 

recurrence at 10 years [36, 37]. It may be applied to the entire breast or only to a portion (after 

lumpectomy), to the chest wall (in the case of mastectomy) and to the regional lymph nodes 

[33]. Though more uncommon, radiotherapy can also be delivered as a neoadjuvant therapy to 

shrink a tumor that is very large to be removed by surgery. In addition, it can be applied in 

metastatic breast cancer (bone, liver, lung, brain metastasis, for instance) [38]. However, this 

therapy is associated with side effects, such as swelling in the breast, fatigue and skin changes 

in the area exposed to the radiation (redness of the skin, discoloration, pain, burning or peeling) 

[38]. 

 

2.3.2 Systemic therapy 
 

Hormonal therapy 

Hormonal (or endocrine) therapy is the standard systemic treatment for hormone 

receptor-positive tumors, such as luminal A and luminal B subtypes [33]. This therapeutic 

approach acts by blocking estrogen’s action on breast cancer cells (antiestrogen), or by lowering 

its levels in the body [34]. The most common medicines used for these purposes are tamoxifen 

and aromatase inhibitors (AIs) (such as anastrozole, letrozole and exemestane), respectively. 

They are usually administered orally for 5 to 10 years and should be considered according to 

menopausal status [7, 33]. 

Tamoxifen is a selective estrogen receptor modulator (SERM) that, in breast cells, acts as 

an estrogen antagonist (antiestrogen) by competing with this hormone for ER binding [33]. This 

prevents estrogen from interacting with breast cancer cells, which, in turn (considering 

estrogen’s proliferative properties), inhibits uncontrolled cell division and cancer growth. This 

drug works effectively both in pre- and postmenopausal women [33, 39]. Side effects of 

tamoxifen include hot flashes, as well as vaginal discharge, dryness or bleeding [38]. AIs, on the 

other hand, promote the reduction in circulating estrogen levels by inhibiting aromatase’s 

activity, which is an enzyme responsible for converting androgens into estrogens. Opposite to 

tamoxifen, AIs are only effective in postmenopausal women. [33, 38]. Muscle and joint 

pain/stiffness, hot flashes and higher risk of osteoporosis are some adverse effects associated 

with this therapy [38]. 

Furthermore, ovarian ablation or suppression are other hormonal therapeutic options 

that can be applied to pre-menopausal women. The former consists in surgically removing the 

ovaries, which are the main producing sources of estrogen. However, it is an irreversible 

approach that can lead to serious side effects, so it is not very commonly used. The latter 

comprehends the use of drugs, like luteinizing or gonadotropin releasing hormone (LHRH or 

GnRH) agonists, to inhibit estrogen production by the ovaries [40]. Since neither of these 

approaches can treat breast cancer on their own, they are usually combined with tamoxifen or 

an aromatase inhibitor [38]. 

Endocrine therapy is usually given as an adjuvant therapy, but it can also be used as a 

neoadjuvant treatment. One of the major clinical challenges regarding this therapy is the 

development of de novo and acquired resistance to treatment by the patients. In order to try to 

overcome this issue, endocrine therapy is sometimes combined with chemotherapy, though 
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with arguable benefits [41]. Moreover, it is only effective in hormone receptor-positive breast 

cancers, so it is not helpful in the treatment of HER2-enriched and triple negative breast cancer 

subtypes [34]. 

 

HER2-targeted therapy 

For the treatment of HER2-enriched breast cancers, one of the major advances was the 

development of targeted biological agents, such as monoclonal antibodies that specifically 

target the HER2 protein. Another therapeutic approach that can be applied to this subtype is 

the administration of protein tyrosine kinases inhibitors [33]. 

The most common monoclonal antibody used in HER2-enriched cancer is trastuzumab, 

which targets the extracellular domain of HER2 [33]. Though it can be administered alone, 

trastuzumab is usually combined with anthracyclines and paclitaxel chemotherapy. In fact, due 

to overall great outcomes and reduced toxicity, paclitaxel/trastuzumab is currently considered 

the standard treatment for patients with small/node-negative HER2-positive tumors. However, 

it is important to acknowledge that the administration of trastuzumab and anthracyclines 

combined may lead to heart damage in 2-3% of the patients [33, 34]. Pertuzumab is another 

monoclonal antibody that was approved, in combination with trastuzumab and chemotherapy, 

for the treatment of stage II and III breast cancer patients [38]. This antibody targets the HER2 

dimerization domain and, when added to the treatment, it was shown to further reduce the risk 

of cancer recurrence in comparison to the standard trastuzumab-containing regimens [33]. A 

major drawback of therapies that use monoclonal antibodies is the cost, since these biological 

agents are very expensive [7]. 

Neratinib is a protein tyrosine kinase inhibitor of several receptors of the HER family, 

including HER2 [28]. It has been approved by the Food and Drug Administration (FDA) for the 

treatment of advanced or metastatic HER2-positive breast cancer patients who have priorly 

undergone at least two anti-HER2 based regimens [42]. Another kinase inhibitor which is used 

for metastatic HER2-positive breast cancer is lapatinib. This agent, which is a reversible blocker 

of HER2 protein, is used together with letrozole when patients develop resistance to 

trastuzumab [22]. 

 

Chemotherapy 

Chemotherapy is a treatment based on administrating drugs to patients so as to weaken 

cancer cells and ultimately destroy them. It can be given either as a neoadjuvant therapy, to 

shrink the tumor, or as an adjuvant therapy, to reduce the risk of recurrence. Furthermore, it 

can be used in the treatment of both early-stage and advanced-stage breast cancers [38, 43]. 

Despite the underlying risks and limited efficacy associated with this approach, 

chemotherapy is considered the standard systemic therapeutic option for triple negative breast 

cancer treatment (though patients frequently relapse) [33, 44]. Moreover, it is rather often 

combined with hormonal and HER2-targeted therapies for treating hormone receptor-positive 

and HER2-enriched breast cancer subtypes, respectively, especially in later stages of the disease 

[33]. 

Some of the most common chemotherapeutic drugs comprise anthracyclines (like 

doxorubicin and epirubicin), taxanes (paclitaxel and docetaxel, for instance), platinum agents 

(such as cisplatin or carboplatin), 5-fluorouracil (5-FU), among others. These drugs can be 

administered alone, but are frequently combined together in the same treatment. Adverse 
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effects of chemotherapy commonly consist of hair loss, weight changes, nausea, diarrhea, etc. 

[38, 45]. 

Considering this, nanomedicine is an emerging form of therapy that focuses on alternative 

drug delivery and improvement of the treatment efficacy while reducing detrimental side effects 

to normal tissues [46, 47]. Indeed, the use of drug-encapsulated nanosystems comprises several 

advantages over the free administration of the drug, since nanostructured delivery carriers 

enhance solubility and allow for a more controlled release of the drug, while also conferring 

protection to degradation. Consequently, the drug’s half-life and bioavailability increase and, 

therefore, a lower dose is required to achieve the desired therapeutic effect, which leads to less 

toxicity and reduced side effects [48, 49]. 

Although chemotherapy allows the disruption of regulatory pathways that enhance tumor 

growth and survival, its action is often limited by the development of mechanisms of drug 

resistance by cancer cells. Therefore, new therapeutical approaches combining chemotherapy 

and immunotherapy (commonly known as chemoimmunotherapy) have been developed as a 

way to overcome this issue. 

 

Immunotherapy 

Immunotherapy is a type of targeted biologic therapy that stimulates the patient’s own 

immune system to recognize and fight infections and other diseases, like cancer [50]. Examples 

of immunotherapy in breast cancer include monoclonal antibodies, such as immune checkpoint 

inhibitors. These drugs are capable of blocking immune checkpoint molecules, which modulate 

the amplitude and duration of immune responses and maintain self-tolerance, thus preventing 

exacerbated immune reactions and autoimmunity [51, 52]. 

Approved immune checkpoint inhibitors to treat breast cancer include pembrolizumab 

(Keytruda) and atezolizumab (Tecentriq). The former acts as an inhibitor of programmed cell 

death-1 (PD-1), a protein that can be found on the surface of activated T cells [50, 51]. The 

interaction between PD-1 and one of its ligands, PD-L1, leads to the suppression of T cell activity, 

which results in the downregulation of immune response mechanisms. As such, the blockage of 

this receptor contributes to the enhancement of the immune response against breast cancer 

cells. The latter is a PD-L1 inhibitor whose function is to block PD-L1, a protein that is expressed 

on a variety of tumor cells (including TNBC), as part of a mechanism to escape anti-tumor 

immunity [50, 53]. Both Keytruda and Tecentriq are approved in combination with 

chemotherapeutic agents to treat unresectable triple-negative, PD-L1 positive breast cancer. 

Possible side effects of this therapy comprise cough, nausea, fatigue, diarrhea, etc., though it 

can more rarely lead to autoimmune reactions [50, 54]. 

 

2.4 The tumor microenvironment in breast cancer 

Over the years, the tumor microenvironment (TME) has gained significant importance as 

a critical player in breast cancer progression and as a therapeutic target for this disease, since 

stromal cells are genomically more stable than cancer cells [55]. It comprises several cell types, 

including fibroblasts, adipocytes, leukocytes, endothelial and myoepithelial cells, as well as 

components of the extracellular matrix (ECM) and soluble factors, such as growth factors, 

hormones and cytokines [56] (Figure 3). Here, two of the most important TME constituents will 

be highlighted: cancer-associated fibroblasts (CAFs) and tumor-associated macrophages (TAMs). 
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Figure 3 Representation of the tumor microenvironment in breast cancer, comprising different cell types, as well as 
several chemokines, cytokines and growth factors. BCSC: Breast cancer stem cells; MSC: Mesenchymal stem cell; ECM: 
Extracellular matrix; TAM: Tumor-associated macrophage; CAF: Cancer-associated fibroblast; EpCAM: Epithelial cell 
adhesion molecule; PSGL-1: P-selectin glycoprotein ligand 1; ALDH1: Aldehyde dehydrogenase 1; MMPs: Matrix 

Metalloproteinases; TPM3: Tropomyosin 3; TGF-: Tumor growth factor 3; PDGF: Platelet-derived growth factor; PG: 
Prostaglandin; LPA: Lysophosphatidic acid; PF4: Platelet factor 4; VEGF: Vascular endothelial growth factor; PAR1-PR: 
Protease-activated receptor-1-PR; TxA2: Thromboxane A2; TNFα: Tumor necrosis factor α; FGF: Fibroblast growth 
factor.  From [57]. 

 

2.4.1 Cancer-associated fibroblasts 

CAFs constitute the majority of stromal cells within breast tumors [58]. Even though the 

origin of these cells – and whether it differs according to the breast cancer subtype – is still not 

fully elucidated, distinct cell types have been reported as likely precursors of CAFs, including 

normal tissue-resident fibroblasts and mesenchymal stem cells (MSCs). Accordingly, studies in 

breast cancer have shown that these cells differentiate into CAFs or CAF-like cells upon the 

secretion, by tumor cells, of certain soluble factors, and other components, including 

transforming growth factor beta 1 (TGF-1), Wnt7a, osteopontin, miR-105 and prostaglandin E2 

(PGE2), among others. Another possible source of CAFs is believed to arise from the trans-

differentiation of adipocytes, pericytes, epithelial and endothelial cells present in the breast [58, 

59].  

Some of the markers that are usually associated with the CAF phenotype include 

fibroblast activation protein alpha (FAP-alpha), fibroblast-specific protein 1 (FSP1), platelet-

derived growth factor receptors alpha and beta (PDGFRα/) and alpha smooth muscle actin 

(αSMA). However, none of these markers are specific to this type of cells, but can also be found 

in normal fibroblasts, or even in immune and endothelial cells, pericytes or MSCs. Moreover, it 

is believed that different CAF subtypes may coexist in the same tumor and that each 

subpopulation can affect cancer progression in distinct ways [58].  

