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Resum 

 
Actualment no existeix una teràpia dirigida contra el càncer de mama triple negatiu 

(triple negative breast cancer, TNBC), el qual representa el 15-20% dels tumors 

mamaris i mostra un perfil agressiu i amb mal pronòstic. Tot i una bona resposta 

inicial a la quimioteràpia, el 30% de les pacients recauen durant els següents 5 anys 

posttractament. L’aparició de recaigudes i el fracàs terapèutic són causats, en part, 

per a la presència d’una subpoblació cel·lular en el tumor amb propietats similars 

a les cèl·lules mare, anomenades, per aquest motiu, cèl·lules mare del càncer de 

mama (breast cancer stem cells, BCSCs). Tot i la seva importància, el seu estudi és 

dificultós degut a la seva poca representació dins el tumor o línia cel·lular i, també, 

al fet que el cultiu cel·lular tradicional in vitro en 2 dimensions (2D) indueix la seva 

diferenciació, transformant-les en cèl·lules canceroses no-mare. Així doncs, han 

aparegut diferents models de cultiu cel·lular en 3 dimensions (3D) com a 

alternativa per restablir un entorn similar al fisiològic i resoldre els problemes 

descrits anteriorment. Entre ells, els scaffolds (“bastida” traduït literalment) 

ofereixen una estructura física formada per un entramat de filaments polimèrics, 

el qual mimetitza l’arquitectura de la matriu extracel·lular. 

 

La principal hipòtesi d’aquesta tesi és que l’ús de scaffolds 3D permetrà l’expansió 

i caracterització de la subpoblació de BCSCs en mostres TNBC i, així doncs, facilitarà 

el desenvolupament de teràpies dirigides contra cèl·lules mare tumorals. Amb 

aquest objectiu, en la primera part del treball s’han optimitzat dues tecnologies 

diferents, la fabricació per filament fos (fused filament fabrication, FFF) i 

l’electrofilat (electrospinning, ES), per tal de fabricar scaffolds amb el polímer 

àmpliament utilitzat poli(e-caprolactona) (PCL). Diversos paràmetres de les dues 

tecnologies han estat optimitzats segons l’estabilitat del procés de fabricació. Els 

scaffolds produïts amb un aparell FFF estaven formats per fibres micromètriques, 

mentre que les malles ES presentaven una estructura nanofilamentosa tova i 

elàstica. Quan s’han testat amb la línia cel·lular de referència de càncer de mama 
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MCF-7, els scaffolds ES han mostrat el major potencial pel que fa a proliferació 

cel·lular i expansió de BCSCs tenint en compte la capacitat de formació de 

mamosferes. 

 

El propòsit de la següent part de la tesi va ser discernir una possible relació entre 

les BCSCs i la sintasa d’àcids grassos (fatty acid synthase, FASN), un enzim lipogènic 

sobreexpressat en diversos tumors, utilitzant un model d’adquisició de 

quimiorresistència. Per tant, s’han utilitzat el model TNBC MDA-MB-231 i els seus 

derivats resistents a doxorrubicina (231DXR) i paclitaxel (231PTR). Els resultats han 

mostrat una proporció més elevada de BCSCs en el model resistent a 

doxorrubicina, així com un increment de l’expressió de FASN després de l’addició 

de l’agent quimioterapèutic. D’entre els inhibidors de FASN analitzats, el G28 és el 

que ha mostrat un major efecte antiproliferatiu en condicions de monocapa i en el 

cultiu de mamosferes enriquides amb BCSCs, en tots els models cel·lulars. Així 

doncs, aquests resultats senten les bases de futures investigacions en què s’utilitzin 

inhibidors de FASN per atacar les BCSCs en pacients TNBC. 