As previously mentioned, tumor cells stimulate stromal cell transformation into CAFs. 

However, considerable evidence suggests that CAFs also play a fundamental role in tumor 

growth, invasion and metastasis [60]. For instance, it has been reported that fibroblasts found 

in the breast TME contribute to cancer progression by secreting high levels of stromal cell 
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derived factor 1 (SDF-1, CXCL12). This chemokine binds to the CXCR-4 receptor present in cancer 

cells, which consequently activates mechanisms associated with tumor growth. Furthermore, 

SDF-1 is believed to recruit endothelial progenitor cells into the tumor, thereby promoting 

angiogenesis [61]. According to several studies, CAFs are also responsible to produce various 

growth factors that take part in signaling pathways that promote cancer cell survival and 

proliferation. Those factors include basic fibroblast growth factor (bFGF), hepatocyte growth 

factor (HGF), insulin-like growth factor (IGF) and epidermal growth factor (EGF) [60]. 

Additionally, it is important to highlight the role of TGF- signaling as a crucial player in tumor-

stroma crosstalk: while TGF-1 is primarily secreted by tumor cells – leading to the activation of 

CAF-precursors –, activated CAFs, later on, also initiate TGF-1 production, therefore ensuring 

continuous autocrine mechanisms of CAF activation and immune response suppression [58, 62]. 

Moreover, a wide variety of studies suggest that CAFs contribute to therapeutic resistance 

against the majority of therapies used in breast cancer treatment, including chemotherapy and 

endocrine therapy. Particularly, soluble factors secreted by CAFs, such as interleukin 6 (IL-6), as 

well as matrix metalloproteinases (MMPs) and fibronectin, were correlated to decreased 

sensitivity to tamoxifen in breast cancer cells [63-65]. Another very important aspect to take 

into consideration is that CAFs are able to modulate the TME in order to create 

immunosuppressive conditions that contribute to cancer progression. Importantly, CAFs 

synthesize cytokines and other inflammatory mediators (such as CCL12, IL-6, IL-8, CXCL1, CSF-1, 

TGF-1, among others) that are involved in recruiting monocytes and driving their 

differentiation into immunosuppressive M2-like macrophages, promoting T-regulatory cell 

(Treg) differentiation and contributing to T helper 1 (Th1) cell shift into Th2 phenotype [66-70]. 

CCL12, for instance, is a well-known chemokine secreted by CAFs that attracts monocytes, thus 

allowing their infiltration into the primary tumor and metastatic sites [58]. Consequently, this 

crosstalk between fibroblasts present in the TME and immune cells may represent an important 

tool to further understand this disease and ultimately develop new therapeutic approaches to 

treat breast cancer. 

 

2.4.2 Immune microenvironment 

The immune microenvironment has also been increasingly recognized for its importance 

in overall cancer development. Indeed, the different immune cell populations that surround the 

tumor play a critical but distinctive role in its initiation and progression. While populations like 

Th1 cells, natural killer (NK) and cytotoxic T cells have been associated with a more favorable 

prognosis, due to their anti-tumor properties; Treg cells, M2-like macrophages and Th2 cells 

enable the establishment of immunosuppressive conditions within the tumor, correlating with 

poor clinical outcomes. 

In the past, breast cancer was generally not considered a highly immunogenic type of 

cancer. However, in recent years, it has become clear that the level of immune infiltration – and 

consequently the tumor’s susceptibility to immunotherapy – differs according to the BC subtype: 

in general, hormone receptor-positive (HR+) carcinomas are classified as immunologically “cold 

tumors”, while HER2-enriched and TNBC are characterized by higher immune cell infiltration 

[71, 72]. Nevertheless, studies have reported that a subset of luminal breast cancers possess a 

significant percentage of infiltrating immune cells within their microenvironment [71]. Hence, 

the presence and relative proportion of the different immune cell populations is highly variable, 

which is consistent with the underlying heterogeneity of this disease. For instance, NK cells and 

neutrophils are commonly found in large proportions within ER-positive breast carcinomas, 
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whereas CD4+ Th cells and CD8+ cytotoxic T cells are usually present in much lower 

concentrations. On the other hand, ER-negative breast tumors are mainly infiltrated by Treg 

cells, activated mast cells and M2-like TAMs, though they also incorporate dendritic cells (DCs), 

B lymphocytes and T cells in smaller percentages. HER2-positive cancers, in turn, are often 

characterized by the presence of Treg cells, neutrophils, mast cells and DCs [73]. Of note, higher 

immune infiltration has been particularly correlated to a better response to chemotherapy, and 

to overall greater clinical outcomes, especially in HER2-enriched and TNBC subtypes [74, 75]. 

 

Tumor-associated macrophages 

Although their abundance varies depending on the cancer type, TAMs can be found in the 

majority of the tumors. Particularly, TAMs constitute a major cell population in the breast cancer 

microenvironment, occasionally comprising up to 50% of the tumor cell mass [53,54]. TAMs 

originate either from circulating monocytes that are attracted into the tumor by growth factors 

and chemokines (such as CCL2 and CCL5) secreted by neoplastic and stromal cells, or from tissue-

resident macrophages [56, 76]. Upon stimulation with monocyte colony stimulating factor (M-

CSF), recruited monocytes first evolve into non-polarized (M0) macrophages. Afterwards, these 

cells differentiate into one of the two main polarized phenotypes – M1-like or M2-like 

macrophages –, depending on the signals released from the microenvironment [76, 77]. 

Classically activated M1-like macrophages correspond to the predominant phenotype 

found in immunological responses [56]. They are stimulated by Th1 cytokines, such as tumor 

necrosis factor (TNF) and interferon- (IFN-), and show important anti-tumor features through 

the secretion of pro-inflammatory cytokines, like TNF and IL-2, as well as reactive nitrogen and 

oxygen intermediates [77]. On the contrary, alternatively activated M2 macrophages are 

associated with Th2 cell cytokines, including IL-4, IL-10 and IL-13, and display tumor-promoting 

properties by inhibiting phagocytosis, stimulating angiogenesis (through the secretion of 

vascular endothelial growth factor, VEGF) and by suppressing CD8+ T cell activity [77, 78]. The 

later occurs because M2 macrophages: (i) produce chemokines (namely CCL22), recruiting Treg 

cells which dampen effector T cell responses; and (ii) overexpress of cyclogenase-2 (COX-2), 

which subsequently leads to an increased expression of IL-10, an anti-inflammatory cytokine 

that suppresses the activation of cytotoxic T cells and IFN- production [56, 77]. In addition, the 

M2 phenotype is believed to be implicated in tissue remodeling through the release of 

proteolytic enzymes that degrade the ECM. As such, these cells have been often linked to the 

formation of metastasis, enabling tumor cell invasion to the surrounding tissue and blood 

vessels [56]. 

Importantly, M2-like macrophages correspond to the dominant TAM phenotype in breast 

cancer [77, 79]. As a consequence, several studies have hypothesized that a higher level of TAM 

infiltration correlates with a poorer prognosis in this type of cancer, which explains the 

increasing interest in using these cells as a therapeutic target for the treatment of this disease 

[56]. Most of the TAM-targeting therapies currently being explored revolve around preventing 

macrophage recruitment and survival; however, promising new approaches may focus on 

inducing a shift from the tumor-promoting M2 phenotype into the M1 tumor-suppressing 

profile [78]. 

Considering the preponderant role that the TME holds in cancer progression, it seems 

relevant to try to mimic, as much as possible, these interactions in the models that are currently 

used for the study of breast cancer. Therefore, more complex models that include different cell 

types found in the TME are currently drawing increasing attention. 
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2.5 Current and emerging 3D breast cancer models  

Despite the significant advances that have been made in the understanding of breast 

cancer biology, there are still several aspects regarding this disease that require further 

investigation, which will allow the development of new treatments, and ultimately improve the 

survival rate of the patients. In this regard, breast cancer models act as an important tool to 

better recapitulate the complexity of the tumor – thus enabling more accurate studies on the 

mechanisms that lead to this disease –, while also contributing as valuable platforms to test new 

therapeutic approaches. 

Currently, cancer holds the lowest approval rate of new drugs in comparison to other 

therapeutic groups. Accordingly, only a small percentage (less than 10%) of the newly developed 

oncology drug candidates that go into phase I clinical trials end up being approved by the FDA. 

One of the major reasons that justifies this situation is the lack of clinically relevant models that 

more accurately mimic tumor conditions, which consequently hampers the translation of the 

research done in the laboratory into the clinic. As the process of drug development is very 

expensive and time-consuming, there is an urgent need for the refinement of pre-clinical models 

that could then be used as reliable platforms for drug screening [3, 80]. 

For many years, conventional bidimensional (2D) cell culture systems have been the most 

widely used in vitro cancer models to study tumorigenesis and new therapeutic agents. In breast 

cancer, this tendency has also been verified, with the majority of the initial studies primarily 

involving simple methodologies, such as single tumor cell line monolayers or trans-well systems 

[81]. Though 2D models comprise a few advantages, such as simplicity, reduced cost, easy 

handling and wide availability, they lack other important characteristics. For instance, these 

models fail to recapitulate inter- and intra-tumor heterogeneity, and are particularly more 

susceptible to pharmacological action, thus limiting their ability to precisely predict the tumor’s 

response to therapy [81, 82]. On the other hand, animal models, though extremely important 

as the final step before entering phase I clinical trials, are expensive to maintain and require a 

significant amount of time to develop. Moreover, their genomic and immune profiles are distinct 

to those of humans and there are several ethical issues concerning their use [3, 81]. 

Consequently, 3D models have gained increased recognition as they better recapitulate 

several hallmarks of solid tumors when compared to 2D culture systems (such as cell-cell and 

cell-ECM interactions, as well as hypoxic conditions that result from the heterogeneity in 

nutrients and O2 perfusion), while also enabling a reduction in the use of animal models, which, 

in turn, should only be used to validate reliable in vitro data. The latter can contribute to an 

overall reduction in the costs and length of the drug discovery process [3, 82]. Therefore, 3D 

culture systems models have emerged to fill the gap between 2D monolayer cell cultures and in 

vivo tumor models. 

The most well described 3D breast cancer models include organoids and spheroids, as 

well as 3D bioprinting approaches and organ-on-a-chip microfluidic devices. 

 

2.5.1 Breast cancer spheroids 

MCTS are 3D cell clusters formed through self-assembly or forced growth of single cell 

suspensions [83]. In the past, the majority of these structures comprised a single cell type 

(monotypic spheroids); however, more complex MCTS constituted by more than one cell type 

(heterotypic spheroids) have been developed since then [84].There are different techniques that 
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enable the generation of these structures, including scaffold-based and scaffold-free 

approaches [29]. 

The former comprises the seeding of cell suspensions onto synthetic or natural matrices 

that mimic ECM. The most commonly used natural scaffolds include polymeric matrices based 

on elastin, gelatin, collagen, hyaluronic acid or Matrigel. Synthetic matrices, which allow a better 

control of the scaffold’s properties, comprise polyglycolic acid (PGA), polylactic acid (PLA) and 

polyethylene glycol (PEG), among others [29, 85]. While the incorporation of scaffolds into the 

3D models intends to recapitulate the ECM characteristics and mimic cell-matrix interactions, 

they may negatively influence cell-cell interactions and hinder cell growth. Furthermore, the fact 

that scaffold concentrations are constant, instead of concomitantly increasing with the growth 

of the structures, can compromise the growth kinetics of the spheroids [86]. In terms of 

validation of the model for drug screening applications, the rigidity of the ECM component may 

additionally hamper the drug’s penetration into the structure [87].  

Scaffold-free techniques – namely the hanging-drop method, the liquid overlay (LOT) 

technique, the agitation-based technique using spinner flasks and the magnetic culture 

levitation – constitute the most frequently implemented methods for spheroid formation 

(Figure 4) [29, 83].  The hanging-drop method consists in suspending a cell liquid drop on a 

coverslip, leading to spheroid aggregation caused by surface tension forces. The LOT technique 

relies on seeding cells on non-adhesive surfaces, such as agar or agarose, to prevent cell 

attachment. The generation of spheroids using spinner flasks occurs by continuously stirring 

cells suspensions, thus avoiding their adherence to the surfaces and, consequently, promoting 

their aggregation [82, 83]. Finally, the magnetic levitation technique contributes to spheroid 

formation through the incorporation of magnetic nanoparticles by the cells, after which external 

magnetic forces are applied to overcome the gravitational force, thereby concentrating the cells 

and inducing their aggregation into 3D spheroids [82, 85]. Even though scaffold-free strategies 

do not promptly recapitulate cell-matrix communication, this issue can be overcome by adding 

cells to the MCTS that produce elements of the ECM, namely fibroblasts. This strategy can be 

beneficial over the use of scaffolds since ECM concentration would not be static, but would 

rather increase overtime, along with the growth of the spheroids [86].  

 

 

Figure 4 Most common scaffold-free techniques to produce multicellular tumor spheroids. Adapted from [85]. 

 

 

Spheroids closely reproduce several features of in vivo solid tumors, including the spatial 

organization, as well as the O2 and nutrient gradients generated by impaired diffusion of these 

molecules along the structures, which leads to hypoxia and necrosis. Moreover, an increase in 
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the acid lactic fermentation caused by these conditions promotes the acidification of the inner 

areas of the MCTS, which translates into a decrease in the pH to values around 6.2-6.9, similarly 

to what is observed in in vivo solid tumors [82, 85]. 

Taking this into consideration, MCTS are physiologically relevant models to characterize 

avascular solid tumors beyond a critical size value of about 400-500 µm, as they exhibit three 

heterogeneous layers of cells: an external proliferating cell layer, an intermediate zone 

constituted by cells in a quiescent state and an inner necrotic core [82, 85]. MCTS have also been 

reported to share similarities with solid tumors in terms of growth kinetics, chemoresistance 

and metabolic rates [82]. Furthermore, the addition of different cell types that are present in 

TME, such as fibroblasts and macrophages, contributes to the establishment of a more robust 

model to study this disease [3]. Besides the advantages mentioned above, spheroids are easier 

to manipulate and are associated with lower costs than organoids, making them more suitable 

for high throughput drug screening studies [3]. 

Nonetheless, while MCTS constitute an advantage over more simplistic 2D models, they 

also comprise a few drawbacks. Particularly, spheroids are often cell-line derived structures, 

thus suffering from clonal selection. This contributes to a less accurate representation of intra- 

and inter-tumor heterogeneity. However, this issue can be surpassed through the use of tumor-

specific cells derived from primary tissue, similarly to what happens in organoids [29]. 

 

2.5.2 Breast cancer organoids 

Organoids have originally been defined as self-organized 3D multicellular structures that 

mimic various functional and structural aspects of their corresponding in vivo organ [88, 89]. 

These structures can arise from embryonic or induced pluripotent stem cells, as well as from 

tissue-resident adult stem cells present in several organs [88]. 

Organoid structures have been established for a variety of healthy tissues, as well as 

patient-derived tumors, including breast cancer [3, 90]. This technique comprises several 

positive aspects, such as the fact that it can recapitulate the heterogeneity and spatial 

architecture of the original tumor. Moreover, organoids are not affected by strong selection, 

unlike cell lines, and they can derive from tumors at different stages, thus enabling a wider 

representation of the disease. Importantly, organoids can be propagated in vitro and 

cryopreserved, enabling the generation of a biobank that comprises organoids from a significant 

number of patients [3, 29]. 

Although a very powerful tool for preclinical studies, organoids are also associated with 

some drawbacks. For instance, one of the most common methods to generate organoids relies 

on submerging the cells in a dome of Matrigel, a solubilized basement membrane originated 

from mouse sarcoma [91]. Aside from the underlying ethical issues, the use of this substance 

has been controversial due to the presence of xenogeneic contaminants and because its 

components are variable and undefined, leading to batch-to-batch variation and subsequent 

lack of reproducibility of the results. Consequently, synthetic alternatives to this material have 

been studied [92]. Moreover, the use of a scaffold may negatively influence cell-cell interactions 

and hinder cell growth, as previously discussed. Also, in comparison to other models, such as 

spheroids, they constitute more expensive and time-consuming models to develop [3]. 

The two previously described models can be further improved by using other techniques 

that lead to the formation of more complex 3D structures that better recapitulate breast tumor 

conditions. As such, recent studies have increasingly focused on combining organoids and 

spheroids with promising methods, such as 3D bioprinting and microfluidics. 
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2.5.3 3D bioprinting 

3D bioprinting is a promising technique that has been increasingly applied to this field. Its 

process consists in the layer-by-layer deposition of materials, called bioinks, to form computer-

controlled 3D structures [81]. Bioinks are composed of biomaterials that can simultaneously be 

printed and promote cell growth and survival [84]. These materials are deposited on a matrix, 

which is either discarded after formation of the 3D structure, or preserved into the model, thus 

corresponding to a scaffold-free or to a scaffold-based approach, respectively [29]. 

Several recent studies have applied this technique to form 3D breast models, for example 

through the creation of human mammary organoids inside 3D collagen matrices or the 

fabrication of gelatin arrays to seed and produce MCF-7 tumors spheroids [81]. 

One of the major advantages of this method over others is related to its underlying ability 

to precisely control the location and organization of the cells that are part of the model, as well 

as the stiffness and biochemical composition of the structure [29, 81]. 3D printing can also be 

used in studies regarding breast cancer metastasis in other tissues, such as bone. Moreover, it 

enables the fabrication of models that mimic complex structures, such as capillary vessels, thus 

incorporating a very important characteristic of solid tumors: angiogenesis [81, 84]. However, 

this technique requires specific equipment and it is associated with higher costs. Additionally, 

the underlying disadvantages of scaffold-based approaches mentioned above apply to the 

structures in which the scaffold is maintained. 

 

2.5.4 Tumor-on-a-chip 

While the former models are able to recapitulate several characteristics of the tumor and 

the TME, there is an important aspect that is lacking: fluid dynamics [85]. 

Organ-on-chips comprise microfluidic devices in which cells are placed in compartments 

connected by perfused hollow channels. Therefore, tumor-on-chips are organ-on-chips that 

incorporate tumor cells [29]. This model enables the crosstalk between different cell types in 

spatial and temporal controlled conditions in terms of chemical gradients and biological forces 

[64]. In fact, the fluid flow profile in these devices is mainly laminar, which is characterized by a 

more predictable and controlled behavior. Hence, the study of several parameters, such as 

angiogenesis, metastasis, cell behavior, intravasation, extravasation, along with drug response 

under shear stress is possible [81, 84]. Accordingly, the use of this technique has been reported 

in breast cancer studies, including to evaluate the behavior, in terms of migration capacity, of 

non-malignant (MCF-10A) and malignant (MCF-7 and MDA-MB-231) breast cancer cell lines [59]. 

Downsides of these systems comprise their high complexity, as well as the requirement of 

specific equipment, just like in 3D bioprinting [29]. 

In summary, different 3D models display distinctive characteristics that make them 

suitable for studying tumorigenesis, as well as for drug screening purposes. While the more 

advanced models, such as tumor-on-a-chip and 3D bioprinting, are able to recapitulate a wider 

spectrum of conditions associated with in vivo tumors, they rather often incorporate organoids 

and spheroids in their systems. Consequently, the establishment and characterization of a 

simplistic, yet robust model that can be later integrated into more complex systems is crucial to 

encourage the development of more relevant studies on breast cancer biology, as well as to 

further improve the feasibility of the results regarding drug screening studies.  
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Chapter 3 

Materials and Methods 
 

3.1 Ethics statement 

Human blood samples were obtained according to the ethical principles stated in the 

Declaration of Helsinki. Monocytes were isolated from buffy coats of healthy blood donors, 

kindly provided by the Immunohemotherapy Department of Centro Hospitalar de São João 

(CHSJ), Porto, Portugal. Informed written consent was given by the blood donors on the 

utilization of their blood collection byproducts for research purposes. All the procedures were 

approved by the CHSJ Ethics Committee (protocol 90/19). 

 

3.2 Human monocyte isolation 

Monocytes were isolated from buffy coats of healthy blood donors, as previously 

optimized by others [93]. Briefly, the procedure initiated with the centrifugation of the blood 

samples, in order to collect the peripheral blood mononuclear cells (PBMCs), to which was then 

added RosetteSepTM Human Monocyte Enrichment Cocktail (StemCell Technologies). This 

reagent allows the isolation of monocytes through a process of negative selection, in which 

undesired (non-monocyte) cells are crosslinked to red blood cells (RBCs) by tetrameric antibody 

complexes (TACs), resulting in the formation of dense immunorosettes [94]. Afterwards, the 

rosettes were added to Ficoll-Histopaque (Sigma-Aldrich), a buoyant density medium, and the 

mixture was centrifuged. During centrifugation, a gradient was formed: the rosettes, which are 

denser, pelleted beneath the Ficoll-Histopaque, while the monocytes were placed between the 

density medium and the plasma. Finally, monocytes were collected and washed 3 times with 

PBS before being resuspended in Roswell Park Memorial Institute (RPMI) 1640 medium 

(Gibco), supplemented with 10% of heat inactivated fetal bovine serum (FBS, Biowest) and 1% 

of penicillin-streptomycin (Pen-Strep) solution. 

 

3.3 Cell culture 

The MCF-7 human breast cancer cell line, provided by Dr. Meriem Lamghari (i3S, Porto, 

Portugal), was cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-

12, Gibco), supplemented with 10% (v/v) of heat-inactivated FBS (Biochrom GmbH) and 1% 

(v/v) of Pen-Strep solution. Human mammary fibroblasts (hMFs) were kindly provided by Dr. 

Sílvia Bidarra (i3S, Porto, Portugal). These cells were cultured in DMEM with ultraglutamine-1 

(Lonza), supplemented in the same conditions mentioned above. All cells were handled under 

aseptic conditions, and incubated at 37 C in a 5% CO2 atmosphere. 
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3.4 Multicellular tumor spheroid assembly 

To establish MCTS, the liquid overlay technique (LOT), using agarose as a non-adhesive 

surface, was the method used. As such, commercially available micro-molds (3D Petri Dish, by 

MicroTissues, Inc.), with 81 circular recesses distributed in a 9x9 array, were used to make 

agarose molds, on top of which cells were seeded. Briefly, 0.9% (w/v) of sterile sodium chloride 

(NaCl) solution was added to a sterile agarose powder and dissolved to form a solution of 2% 

(w/v) agarose (SeaKEM LE Agarose, Lonza). Then, the agarose solution was casted and allowed 

to solidify in the micro-molds to form the agarose molds, which were later transferred to sterile 

12-well plates. To equilibrate the molds, they were later incubated with complete culture 

medium (1.5 mL) for at least 2 h. Afterwards, the medium was removed and cells were collected 

and counted in order to prepare the adequate cell suspensions, according to the total number 

of cells per spheroid. Finally, 190 L of each cell suspension were seeded onto the corresponding 

mold and the plate was left still for approximately 30 min at room temperature (RT), so as to 

enable cells to settle inside the molds. After the incubation time, 2 mL of medium was added to 

each well and cells were incubated at 37 C in a 5% CO2 atmosphere. The medium of the 

spheroids was changed every two days. 