 

Finalment, s’han emprat scaffolds ES per cultivar els models cel·lulars MDA-MB-

231 i MDA-MB-468, els quals pertanyen als dos subtipus moleculars de TNBC, 

mesenchymal-like i basal-like, respectivament. Les cèl·lules TNBC han presentat un 

citoplasma més allargat quan estaven cultivades en l’scaffold ES de 15% PCL i, 

curiosament, també un augment de diverses característiques pròpies de les 

cèl·lules mare tumorals. A part, les cèl·lules cultivades en scaffolds han mostrat una 

inactivació de la via de senyalització MAPK, una estimulació de la cascada 

PI3K/AKT/mTOR i una activació d’EGFR i HER2, fets que doten d’un perfil cel·lular 

quiescent i stem-like. Per últim, FASN s’ha trobat hiperactivada en les mostres 3D 

enriquides amb BCSCs i la seva inhibició farmacològica ha portat a una disminució 

de les característiques de cèl·lules mare tumorals, suprimint l’expansió de BCSCs 

aconseguida en el cultiu 3D. 
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En resum, els nostres resultats demostren la idoneïtat de les tecnologies FFF i ES 

quant a la fabricació de scaffolds de PCL per aplicacions de cultiu cel·lular in vitro 

3D. Malgrat s’han aconseguit fabricar amb èxit diversos models de scaffolds 

utilitzant aquestes dues tecnologies, l’scaffold ES de 15% PCL és el que ha mostrat 

un major potencial per expandir la població BCSCs. Segons el nostre coneixement, 

som els primers en definir una hiperactivació de FASN en mostres TNBC enriquides 

amb BCSCs cultivades en estructures 3D. Tot i això, es necessiten més estudis per 

determinar el potencial de FASN i el seu bloqueig farmacològic com a nova 

estratègia contra les BCSCs en TNBC. Com a conclusió general, els scaffolds ES de 

PCL poden facilitar la investigació en l’àrea de les cèl·lules mare tumorals, ja que es 

necessiten identificar nous biomarcadors i desenvolupar nous tractaments per 

atacar les BCSCs juntament amb la resta del tumor per tal de millorar el pronòstic 

de les pacients TNBC, entre altres tipus de càncer. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

 6 

Resumen 

 
Actualmente no existe una terapia dirigida contra el cáncer de mama triple 

negativo (triple negative breast cancer, TNBC), el cual representa el 15-20% de los 

tumores mamarios y muestra un perfil agresivo y con mal pronóstico. A pesar de 

una buena respuesta inicial a la quimioterapia, el 30% de las pacientes recaen 

durante los siguientes 5 años posttratamiento. La aparición de recaídas y el fracaso 

terapéutico son causados, en parte, por la presencia de una subpoblación celular 

en el tumor con propiedades similares a las células madre, llamadas, por este 

motivo, células madre del cáncer de mama (breast cancer stem cells, BCSCs). Pese 

a su importancia, su estudio es difícil debido a su poca representación dentro el 

tumor o línea celular y, también, al hecho que el cultivo celular tradicional in vitro 

en 2 dimensiones (2D) induce su diferenciación, transformándolas en células 

cancerosas no-madre. Así pues, han aparecido distintos modelos para el cultivo 

celular en 3 dimensiones (3D) como alternativa para restablecer un entorno similar 

al fisiológico y resolver los problemas descritos anteriormente. Entre ellos, los 

scaffolds (“andamio” traducido directamente) ofrecen una estructura física 

formada por un entramado de filamentos poliméricos, el cual mimetiza la 

arquitectura de la matriz extracelular. 

 

La principal hipótesis de esta tesis es que el uso de scaffolds 3D permitirá la 

expansión y caracterización de la subpoblación de BCSCs en muestras TNBC y, así 

pues, facilitará el desarrollo de terapias dirigidas contra células madre tumorales. 