The studies firstly began with the development of a monoculture spheroid model, 

containing exclusively MCF-7 cells. After the characterization of this model, a double culture 

spheroid model, combining MCF-7 cells and hMFs, was produced and characterized. Finally, 

monocytes were added to the previous model to form triple culture spheroids, which ultimately 

represent the 3D platform to be used for drug screening. Different cellular concentrations and 

cellular ratios of each cell type were tested. 

 

3.5 Multicellular tumor spheroid characterization 

Several assays were performed to characterize the 3D models developed, namely the 

measurement of the MCTS size, the resazurin assay to evaluate the metabolic activity, 

histological analysis by hematoxylin and eosin staining, immunohistochemistry, flow cytometry 

analysis and live/dead assay. 

 

3.5.1 Size measurement 

Brightfield images of the spheroids produced were taken at three specific timepoints – 

days 1, 4 and 7 after cell seeding –, using ZOETM Fluorescent Cell Imager (Bio-Rad Laboratories). 

The size was determined by measuring the diameter of the MCTS through the ImageJ software. 

The diameter of the MCTS was determined by manually performing two measurements in per 

spheroid, and subsequently calculating the average of the two values obtained. At each 

condition, 5 different MCTS were measured. 

 

3.5.2 Metabolic activity 

The MCTS metabolic activity was measured through the resazurin assay. Briefly, at days 

1, 4 and 7 after cell seeding, the medium was removed from each mold and 2 mL of culture 

media containing 20% of resazurin (v/v) were added to each well. Afterwards, the spheroids 

were incubated for 2 h at 37C in the dark. Following the incubation period, 200 µL of medium 
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from each condition was transferred to a black-walled, clear-bottom 96-well plate (Corning 

Costar), in triplicates. Finally, the fluorescence was measured at the excitation and emission 

wavelengths of 530 nm and 590 nm, respectively, using SynergyMxTM MultiMode Microplate 

Reader (BioTekTM). 

 

3.5.3 Live/dead cell assay 

Additionally, a viability assay was performed to assess the formation, over time, of a 

necrotic core in the MCTS, using LIVE/DEADTM Viability/Cytotoxicity Kit (Invitrogen), constituted 

by calcein AM and ethidium homodimer-1. These reagents allow the imaging of live and dead 

cells, respectively. The protocol consisted in washing the molds three times with PBS, after 

which cells were incubated with calcein AM (0.5 µL/mL in PBS) and ethidium homodimer-1 (2 

µL/mL in PBS) for 30 min at RT (200 L). After this period of incubation, cells were, once more, 

washed three times with PBS. Imaging of the live/dead-labelled spheroids was accomplished 

using fluorescence widefield HCS microscope IN Cell Analyzer 2000 (GE Healthcare). All acquired 

data was processed using IN Cell Developer Toolbox and ImageJ software. 

 

3.5.4 Histological analysis 

At the same pre-determined timepoints, the media was removed from the wells and the 

molds were washed twice with PBS (2 mL), after which the spheroids were fixed in a solution of 

4% (v/v) PFA (DeltaMicroscopes) in PBS.  Specifically, 2 mL of PFA 4% was added to the wells and 

the molds were left incubating for 30 min at RT. The PFA was later removed from the molds and 

they were once again washed twice with PBS. Then, 200 µL of 1% agarose (w/v) solution was 

added to the top of the molds. The agarose was allowed to solidify and, afterwards, the samples 

were put in cassettes, which were then placed in a PBS 1x solution. Subsequently, the samples 

were processed, embedded in paraffin, sectioned and finally deparaffinized in xylene and 

rehydrated in a gradually decreasing ethanol series. Finally, staining with hematoxylin and eosin 

(H&E) was performed to each section. 

 

3.5.5 Immunohistochemistry 

Immunohistochemistry staining was performed, at day 7 after cell seeding, as described 

elsewhere [95]. Firstly, samples, which were fixed according to the protocol described above, 

were sectioned and deparaffinized in xylene, followed by rehydration in a gradually decreasing 

series of alcohol concentrations. Afterwards, sections were incubated with the respective 

antigen retrieval buffers – sodium citrate buffer (10 х 10-3 M; pH=6) or Tris-EDTA buffer (10 х 10-

3 M Tris, 1 х 10-3 M EDTA; pH=9) for 30 min, at 96 °C. Following this incubation period, sections 

were washed three times with PBS for 5 min, under agitation (60 rpm). Next, samples were 

permeabilized by immersing the sections in Triton X-100 0.25% (v/v in PBS), for 30 min at 60 

rpm, and were again washed three times with PBS, as stated above. Then, samples were blocked 

with 10% (v/v) of FBS in PBS for 1 h at RT. After that time, the primary antibodies (Table 1) were 

diluted in a solution of 5% (v/v) FBS in PBS, added to the corresponding sections and allowed to 

incubate overnight, in a wet chamber, at 4 °C. Samples were then washed three times with PBS 

in the former conditions. The secondary antibodies (Table 2) and DAPI solution were diluted in 

5% (v/v) of FBS in PBST, added to the respective sections and left incubating in the dark, in a wet 

chamber, for 1 h at RT. Lastly, sections were mounted with Fluorescence Mounting Medium 
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(Dako) and imaged using Zeiss AxioImager Z1 microscope (Carl Zeiss), equipped with an AxioCam 

MR ver.3.0.  

 

Table 1 Information on the primary antibodies used for immunohistochemistry analysis. 

Targeted 
Antigen 

Species Source Manufacturer Antibody 
dilution 

Retrieval buffer 

ZO-1 Rabbit SantaCruz 
Biotechnologies 

1:40 Sodium citrate 
buffer 

Vimentin (v9) Mouse SantaCruz 
Biotechnologies 

1:50 Sodium citrate 
buffer 

CD68 Mouse Dako 1:100 Tris-EDTA buffer 

Fibronectin Rabbit Sigma 1:200 Sodium citrate 
buffer 

 

Table 2 Information on the secondary antibodies and DAPI solution used for immunohistochemistry analysis. 

Antibody Manufacturer Antibody 
dilution 

Anti Produced in 

Alexa Fluor 488 Ig Invitrogen 1:400 Rabbit Goat 

Alexa Fluor 594 
F(ab’)2 fragment 

of IgG (H+L) 

Invitrogen 1:400 Mouse Goat 

DAPI Merck 
Millipore 

1:2 (aliquots at 

1 g/mL) 

  

 

3.5.6 Flow cytometry 

Flow cytometry was later performed to further characterize the triple co-culture 

spheroids at days 1, 4 and 7 after cell seeding, as described elsewhere [95]. Briefly, at each 

timepoint, approximately 40 MCTS per mold were collected into a 15 mL falcon tube and 

centrifuged at 1200 rpm for 5 min, at 4C. Following centrifugation, the medium was removed 

and cells were washed once with PBS (2 mL) by centrifugation, in the same conditions. After the 

removal of the supernatant, the spheroids were dissociated to a single cell suspension by adding 

300 µL of trypsin and incubating for 30 min at 37 C. During the incubation time, MCTS were 

mechanically dissociated by pipetting the suspension every 5 min. Then, complete media (2 mL) 

was added to the tube to inactivate trypsin and cells were washed with FACS buffer (2mL) (PBS 

containing 2% and 0.01% sodium azide) and transferred to a non-coated round bottom 96-well 

plate (Corning Costar). Cells were then centrifuged (1500 rpm, 5 min, 4 C), resuspended in 50 

µL of a solution of FACS buffer with the antibodies (FITC-anti-E-cadherin 1:200 (BioLegend), 

PerCP-Cy5.5-anti-CD90 1:100 (BD Biosciences) and APC-anti-CD14 1:25(ImmunoTools)) and 

incubated in the dark for 30 min at 4 C. After incubation, cells were washed twice with PBS 

containing 2% FBS (1500 rpm, 5 min, 4 C) and resuspended in 100 µL of a live/dead solution 

(1:10000) (eBioscienceTM Fixable Viability Dye eFluorTM). Finally, samples were washed were 

washed as previously, and fixed in a solution of PFA 1% (v/v). To analyze the samples, they were 

filtered through a 70 µm pore filter membrane. The equipment used for the analysis was the BD 
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FACSCantoTM II flow cytometer (BD Biosciences) and all the acquired data was processed using 

FlowJo software. 

  

3.6 Production of gefitinib-encapsulated PLGA nanoparticles 

The poly (lactic co-glycolic acid) (PLGA) nanoparticles (NPs) were prepared by a 

nanoprecipitation technique, as described elsewhere [96]. Both non-loaded NPs and NPs loaded 

with GEF were produced. Firstly, the organic phase was prepared by weighting 16 mg of PLGA 

(Corbion), 4 mg of PLGA-PEG-Maleimide (Ruixibiotech) and 1.1 mg of GEF (5% drug loading) 

(SantaCruz Biotechnology) into a tube and dissolving this mixture in 3 mL of dimethylformamide 

(AcrosOrganics). In case of the empty NPs, only 16 mg of PLGA and 4 mg of PLGA-PEG-Mel were 

weighted. The tubes solution containing the organic phase were left at RT overnight covered 

with parafilm to avoid organic solvent evaporation. In the following day, the aqueous phase, 

which consisted in 10 mL of 1% of Tween 80 (Sigma Aldrich) in MilliQ ultrapure water (pH=7.4), 

was prepared. Afterwards, NPs were produced by injecting the organic phase into the aqueous 

phase with a 25G needle. The solution was then left under magnetic stirring (200 rpm), for 3 h 

at RT. To remove the surfactant of the aqueous phase and the non-encapsulated drug, the 

obtained colloidal was washed three times with MilliQ ultrapure water and recovered by 

ultracentrifugation (600 g x for 10 min; 4 C; Eppendorf Centrifuge 5804R) using Amicon 

centrifugal filter units with a weight molecular cut-off (MWCO) of 100 kDa. 

 

3.7 Characterization of the nanoparticles 

Both NP formulations were characterized for their average size and polydispersity index 

(PdI) by dynamic light scattering (DLS), and zeta-potential through laser Doppler anemometry 

(LDA), using a Malvern Zetasizer Nano ZS equipment (Malvern Instruments Ltd). To prepare the 

samples for analysis, NPs were diluted (1:100) in a solution of 10 mM NaCl, at pH=7.4. For each 

formulation, three measurements were registered. The final values are represented as the 

following: mean  standard deviation. 

 

3.8 Evaluation of gefitinib nanoparticles therapeutic efficacy in 

the established breast cancer 3D model 

Triple co-culture MCTS were cultured for 7 days in RPMI 1640 complete medium, as 

previously described. At day 7, the spheroids were transferred from the molds into non-coated 

round-bottom 96-well plates (Corning Costar) (1 spheroid per well) and 100 µL of different 

treatments were added to the cells: empty NPs, gefitinib loaded-NPs or free gefitinib. For each 

therapeutic approach, three concentrations were tested: 100 µg/mL, 500 µg/mL and 1000 

µg/mL, comprising a total number of nine conditions. Spheroids were left incubating with these 

suspensions for 24 h and 48 h, at 37 C in a 5% CO2 atmosphere. Triplicates were considered for 

each condition. At these specific timepoints, different assays were performed to assess the 

therapeutical effect of the nanoparticles in the 3D model developed, including the live/dead 

assay, resazurin assay and CellTiter-Glo 3D viability assay. Untreated spheroids were used as 

control. 
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3.8.1 Assessment of the nanotherapeutic effect in cell viability 

After 24 h of treatment, a live/dead assay was performed to assess whether NPs could 

affect cell viability. The protocol was similar to the one applied for the MCTS characterization, 

though with slight modifications: the medium was removed from the wells, and spheroids were 

incubated with 50 L of a solution of calcein AM/ethidium homodimer-1 in PBS, prepared in the 

previous concentrations, for 30 min at RT. Afterwards, spheroids were washed once with PBS 

and visualized in a fluorescence widefield HCS microscope IN Cell Analyzer 2000 (GE Healthcare). 