Con este objetivo, en la primera parte del trabajo se han optimizado dos 

tecnologías diferentes, la fabricación por filamento fundido (fused filament 

fabrication, FFF) y el electrohilado (electrospinning, ES), para fabricar scaffolds con 

el polímero ampliamente utilizado poli(e-caprolactona) (PCL). Distintos parámetros 

de las dos tecnologías han sido optimizados según la estabilidad del proceso de 

fabricación. Los scaffolds producidos con un aparato FFF estaban formados por 

fibras micrométricas, mientras que las mallas ES presentaban una estructura 
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nanofilamentosa blanda y elástica. Cuando se han testado con la línea celular de 

referencia de cáncer de mama MCF-7, los scaffolds ES han mostrado el mayor 

potencial en cuanto a proliferación celular y expansión de BCSCs teniendo en 

cuenta la capacidad de formación de mamosferas. 

 

El propósito de la siguiente parte de la tesis fue discernir una posible relación entre 

las BCSCs y la sintasa de ácidos grasos (fatty acid synthase, FASN), una enzima 

lipogénica sobreexpresada en distintos tumores, utilizando un modelo de 

adquisición de quimioresistencia. Por lo tanto, se han utilizado el modelo TNBC 

MDA-MB-231 y sus derivados resistentes a doxorrubicina (231DXR) y paclitaxel 

(231PTR). Los resultados han mostrado una proporción más elevada de BCSCs en 

el modelo resistente a doxorrubicina, así como un incremento de la expresión de 

FASN después de la adición del agente quimioterapéutico. De entre los inhibidores 

de FASN analizados, el G28 es el que ha mostrado un mayor efecto antiproliferativo 

en condiciones de monocapa y en el cultivo de mamosferas enriquecidas con 

BCSCs, en todos los modelos celulares. Así pues, estos resultados sientan las bases 

de futuras investigaciones en que se utilicen inhibidores de FASN para atacar las 

BCSCs en pacientes TNBC. 

 

Finalmente, se han usado scaffolds ES para cultivar los modelos celulares MDA-

MB-231 y MDA-MB-468, los cuales pertenecen a los dos subtipos moleculares de 

TNBC, mesenchymal-like y basal-like, respectivamente. Las células TNBC han 

presentado un citoplasma más alargado cuando estaban cultivadas en el scaffold 

ES de 15% PCL y, curiosamente, también un aumento de distintas características 

propias de las células madre tumorales. Aparte, las células cultivadas en scaffolds 

han mostrado una inactivación de la vía de señalización MAPK, una estimulación 

de la cascada PI3K/AKT/mTOR y una activación de EGFR y HER2, hechos que dotan 

de un perfil quiescente y stem-like. Por último, FASN se ha encontrado 

hiperactivada en las muestras 3D enriquecidas con BCSCs y su inhibición 

farmacológica ha llevado a una disminución de las características de células madre 

tumorales, suprimiendo la expansión de BCSCs conseguida en el cultivo 3D. 
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En resumen, nuestros resultados demuestran la idoneidad de las tecnologías FFF y 

ES en cuanto a la fabricación de scaffolds de PCL para aplicaciones de cultivo celular 

in vitro 3D. Pese a conseguir fabricar con éxito distintos modelos de scaffolds 

utilizando estas dos tecnologías, el scaffold ES de 15% PCL es el que ha mostrado 

un mayor potencial para expandir la población BCSCs. Según nuestro 

conocimiento, somos los primeros en definir una hiperactivación de FASN en 

muestras TNBC enriquecidas con BCSCs cultivadas en estructuras 3D. A pesar de 

eso, se necesitan más estudios para determinar el potencial de FASN y su bloqueo 

farmacológico como nueva estrategia contra las BCSCs en TNBC. Como conclusión 

general, los scaffolds ES de PCL pueden facilitar la investigación en el área de las 

células madre tumorales, ya que se necesita identificar nuevos biomarcadores y 

desarrollar nuevos tratamientos para atacar las BCSCs juntamente con el resto del 

tumor para mejorar el pronóstico de las pacientes TNBC, entre otros tipos de 

cáncer. 
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Summary 

 
There is no targeted therapy for triple negative breast cancer (TNBC), which 

accounts for 15-20% of the breast cancer cases and displays a very aggressive 

profile and poor prognosis. Despite a good initial chemotherapy response, there is 

a 30% of relapse risk within 5 years after treatment. Relapse appearance and 

therapeutic failure are caused, in part, by a rare cell population within the tumor 

that displays stem-like properties, thus termed breast cancer stem cells (BCSCs). 