Further, this evaluation was complemented with the measurement of ATP levels through 

a specific kit for 3D cell models. CellTiter-Glo 3D Cell Viability assay (Promega Corporation) was 

performed 48 h after starting the treatment. The CellTiterGlo 3D reagent measures the 

amount of ATP present, which acts as an indicator of the number of viable cells in culture. The 

protocol consisted in adding an equal amount of reagent to the volume of medium in the wells 

(100 L) and shaking the plates for 5 min at 100 rpm, after which cells were incubated at RT for 

25 min. The solution contained in each well was transferred to a white, opaque 96-well plate 

(Sterilin Limited) and luminescence was detected (integration time: 0.8 seconds per well) using 

SynergyMxTM MultiMode Microplate Reader (BioTekTM). 

 

3.8.2 Assessment of the nanotherapeutic effect in metabolic activity 

The metabolic activity of the spheroids was, once more, evaluated through the resazurin 

assay, 24 h and 48 h after treatment initiation. Therefore, at these timepoints, the medium was 

removed and 150 L of resazurin 10% (v/v) in complete medium were added to each well. 

Following 2 h of incubation at 37 C, 100 L of medium from each well were removed and put 

into clear-bottom black 96-well plates (Corning Costar). The fluorescence was measured as 

mentioned above. 

 

3.9 Nanotherapeutic treatment in MCF-7 2D cell culture 

Aside from evaluating the effect of gefitinib-encapsulated NPs in the spheroid model 

developed, the outcomes of this treatment were also monitored in MCF-7 cells, cultured in 2D. 

Therefore, MCF-7 cells were counted, seeded in a sterile 96-well plate (1104 cells per well) and 

incubated overnight to enable their attachment. In the following day, the medium was removed 

and cells were treated in an identical way to the MCTS: three different treatments were tested 

at three different concentrations, considering 100 L of complete medium as a negative control 

as well. Triplicates were equally planned for each condition. Similar to the 3D culture, live/dead 

assay was performed at 24 h after treatment, while the resazurin assay was carried out 24 h and 

48 h upon treatment initiation. 
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Chapter 4 

Results and Discussion 
 

4.1 Development and characterization of a monoculture breast 

tumor spheroid model 

To achieve the ultimate goal of this dissertation – that is, the development of a 3D triple 

culture MCTS model to be used as a platform for drug screening –, monoculture MCTS were 

primarily established and characterized. Therefore, the model firstly comprised solely breast 

cancer cells, which was then followed by the progressive addition of fibroblasts and monocytes, 

respectively, in order to understand the influence of each cell type in the overall MCTS structure 

and metabolic activity. 

As previously stated, luminal A breast cancer is the most common molecular breast cancer 

subtype. Therefore, the MCF-7 cell line, a luminal A poorly-invasive breast cancer cell line, was 

chosen for the development of this model, as it constitutes a broader representation of this 

disease [97]. Nevertheless, it is important to mention that MCF-7 cells cannot fully recapitulate 

breast cancer heterogeneity. Hence, the implementation of MCTS models with different breast 

cancer lines would promote a better characterization of this disease. 

For the development of MCF-7 monoculture spheroids, MCF-7 cells were seeded on top 

of agarose molds, as formerly described. Four different cellular concentrations (1,000, 2,500, 

5,000 and 10,000 cells per spheroid) were tested and cultured for seven days in DMEM/F12 

culture medium. Throughout that time, the metabolic activity, as well as the size and 

morphology of the spheroids were assessed at three specific timepoints: 1, 4 and 7 days after 

seeding the cells (Figure 5). 

Regarding the morphology of the spheroids, these cells formed compact structures within 

one day (D1) of culture (Figure 5A), maintaining that morphology for, at least, seven days. 

Moreover, the diameter of the MCTS was apparently conserved throughout the days (Figure 

5B). These results are consistent with growth patterns previously reported in some of these 3D 

structures, which detailed an exponential growth in spheroids with less than 200 m in 

diameter, followed by a slower growth rate that ultimately culminated in a growth plateau [98]. 

The size evaluation also indicates that the MCTS diameter seems to be dependent on the cell 

seeding concentration throughout the 7 days of culture. 

The metabolic activity, on the other hand, registered a high variability between 

experiments with no evident alterations overtime. (Figure 5C). Considering the nearly constant 

size observed in most conditions, it would be expected that the metabolic activity levels would 

be approximately maintained overtime. Yet, it is important to note that, in larger MCTS, the cells 

in the innermost layer get deprived of nutrients, which likely affects both their growth kinetics 

and metabolic activity. Nevertheless, regarding this issue, the results obtained were not 

conclusive, so further experiments should be performed. Further, this colorimetric assay may 



 
 

26 
 

not be the most suitable for evaluating cell viability, as the dye may not homogeneously infiltrate 

the structure, which can influence the accuracy of the results [98]. 

 

 

Figure 5 Characterization of MCF-7 monoculture MCTS, assembled at four different initial cell densities, over seven 
days of culture. A) Brightfield microscopy images of the MCTS morphology, taken at days 1, 4 and 7 after cell seeding. 
Scale bars represent 100 µm. B) Measurement of the MCTS diameter from the brightfield images taken. Values 

represent mean   SD (n=5 spheroids analyzed per condition, 2 independent experiments). C) Evaluation of the MCTS 
metabolic activity at the formerly mentioned timepoints, according to the initial cell density. Values represent mean 

 SD (n=81 spheroids per condition, 2 independent experiments). RFU: relative fluorescence units. D) Histological 
analysis by H&E staining of the MCTS overtime. Scale bars represent 100 µm. 

 

Finally, the MCTS characterization by H&E staining (Figure 5D) suggested that, after 7 days 

of culture, these spheroids did not generally develop a distinguished necrotic core in the center 

of the structure. The larger spheroids represent the only condition in which a necrotic core 

apparently starts to be developed at the 7th day of culture. Accordingly, it has been reported 
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that, in spheroids with  400-500 m in diameter, gradients of O2 and nutrients are generated 

over time due to limitations in their diffusion to the center of the 3D structures [29, 99]. The 

formation of a necrotic structure in spheroids can be characterized by H&E staining through the 

evaluation of a specific set of morphological features, such as nuclear condensation and 

fragmentation, reduced cell density and cell rounding [100, 101]. A possibility could be to extend 

the time of MCTS culture, in order to mimic tumor spheroids in more advanced stages of the 

disease.  

Following this characterization, no evident differences were observed between the tested 

concentrations. Hence, it was decided to narrow the number of conditions in order to pursue 

the upcoming studies. Therefore, the establishment of double culture spheroids was carried out 

considering two initial cell densities: 2,500 cells and 5,000 cells/spheroid. 

 

4.2 Development and characterization of a double co-culture 

breast tumor spheroid model 

After the characterization of the monoculture spheroids, a double culture MCTS model 

was established by adding normal human mammary fibroblasts (hMFs), one of the major 

components of the breast TME [56]. For each of the cell seeding concentrations considered for 

this study, two cellular ratios of MCF-7 cells to hMFs were tested – 1:1 and 1:3. The latter ratio 

mimics breast tumors in more advanced stages, which are characterized by a greater stromal 

content in comparison to breast cancer cells [102]. Moreover, MCF-7 cells and hMFs were 

individually cultured as control conditions. Similar to the monoculture spheroids, double co-

culture MCTS, seeded at 2,500 cells/spheroid (Appendix A) or 5,000 cells/spheroid (Figure 6), 

were maintained for 7 days and the same assays were performed at the previously determined 

timepoints: 1st, 4th and 7th days of culture. 

The morphological analysis of the co-culture MCTS revealed that, regardless of the initial 

cell density or the cellular ratio of MCF-7 cells to hMFs, compact structures were formed one 

day after seeding the cells (Figure 6A). Interestingly, in all the co-culture conditions tested, the 

diameter of the spheroids apparently increased throughout the days (Figure 6B), as opposed to 

what was observed in the monoculture spheroids produced (Figure 5B). Furthermore, the 

metabolic activity followed a similar trend, with the double culture spheroids seemingly showing 

an increase when compared to the monoculture conditions (Figure 6C). Therefore, these results 

apparently indicate that the addition of fibroblasts to MCF-7 cells induces a shift in the MCTS 

growth kinetics, as well as in the metabolic activity, which is corroborated by the fact that 

fibroblasts secrete cytokines, exosomes and growth factors (namely TGF-β, growth 

differentiation factor 15, leukaemia inhibitory factor, etc.) that can promote a more invasive and 

proliferative behavior in cancer cells [103]. Nevertheless, more studies would need to be carried 

out in order to statistically validate these results. 

Results further suggest that the two cellular ratios (1:1 and 1:3, MCF-7:hMF) do not 

display perceptible differences in the size or metabolic activity of the MCTS (Figure 6C). On the 

one hand, considering the higher proliferation rate of tumor cells, it could be expected that the 

conditions comprising a higher MCF-7 cell ratio (1:1) would display a higher growth rate, as well 

as higher levels of metabolic activity. On the other hand, however, the 1:3 (MCF-7:hMF) 

condition comprises a higher number of fibroblasts, which are known to enhance tumor cells 

proliferation, as previously stated. As little is still known about the influence of the crosstalk 

between these two cell types in 3D structures, more studies should be performed to fully 

elucidate the effects of this interaction. 
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Figure 6 Characterization of MCF-7:hMF double co-culture MCTS, assembled at the initial cell density of 5,000 
cells/spheroid, over seven days of culture. Two cellular ratios of MCF-7 cells to hMFs were tested – 1:1 and 1:3. MCF-
7 and hMF monoculture MCTS were cultured as control spheroids. A) Brightfield microscopy images of the MCTS 
morphology, taken at days 1, 4 and 7 after cell seeding. Scale bars represent 100 µm. B) Measurement of the MCTS 

diameter from the brightfield images taken. Values represent mean   SD (n = 5 spheroids per condition, 1 
independent experiment). C) Evaluation of the MCTS metabolic activity at the formerly mentioned timepoints, 

according to the initial cell density. Values represent mean  SD (n=81 spheroids per condition, 1 independent 
experiment). RFU: relative fluorescence units. D) Histological analysis by H&E staining of the MCTS overtime. Scale 
bars represent 100 µm. 

 

Regarding the histological analysis of these structures, nuclear disintegration was visible 

in the double culture spheroids at later stages of culture, particularly at the 1:3 cell ratio (Figure 

6D). Finally, the immunostaining performed in double culture spheroids with an initial number 

of 5,000 cells per spheroid enabled a better understanding of the spatial organization of these 

two cell types within the MCTS produced (Appendix B). Therefore, hMFs (which stain positive 

for vimentin) were mainly localized at the center of the spheroid, supporting the H&E 
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characterization that suggested a reorganization of these cells to the core of the spheroid at day 

4. These results are coherent with similar studies in which co-culture spheroids were formed by 

simultaneously seeding fibroblasts and breast cancer cells [104]. However, this cellular 

organization does not recapitulate the clinical situation, in which fibroblasts are more uniformly 

distributed within the breast tumor [105]. As such, a recent study has evaluated the impact of a 

different cell seeding approach in the breast MCTS morphology, in which breast cancer cells and 

fibroblasts were sequentially seeded within a 24 h break [104]. The spheroids displayed a more 

uniform fibroblast distribution, which may constitute a more clinically relevant model. Hence, it 

could be interesting to further optimize this model by testing the impact of different cell seeding 

approaches in the cellular organization of these spheroids. 

Apparently, there was no prominent variation among the results obtained concerning the 

two seeding concentrations (Appendix A and Figure 6). Consequently, the following studies were 

pursued with the highest initial cell density (5,000 cells/spheroid). The reason for this choice is 

related to the fact that the final model aims at working as a platform for drug screening, thus 

being important for it to have a considerable number of cells in order to more appropriately 

predict the effect that drugs will have on the tumor. Furthermore, the cellular ratio of 1:1 (MCF-

7:hMF) was chosen. 

Importantly, the fibroblasts used in this study were originated from healthy mammary 

tissue. Therefore, they may not display the same characteristics of CAFs. However, previous 

studies have shown that healthy fibroblasts co-cultured with MCF-7 cells in a 3D MCTS structure 

expressed high levels of α-SMA after 7 days of culture, which is a frequently used marker to 

indicate the presence of CAFs [104]. Moreover, breast cancer cells also promote the 

differentiation of cells into a CAF-like phenotype, through the secretion of growth factors, such 

as TGF-β1, or through the Notch signaling, as previously reported [58, 103]. Nevertheless, it 

could be interesting to evaluate the levels of TGF- on culture medium of MCTS as well as the 

activation of its receptors on hMFs.  

 

4.3 Development and characterization of a triple co-culture 

breast cancer spheroid model 

Following the characterization of the monoculture and double culture MCTS, the model 

was further improved to better mimic the tumor’s complexity by seeding monocytes isolated 

from buffy coats of healthy blood donors simultaneously with fibroblasts and MCF-7 cells. In this 

experiment, the culture medium was changed to RPMI, since monocytes culture was previously 

established in this medium [93] and it is expected to add T cells to the model in future studies, 

which are usually cultured in RPMI 1640 medium [106]. Therefore, MCF-7 spheroids were 

cultured in DMEM/F12 and in RPMI, in order to evaluate the differences regarding their 

metabolic activity and size (Appendix C). The results suggest that MCF-7 cells are more 

proliferative in RPMI culture medium. Accordingly, studies from colleagues have recently shown 

that culture medium displays a significant impact on several aspects of the cells, such as 

metabolic activity, ATP generation, immune interactions and also radiotherapy response (Arne 

Peirsman et al., Nature methods, accepted). These data reinforce the importance of the 

selection of the media type when designing studies using spheroids, inclusively when the aim is 

to investigate the effects of therapeutic intervention. 

For the development of this model, the cell seeding concentration, as well as the cellular 

ratio of MCF-7 cells to hMFs were fixed at 5,000 cells/spheroid and 1:1 (MCF-7:hMF), 

respectively, as stated above. Yet, different cell ratios of monocytes to the remaining cell types 
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were tested – (MCF-7:monocytes:hMFs) – 1:2:1, 1:4:1 and 1:10:1. The conditions used as control 

included the individual seeding of MCF-7 cells, as well as co-culture MCTS comprising MCF-7 

cells and monocytes, at three cellular ratios – 1:2, 1:4 and 1:10 of MCF-7 cells to monocytes. As 

previously executed, MCTS were maintained in culture for 7 days and the characterization of 

these structures was performed at the same timepoints as before (Figure 7). 

Unlike the monoculture (MCF-7) and double culture (MCF-7:hMF) spheroids, in which 

very compact structures were formed within one day of culture, the triple culture spheroids 

showed, within the same period of time, a main compact cellular structure surrounded by a few 

cell aggregates that were spread throughout the well (Figure 7A). These aggregates most likely 

corresponded to monocytes that were not able to infiltrate the compact MCTS. As the days 

passed, however, the spheroids became more compact, with less cell aggregates surrounding 

them, especially in the condition with the smallest ratio of monocytes – 1:2:1 (MCF-

7:monocytes:hMF).  

Regarding the size of the spheroids, all conditions showed a tendency to increase the 

MCTS diameter, as already seen in the double co-culture spheroids (Figure 7B). This increase 

seems more evident between day 1 and day 4 of culture. Furthermore, these results suggest a 

correlation between the ratio of monocytes (and remaining cells) and the size of the spheroids: 

the lower the monocyte ratio (and, therefore, the higher the number of MCF-7 cells and 

fibroblasts) the greater the diameter of the MCTS. The metabolic activity also seemingly 

increased overtime, with the triple culture spheroids that contained less monocytes (and more 

MCF-7 cells) displaying higher metabolic levels than those with more monocytes in their 

composition (Figure 7C). This was expected since MCF-7 cells have a highly proliferative nature, 

unlike monocytes. 

The histological analysis confirmed the formation of cell aggregates in the surroundings 

of the spheroids, especially at day 1 after cell seeding (Figure 7D). Moreover, some cell 

fragmentation in the core of the spheroids was visible at day 7 of culture, indicating the 

formation of a necrotic core, especially in the conditions with a higher ratio of MCF-7 cells and 

fibroblasts in relation to the monocytes. These results are consistent with the size evaluation 

overtime, as the larger spheroids corresponded to the ones with a more prominent necrotic 

core. 
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Figure 7 Characterization of MCF-7:monocytes:hMF triple co-culture MCTS, assembled at the initial cell density of 
5,000 cells/spheroid, over seven days of culture. Three cellular ratios of MCF-7 cells to monocytes to hMFs were 
tested – 1:2:1, 1:4:1 and 1:10:1. Mon: monocytes. Control conditions comprised MCF-7 monoculture MCTS, as well 
as MCF-7 cells in co-culture with monocytes, at three different cellular ratios – 1:2, 1:4 and 1:10, respectively. A) 
Brightfield microscopy images of the MCTS morphology, taken at days 1, 4 and 7 after cell seeding. Scale bars 
represent 100 µm. B) Measurement of the MCTS diameter from the brightfield images taken. Values represent mean 

  SD (n =5 spheroids per condition, 2 independent experiments). C) Evaluation of the MCTS metabolic activity at the 
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formerly mentioned timepoints, according to the initial cell density. Values represent mean  SD (n=81 spheroids per 
condition, 2 independent experiments). RFU: relative fluorescence units. D) Histological analysis by H&E staining of 
the MCTS overtime. Scale bars represent 100 µm. A, D) Brightfield images and H&E staining images are from a 
representative blood donor. 

 

4.3.1 Flow cytometry characterization 

To further characterize the triple co-culture MCTS in terms of their cellular composition, 

an analysis by flow cytometry was performed 1 and 7 days after cell seeding (Figure 8). Since the 

1:10:1 (MCF-7:monocytes:hMFs) ratio did not form compact structures within 7 days of culture 

in the MCTS from both blood donors tested, that condition was not considered for this assay. 

The antibodies used against each cell type were the following: anti-E-cadherin to stain MCF-7 

cells, anti-CD90 against hMFs, and anti-CD14 for monocyte staining. 

 

 

Figure 8 MCF-7 characterization of MCF-7:monocytes:hMF triple co-culture MCTS, assembled at the initial cell density 
of 5,000 cells/spheroid, by flow cytometry. A) Flow cytometry gating strategy to analyze triple co-culture MCTS. Live 
dead negative cells were gated on single cells. Posteriorly, CD14+, CD90+ and E-cadherin+ cells were gated on live dead 
negative cells. B) Two cellular ratios of MCF-7 cells to monocytes to hMF were tested – 1:2:1 and 1:4:1, at day 1 and 
day 7 of culture. Numbers indicate the percentage of the previously cited populations. 

 

Looking at the results, MCF-7 cells did not positively stain for E-cadherin, an epithelial cell 

marker that is part of the adherent junctions (Appendix D). Yet, E-cadherin was expressed in 

MCF-7 2D cell culture (data not shown). Recent studies have shown that MCF-7 cells lose the 

expression of E-cadherin when transitioning from a 2D cell culture to an organized 3D spheroid 

structure [107]. Nonetheless, at day 1, it was possible to extrapolate the percentage of MCF-7 

cells present in each structure, since both hMFs and monocytes were positive for the expression 

markers CD90 and CD14, respectively. However, at day 7, hMFs did not stain for CD90, 

suggesting that, when incorporated in 3D structures, these cells also lose the expression of this 
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protein overtime (Figure 8B). Regarding the monocytes, there was a considerable decrease in 

the percentage of these cells between the 1st and 7th days of culture, independently of the cell 

ratio (Figure 8B). This can be explained by the higher proliferative rate of tumor cells, when 

compared to non-proliferating monocytes, as well as due to the poor immune infiltration that 

characterizes luminal A breast cancers [108]. 

 

4.3.2 Live/dead assay 

Afterwards, a live/dead assay was performed to assess the formation of a necrotic core in 

the triple culture MCTS model during the 7 days of culture (Figure 9). The viable kit used in this 

assay contained two dyes: calcein AM and ethidium homodimer-1 (EthD-1) which stain live and 

dead cells, respectively, based on two important parameters of cell viability: esterase activity 

and plasma membrane integrity [109]. Quantitative results regarding this assay are shown in 

Appendix E. Surprisingly, a considerable number of dead cells (EthD-1 positive) were found in 

the periphery of the spheroids, at day 1 after cell seeding, especially in the co-culture conditions 

containing monocytes. Theoretically, it would be expected that the majority of the dead cells 

would be located in the center of the spheroid after a few days of culture, resulting from 

gradients of oxygenation, pH and nutrients that are likely generated overtime. However, these 

dead cells were probably not viable at the time of cell seeding, and therefore did not penetrate 

the MCTS. 

Even though the vast majority of the cells remained viable, a few dead cells were 

visualized over the 7 day-period, likely corresponding to the initial development stage of a 

necrotic core within the MCTS. A previous study, in which a similar live/dead assay using these 

dyes was performed in monoculture MCF-7 spheroids, reported that MCTS cell viability was not 

affected within the first 10 days of culture [110]. 

It is important to note that the formation of a necrotic core may be desirable, especially 

for the development of models for drug screening, as tumor necrosis constitutes a feature of 

solid tumors in more advanced stages [111]. Furthermore, hypoxia and necrosis have been 

associated with tumor progression and chemoresistance, as the penetration of therapeutic 

agents is physically and biologically hampered by these conditions [112, 113]. Therefore, it is 

imperative to recapitulate these hallmarks to obtain feasible results regarding the therapeutic 

effect of a drug aimed at treating more advanced tumors. Moreover, luminal A breast tumors 

that resist to endocrine therapy are usually directed to treatment in combination with 

chemotherapy, which mainly occurs in later stages of the disease. Hence, it could be convenient 

to maintain the model for different periods of time, in order to recapitulate different stages of 

cancer. 
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Figure 9 Cell viability assessment of the MCTS through a live/dead assay using calcein AM and EthD-1 to stain live and 
dead cells, respectively. The assay was performed at days 1, 4 and 7 after cell seeding. Green channel: calcein AM; 
red channel: EthD-1. Scale bars represent 50 µm. 
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4.3.3 Immunohistochemistry analysis 

Finally, immunohistochemistry staining was performed in the monoculture, double 

culture and triple culture spheroid models developed, fixed at the cell seeding concentration of 

5,000 cells per spheroid and the following cellular ratios: 1:1 (MCF-7:hMF) in case of the double 

culture MCTS model and 1:2:1 (MCF-7:monocytes:hMF) for the triple co-culture MCTS model. 

This assay was only performed at day 7 of cell culture, which was the final timepoint chosen for 

the characterization of this model, in order to allow the differentiation of monocytes into 

macrophages. The immunostaining is shown in Figure 10 and is further detailed in Appendix B. 