Regardless of their importance, their study is challenging due to their low 

representation within the tumor or cell line and the fact that traditional in vitro 

two-dimensional (2D) cell culture induces their differentiation, transforming them 

to non-stem cancer cells. For this reason, three-dimensional (3D) cell culture 

supports have emerged as an alternative to reinstate a physiological-like structure 

and overcome the above-mentioned issues. Among them, scaffolds offer a physical 

structure made by a network of polymeric filaments, which mimics the 

extracellular matrix architecture. 

 

The main hypothesis of this thesis is that the use of 3D scaffolds will enable the 

expansion and characterization of the BCSC subpopulation of TNBC samples and, 

therefore, facilitate the development of targeted therapies against cancer stem-

like cells. For that purpose, in the first part of this work we optimized two distinct 

technologies to manufacture scaffolds, fused filament fabrication (FFF) and 

electrospinning (ES), using the widely used polymer poly(e-caprolactone) (PCL). 

Several parameters of both technologies were optimized in accordance to 

manufacturing process stability. Scaffolds produced with an FFF apparatus were 

composed by micrometric fibers while ES meshes exhibited a soft and elastic 

nanofilamentous structure. When tested with the reference breast cancer cell 

model MCF-7, ES scaffolds displayed the highest potential regarding cell growth 

rate and expansion of BCSCs in terms of mammosphere forming capacity. 
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The purpose of the next part of the thesis was to discern a possible link between 

BCSCs and fatty acid synthase (FASN), a lipogenic enzyme overexpressed in several 

carcinomas, using a chemoresistance-acquisition model. Thus, the TNBC cells 

MDA-MB-231 and their derivatives resistant to doxorubicin (231DXR) and 

paclitaxel (231PTR) were used. Results showed a larger proportion of BCSCs in the 

doxorubicin-resistant model, as well as an increase of FASN expression after drug 

addition. Among the tested FASN inhibitors, G28 exhibited a greater 

antiproliferative effect in monolayer conditions and in the BCSC-enriched 

mammospheres culture in all cell models. Therefore, this data set up the basis for 

further investigation using FASN inhibitors to target BCSCs in TNBC patients. 

 

Finally, ES scaffolds were used to culture MDA-MB-231 and MDA-MB-468 cells, 

which belong to the two main molecular TNBC subtypes, mesenchymal-like and 

basal-like, respectively. TNBC cells showed a more elongated cytoplasm when 

cultured in the 15% PCL ES mesh and, interestingly, an upregulation of several 

stemness features that proved a BCSC expansion. Other than that, scaffold-

cultured cells displayed a shift from MAPK to PI3K/AKT/mTOR signaling pathways, 

alongside an enhanced EGFR and HER2 activation, which supports a quiescent and 

stem-like profile. Ultimately, FASN was found hyperactivated in BCSC-enriched 3D 

samples and its pharmacological inhibition led to a stemness diminishment, 

overcoming the BCSC expansion achieved in 3D culture. 

 

In summary, our results prove the suitability of FFF and ES technologies regarding 

the manufacture of PCL scaffolds for in vitro 3D cell culture applications. Although 

distinct scaffold models were successfully produced using these two technologies, 

15% PCL ES scaffold showed the greatest potential to expand BCSC niche. To the 

best of our knowledge, we are the first to define a FASN hyperactivation in 

stemness-enriched breast cancer cells cultured on 3D structures. However, further 

studies are required to discern the potential of FASN and its pharmacological 

blocking as a novel approach for BCSC niche in TNBC disease. As general 

conclusion, ES PCL scaffolds may facilitate research in the cancer stem-like cells 
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field, since novel biomarkers and treatments need to be developed to target BCSCs 

as well as the tumor bulk to improve the prognosis of the TNBC patients, among 

other cancer types. 