The antibodies used against each cell type were anti-ZO-1, anti-vimentin and anti-CD68, 

which stain proteins expressed in MCF-7 cells, hMFs and monocytes/macrophages, respectively. 

Additionally, the ECM production by the 3D spheroids was assessed by using an antibody against 

fibronectin, a glycoprotein that is a major component of the ECM [114]. 

 

 

Figure 10 Immunofluorescence microscopy images of mono-, double and triple culture MCTS at day 7 after cell 
seeding. Fibronectin (green); ZO-1 (yellow); Vimentin (red); CD68 (violet). All samples are counterstained with DAPI 
(blue channel). Scale bars represent 50 µm. 

 

MCF-7 cells, which have been reported in the literature to express ZO-1 [115], were found 

mainly in the periphery of the double and triple co-culture spheroids, while the core was mainly 

populated by vimentin-positive cells, which correspond to the fibroblasts. As mentioned above, 

this spatial distribution has already been reported in former studies that focused on the 

development of co-culture spheroids comprising MCF-7 cells and fibroblasts [104]. 

CD68-expressing cells were mainly located in the border of the triple MCTS, with only a 

few cells being able to further infiltrate the structure, which is consistent with recently published 

data concerning the study of monocyte infiltration in MCF-7 breast cancer spheroids [116]. 

Moreover, luminal A breast cancer subtype was shown to incorporate a significant lower 
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number of macrophages in comparison to the other subtypes, in both the tumor stroma (TS) 

and the tumor nest (TN) [108]. 

Lastly, regarding the analysis of the ECM produced by the MCTS, the results suggest that 

the presence of fibroblasts is associated to fibronectin deposition, as the levels of expression 

were higher in the center of the co-culture spheroids, where these cells were shown to be mainly 

located. This was expected since fibroblasts are reported as one of the main cell types that 

synthesizes fibronectin [114]. On the other hand, MCF-7 cells were shown to produce small 

amounts of fibronectin since monoculture spheroids showed little expression in comparison to 

double and triple co-cultures. Additionally, visual changes in the fibronectin deposition from the 

double culture to the triple culture conditions were not observed. 

Finally, all these results allowed a solid characterization of a triple co-culture MCTS model 

that better recapitulates avascular breast cancer. However, some aspects should be further 

addressed such as macrophage polarization into M1 or M2 macrophages, since CD68 identifies 

both phenotypes. 

Co-culture spheroids comprising MCF-7 cells and fibroblasts [104], as well as MCF-7 cells 

and macrophages [117] have been previously established, enabling the study of the interaction 

between these different cell types.  However, this model constitutes an improvement in 

comparison to the formers as it additionally enables the study of the crosstalk between 

fibroblasts and immune cells and the impact that these heterotypic interactions have on breast 

cancer progression. For instance, CAFs play a role in monocyte recruitment and differentiation 

into macrophages, by secreting CCL12, while immune cells secrete TGF- that promotes 

fibroblast migration, proliferation and transdifferentiation into myofibroblasts [58, 104].  

 

4.4 Nanoparticles production and characterization 

Once the characterization of the triple culture MCTS was completed, the feasibility of the 

model developed as a platform for drug screening was tested. Firstly, a previously optimized 

nanoformulation was prepared by nanoprecipitation [96] and characterized by dynamic light 

scattering. 

This nanosystem consisted in PLGA NPs loaded with GEF, a tyrosine kinase inhibitor of the 

intracellular domain of epidermal growth factor receptor (EGFR) [118]. Though only currently 

approved for the treatment of lung cancer by the FDA [119], several studies have been 

addressing the therapeutic impact of this drug in breast cancer, with some promising results 

obtained for luminal A breast cancer [4, 5]. Indeed, EGFR is expressed in several breast cancer 

subtypes and cell lines, including MCF-7 [120]. Moreover, PLGA is a polymer which has been 

approved by the FDA for the use in drug delivery applications because of its versatility, as well 

as biocompatibility and biodegradability properties [121]. 

Regarding their characterization, both bare and GEF-loaded NPs (NPs-GEF) were prepared 

and characterized regarding their Z-average size, polydispersity index (PdI) and surface charge 

(-potential), as shown in Table 1. The results were, in general, consistent with the values 

formerly obtained, though a slight increase in the size and PdI of the NP samples was observed. 

Indeed, the most commonly accepted values, in terms of PdI, for polymeric nanoparticles are 

usually below 0.2 [48], which was not achieved in the case of GEF-encapsulated NPs. Regarding 

the -potential, the values were similar to the ones priorly reported. Importantly, while the 

majority of the studies report a higher internalization efficiency of positively charged NPs by 

cells (mainly due to the electrostatic interactions established with the negatively charged cell 

membrane), other studies have reported an efficient cellular internalization of nanoparticles 
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with a negative surface charge [122, 123]. Furthermore, the NPs produced with this protocol 

have previously shown high interaction with more than one cancer cell line [96]. 

Concerning the evaluation of other parameters, such as the association efficiency (AE) and 

the drug loading (DL) capacity, the values considered were the ones obtained in the former 

study, as these parameters were not assessed in this work. Hence, the values of AE and DL 

reported for NPs-GEF were 74  5% and 4  0%, respectively [96]. 

 

Table 3 Physicochemical properties of the empty and gefitinib-loaded NPs produced. Values are represented as: mean 

 SD (n = 3). 

 Z-average size (nm) PdI -potential (mV) 

Empty NPs 83  2 0.191  0.005 -12.0  0.2 

Gefitinib-loaded NPs 77  2 0.233  0.003 -10.8  1.4 

 

4.5 Evaluation of gefitinib nanoparticles therapeutic efficacy in 

established breast cancer 3D model 

The NPs prepared were incubated with the 3D triple MCTS model formerly established for 

24 h and 48 h, 7 days after spheroid assembly. Different therapeutic groups were tested in order 

to better understand the influence of each component in the nanosystem. Therefore, the MCTS 

were incubated with empty NPs, GEF-loaded NPs and free GEF. With the objective of performing 

a drug-response study, 3 different concentrations of GEF were tested for each condition: 2.2 

g/mL, 11.0 g/mL and 22.0 g/mL. The concentrations were chosen considering a previous 

study demonstrating the cytotoxic effect of GEF on MCF-7 cells [124]. Moreover, the 

concentration of PLGA NPs used was also taken into consideration, since previous studies from 

colleagues demonstrated cytotoxic effects starting at a concentration of 1000.0 g/mL [96]. As 

a negative control, MCTS were incubated solely with complete culture media. Additionally, to 

comprehend how the 3D cellular organization, as well as the heterotypic interactions could 

potentially affect the response of the cells to the treatment, MCF-7 cells alone, cultured in a 2D 

system, were incubated in all the conditions described above. 

At specific timepoints (24 h and 48 h after treatment initiation), the metabolic activity of 

the 2D and 3D cells was assessed through the resazurin assay. Moreover, 24 h after incubation, 

a live/dead assay was performed to evaluate cell viability upon treatment with different 

therapeutic approaches. For the 3D MCTS, an additional assay was carried out after 48 h of 

incubation, which consisted in indirectly evaluating cell viability by measuring the amount of 

ATP generated by the spheroids. 

Starting with the results obtained for the 2D MCF-7 cell culture, after 24 h of treatment, 

empty NPs did not apparently impact the metabolic levels when compared to the untreated 

cells, suggesting that these concentrations are not cytotoxic throughout this time period (Figure 

11A). At the second timepoint (48 h), however, bare NPs seem to decrease the metabolic activity 

of the cells at the higher concentrations (Figure 11B). Therefore, these results may suggest that 

NP concentrations above 500.0 g/mL possibly display a cytotoxic effect in these cells. Regarding 

the free administration of GEF, this therapeutic approach was seemingly associated with the 

lowest metabolic activity of the cells, regardless of the concentration tested or the incubation 

time. In addition, the cells treated with GEF-loaded NPs apparently decreased their metabolic 

activity after 48 h of incubation. These results suggest that free GEF was, in general, the 
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treatment that presented the highest cytotoxic effect on the cells. Even though the treatment 

with NPs-GEF also decreased the metabolic activity of the cells, especially after 48 h of 

incubation, this effect seems to be partially attributed to the cytotoxic effect observed for the 

bare NPs. It is important to note that, according to the International Organization for 

Standardization (ISO) guidelines for cytotoxicity in medical devices, a cytotoxic effect is only 

observed when there is a reduction of cell viability by more than 30% [125]. 

 

 

Figure 11 Evaluation of the relative metabolic activity of treated MCF-7 cells in relation to the non-treated cells (100% 
viability), culture in 2D, at A) 24 h and B) 48 h after treatment initiation with different therapeutic approaches. The 

concentrations of GEF correspond to 2.2 g/mL, 11.0 g/mL and 22.0 g/mL. The concentrations of NPs correspond 

to 100.0 g/mL, 500.0 g/mL and 1000.0 g/mL. Values represent mean   SD (n =3 per condition, 1 independent 
experiment). 

 

To complement the results of the resazurin assay, a live/dead cell staining was performed 

after 24 h of treatment. The results showed that non-treated cells and cells treated with the 

lowest concentration of bare NPs were the only conditions in which dead cells were not visible. 

In opposite to what was observed in the resazurin assay at 24 h, NPs-GEF apparently induced a 

cytotoxic effect on the cells after 24 h. Moreover, the number of dead cells was higher upon 

treatment with NPs-GEF than with free GEF, especially when comparing the two highest 

concentrations, which also contrasts with what was observed in the resazurin assay. In fact, in 

those two conditions (NPs-GEF 11.0 µg/mL and NPs-GEF 22.0 µg/mL), cells showed a less 

confluent stage, suggesting that NPs-GEF could affect the proliferation rate of the cells. These 

results were not expected since NPs-GEF enable a more controlled release of the drug [96]. 

While this could be explained by a synergistic effect caused by GEF and bare NPs cytotoxicity, 

these results should have translated into those of the metabolic levels assessed through the 

resazurin assay. However, that was not observed, so the experiments should be repeated to 

validate the results. 
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Figure 12 Cell viability assessment of the 2D MCF-7 cell culture through a live/dead assay using calcein AM and EthD-
1 to stain live and dead cells, respectively. The assay was performed 24 h after treatment initiation. The 

concentrations of GEF correspond to 2.2 g/mL, 11.0 g/mL and 22.0 g/mL. The concentrations of NPs correspond 

to 100.0 g/mL, 500.0 g/mL and 1000.0 g/mL. Green channel: calcein AM; red channel: EthD-1. Scale bars represent 

50 m. 
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Regarding the metabolic activity analysis of the 3D triple culture MCTS (Figure 13), results 

seem to indicate that empty NPs do not impact the metabolic activity of these structures 

regardless of the concentration, unlike what was observed for the 2D cell culture. This is 

consistent with previous studies that reported that the 3D conformation of the MCTS can 

hamper NPs penetration into the tissue [126]. In agreement with the 2D cell culture results, free 

administration of GEF was the therapeutic approach associated with the lowest metabolic 

activity, in a dose-dependent manner, after 24 h and 48 h of treatment. In turn, spheroids 

incubated with the highest concentration of NPs-GEF also seemingly presented a decrease in 

the metabolic activity after 24 h of incubation, but not after 48 h of treatment. This was not 

expected, as the metabolic levels should have at least been maintained, if not further reduced. 

 

 

Figure 13 Evaluation of the relative metabolic activity of treated 3D triple culture MCTS in relation to the non-treated 
spheroids (100% viability) at A) 24 h and B) 48 h after treatment initiation with different therapeutic approaches. The 

concentrations of GEF correspond to 2.2 g/mL, 11.0 g/mL and 22.0 g/mL. The concentrations of NPs correspond 

to 100.0 g/mL, 500.0 g/mL and 1000.0 g/mL. Values represent mean   SD (n=3 spheroids per condition, 2 
independent experiments). 

 

Additionally, to complement this analysis, another cell viability assay was performed for 

the evaluation of cell toxicity using 3D CellTiter-Glo reagent, which enables the quantification 

of the ATP levels generated by the MCTS. This is an indirect method to assess cell viability, as 

the measurement of ATP levels is proportional to the number of viable cells. The present assay 

was performed 48 h after incubation. A first look at the results suggests that NPs-GEF impacted 

cell viability in a similar way to free GEF administration, unlike to what was observed in the 

resazurin assay. This assay seems to be a more sensitive method to evaluate cell viability than 

the previous one, as the percentage of cell viability reduction was more pronounced. Indeed, 

this reagent is specific for the use in 3D models, unlike resazurin which is more used in 2D cell 

cultures. 

Moreover, unlike what was observed in the 2D culture, this assay apparently suggests that 

NPs-GEF contributed to a higher impact on cell viability than free GEF at lower concentrations. 

While this could be unexpected, since NPs penetration is usually hampered in 3D structures, the 

crosstalk between the different cells that constitute the MCTS may contribute to a higher 

cytotoxic effect at lower concentrations. For instance, the phagocytic nature of macrophages 

could contribute to a higher uptake of the NPs, therefore justifying these results [127]. As such, 

it would be important to additionally perform these assays in treated 2D-cultured macrophages 

and fibroblasts, in order to have a better perspective of the interaction of each of these cell 

types with the NPs, including their role in NP uptake. 

Additionally, studies from colleagues that assessed the therapeutic efficacy of Nutlin-3a-

loaded spermine-modified acetalated dextran (Sp-AcDEX) NPs in a triple co-culture MCTS 
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comprising the HCT116 human colorectal cancer cell line also reported a more prominent effect 

of the NPs used in the 3D MCTS model than in the 2D monolayers [95]. 

 

 

Figure 14 Evaluation of the relative 3D triple culture MCTS cell activity in relation to the non-treated spheroids (100% 
viability) at 48 h after treatment initiation with different therapeutic approaches. The concentrations of GEF 

correspond to 2.2 g/mL, 11.0 g/mL and 22.0 g/mL. The concentrations of NPs correspond to 100.0 g/mL, 500.0 

g/mL and 1000.0 g/mL. Values represent mean   SD (n =3 spheroids per condition, 2 independent experiments). 

 

In contrast, cell viability assessment in the MCTS, through live/dead assay (Figure 15), 

suggested that NPs-GEF do not cause a prominent cytotoxic effect, as cell death is not observed 

at 24 h of treatment. Additionally, treatment with free GEF also did not cause considerable cell 

death, except for the 11.0 g/mL concentration. Considering the fact that free GEF has been 

reported to display a cytotoxic effect on MCF-7 cells [124] – and since that effect was also 

observed in the 2D cell culture –, these results may indicate that this assay needs to be further 

optimized as the dyes may not be able to infiltrate the MCTS during the incubation time 

considered for this assay. 
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Figure 15 Cell viability assessment of the 3D MCTS through a live/dead assay using calcein AM and EthD-1 to stain live 
and dead cells, respectively. The assay was performed 24 h after treatment initiation. The concentrations of GEF 

correspond to 2.2 g/mL, 11.0 g/mL and 22.0 g/mL. The concentrations of NPs correspond to 100.0 g/mL, 500.0 

g/mL and 1000.0 g/mL.  Green channel: calcein AM; red channel: EthD-1. Scale bar represents 50 µm. 

 

Considering all the results obtained, a few conclusions can be drawn. Firstly, while in the 

2D culture the empty NPs seemed to display a cytotoxic effect on the cells (especially at higher 

concentrations and after 48 h of incubation), 3D MCTS cell viability is apparently not affected by 

this interaction. As formerly mentioned, this is likely explained by the reduced capacity of the 
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NPs to penetrate 3D structures. Additionally, the tumor ECM present in these structures (as 

previously seen by immunohistochemistry staining) may contribute to the limited NP infiltration, 

since it has been reported that tumor ECM constitutes a physical barrier for the drug, as it is 

much denser and less organized than normal ECM [86]. Therefore, the cytotoxic effect displayed 

by NPs-GEF in 2D cells may be partially attributed to the NPs, whereas, in the MCTS, the cytotoxic 

effect of this treatment is most likely due to the drug that is being released overtime. 

Secondly, while it would be expected that the free GEF would display a higher impact on 

cell viability than NPs-GEF, as the latter displays a more controlled release of the drug, in the 3D 

MCTS, these therapies had similar impacts on cell viability, according to the CellTiter Glo 

reagent assay, which seems to display the most feasible results out of the methods performed. 

This indicates that GEF is indeed being released by the NPs. 

Finally, the heterotypic interactions between the cells incorporated in the MCTS most 

likely affect the NP uptake, as well its therapeutic effect. For instance, macrophages may 

promote the NP uptake. However, cells present in the TME, including TAMs and CAFs have also 

been reported to promote drug resistance in tumor cells [128]. Therefore, these results further 

support the need to recapitulate the hallmarks of TME in the pre-clinical models used for drug 

screening studies, so as to achieve more feasible outcomes.  

Nevertheless, to further validate these results, a higher number of patients should be 

used in order to obtain more robust outcomes. Moreover, it could be important to study the 

effect of these treatments in fibroblasts and monocytes cultured in 2D, in order to further 

understand their impact in the therapeutic efficacy of this treatment. Additionally, NPs could be 

labelled with a fluorescent dye in order to further understand their interaction with the cells. 
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Chapter 5 

Conclusion 

 

5.1 Concluding remarks 

Breast cancer is one of most predominant and lethal cancers worldwide, which explains 

the constant search for more efficient therapies that effectively treat this disease. However, the 

majority of the in vitro models used in the process of drug discovery poorly recapitulates crucial 

features of the breast TME, such as the spatial architecture, along with cell-cell and cell-matrix 

interactions. Moreover, although in vivo animal models are extremely important in this process, 

they significantly increase its cost and length [3]. All things considered, 3D models represent a 

valuable tool to simultaneously minimize the costs associated with the use of animals and better 

reproduce, in vitro, the essential characteristics of breast tumors. 

Therefore, the main goal of this dissertation was the establishment and characterization 

of a triple co-culture 3D breast cancer spheroid model that not only reproduces the tumor 

spatial cell organization but also incorporates key cellular components of the breast TME (such 

mammary fibroblasts and macrophages) that play important roles in cancer progression, as well 

as in the tumor’s response to treatment. Overall, this objective was successfully achieved. 

Nevertheless, other studies could be performed in order to further characterize this model, for 

instance in regards to macrophage polarization. Moreover, it would be important to repeat 

some of the experiments performed, with more human blood donors, in order to improve the 

robustness of the results. 

Additionally, the implementation of this model as a platform for drug screening 

constituted another important goal of this dissertation. As such, the validation of the triple co-

culture MCTS was achieved by treatment with GEF, a drug that has previously shown a cytotoxic 

effect in the MCF-7 breast cancer cell line [5, 124]. Further, the MCTS were treated with a nano-

based drug system, previously optimized by colleagues, comprising NPs loaded with GEF, in 

order to evaluate the efficacy of this therapeutic approach in the model developed. Overall, 

these results indicate that NPs-GEF may display, to some extent, a cytotoxic effect in the MCTS. 

In conclusion, the work developed throughout this dissertation constitutes an important 

advance in the development of more complex models that mimic breast cancer. Moreover, it 

opens the possibility to use this model as a validation tool regarding the therapeutic efficacy of 

different nanotherapies against breast cancer, including the NPs-GEF treatment tested in this 

work. 

 

5.2 Future perspectives 

One of the main limitations of this model is the fact that it is an avascular structure, and 

therefore does not take into consideration a very important aspect that contributes to tumor 
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growth: angiogenesis. Hence, following the complete characterization of this model, the MCTS 

could be further incorporated into more complex structures, such as tumor-on-chips, to better 

recapitulate this important hallmark in cancer progression. Another possibility could be to add 

endothelial cells to the model. Moreover, other immune cell types could be added in order to 

test the efficacy of combined chemoimmunotherapy in the model developed. 

As previously discussed, the localization of the fibroblasts in this model was not very 

representative of the clinical situation. Therefore, the MCTS could be further optimized by 

testing other cell seeding approaches that contribute to a more clinically relevant model. 

Furthermore, considering the high heterogeneity of breast cancer, it would be important 

to optimize this model for different breast cancer cell lines, in order to obtain a wider 

representation of the remaining subtypes. Additionally, as different breast cancer subtypes 

express different levels of EGFR, it would be interesting to test the treatment with GEF-loaded 

NPs in other subtypes, especially in triple negative breast cancers, which are usually 

characterized by high EGFR expression levels [129].  
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Appendix A 

Characterization of double co-culture MCF-7:hMF MCTS (2,500 

cells/spheroid) 

 

 

Figure 16 Characterization of MCF-7:hMF double co-culture MCTS, assembled at the initial cell density of 2,500 
cells/spheroid, over seven days of culture. Two cellular ratios of MCF-7 cells to hMFs were tested – 1:1 and 1:3. MCF-
7 and hMF monoculture MCTS were cultured as control spheroids. A) Brightfield microscopy images of the MCTS 
morphology, taken at days 1, 4 and 7 after cell seeding. Scale bar represents 100 µm. B) Measurement of the MCTS 

diameter from the brightfield images taken. Values represent mean   SD (n = 5 spheroids per condition, 1 
independent experiment). C) Evaluation of the MCTS metabolic activity at the formerly mentioned timepoints, 

according to the initial cell density. Values represent mean  SD (n=81 spheroids per condition, 1 independent 
experiment). RFU: relative fluoresce units. D) Histological analysis by H&E staining of the MCTS overtime. Scale bar 
represents 100 µm. 
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Appendix B 

Detailed immunostaining analysis of monoculture, double 

culture and triple culture MCTS 

 

 

 

Figure 17  Detailed immunofluorescence microscopy images of mono-, double and triple culture MCTS at day 7 after 
cell seeding. Fibronectin (green); ZO-1 (yellow); Vimentin (red); CD68 (violet). All samples are counterstained with 
DAPI (blue channel). Scale bar represents 50 µm. 
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Appendix C 

Effect of different culture media in the metabolic activity and 

size of 3D MCF-7 MCTS 

 

 

Figure 18 Comparison study between MCF-7 monoculture MCTS seeded in different culture media at the cellular 
concentration of 5,000 cells/ spheroid, regarding their A) metabolic activity and B) size. RFU: relative fluorescence 
units.  
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Appendix D 

E-cadherin staining of triple co-culture MCTS by flow cytometry 

 

 

Figure 19 MCF-7 characterization of MCF-7:monocytes:hMF triple co-culture MCTS, assembled at the initial cell 
density of 5,000 cells/spheroid, by flow cytometry. A) E-cadherin+ cells were gated on live dead negative cells. B) Two 
cellular ratios of MCF-7 cells to monocytes to hMFs were tested – 1:2:1 and 1:4:1, at day 1 and day 7 of culture. 
Numbers indicate the percentage of the previously cited populations  
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Appendix E 

Quantitative results on the live/dead assay performed to 

characterize the triple co-culture MCTS 

 

 

Figure 20 Quantitative results of the calcein AM and EthD-1 fluorescence intensities regarding different spheroid 
conditions measured at days 1, 4 and 7 after cell seeding. MFI: Mean fluorescence intensity. 
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