 

 

 

 
 
 
 
 
 
 
 

 
 
 
 
 

  



  

 12 

 

 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 1 Introduction 
 
 
 
 
 



Chapter 1  

 14 

 
  



 Introduction 

 15 

Part of this chapter has been expanded, adapted, and published as a review in the 
following publication (see Annex) 
 
 
Title  Three-dimensional manufactured supports for breast 

cancer stem cell population characterization 
Authors  Emma Polonio-Alcalá†, Marc Rabionet†, Santiago Ruiz-

Martínez, Joaquim Ciurana, Teresa Puig* 
Journal   Current Drug Targets 
Publication year  2019 
Impact Factor 2019 2.632 (Q3 in Pharmacology & Pharmacy; position 145 of 

271) 
DOI   10.2174/1389450120666181122113300 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* Corresponding author 
† These authors contributed equally to this manuscript 



Chapter 1  

 16 

 

  



 Introduction 

 17 

1 Cancer 

 
According to the World Health Organization (WHO), cancer is “a large group of 

diseases than can start in almost any organ or tissue of the body when abnormal 

cells grow uncontrollably, go beyond their usual boundaries to invade adjoining 

parts of the body and/or spread to other organs” (1). The last process is referred 

to as metastasis, which represents the major cause of death from cancer (2). 

Cancer is considered a genetic disease since it is caused by changes to genes that 

control cell functions such as growth and division. Genetic changes can be 

inherited from progenitors, caused as a result of errors that occur as cells divide or 

arise from certain environmental exposures known as carcinogens (2). Other risk 

factors involved in tumor development are aging, obesity, unhealthy diet and lack 

of physical activity (1). 

 

Types of cancer are usually named after the organs or tissues where they are 

originated, such as breast, lung and colorectum cancer. Moreover, cancers can also 

be described by the type of cell that formed them, originating 6 main categories: 

the most common are the carcinomas, which are formed by epithelial cells 

including the skin and tissues that cover internal organs; sarcomas, that start in the 

bone or soft tissues such as muscle, fat, and fibrous tissue; leukemia, which begins 

in the blood-forming tissue of the bone marrow; lymphomas and myelomas that 

occur when cells of the immune system divide uncontrollably; melanoma, which 

develops from the melanin-producing cells known as melanocytes; and central 

nervous system cancers which comprise tumors originated in the brain or spinal 

(2). 

 

1 in 5 people will develop cancer before the age of 75 (1). Globally, cancer is 

nowadays the second leading cause of death, being responsible of 1 in 6 deaths 

(1). Cancer incidence and mortality are rapidly growing worldwide due to the 

growth and aging of the population as well as the increasing prevalence of risk 
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factors. For instance, there were an estimated 19.3 million new cases and 10 

million cancer deaths worldwide in 2020. Assuming constant rates, a predicted 

28.4 million new cancer cases are projected to occur in 2040, being a 47% increase 

from 2020 (3). In Spain, more than 282,000 of new cancer cases were diagnosed 

in 2020 (which represents the 0.6% of the total population), whereas 

approximately 113,000 cancer deaths occurred (3). More specifically, there were 

up to 36,000 cancer cases in Catalonia in 2015, and almost 17,000 cancer deaths 

were recorded (4). 

 

In an attempt to rationalize the complexities of cancer, Hanahan and Weinberg 

first described in 2000 the biological capabilities acquired by cancer cells during 

the development of human tumors (Figure 1). These features, known as hallmarks 

of cancer, provide cells advantage to survive, proliferate, and disseminate and are 

the following: sustaining proliferative signaling, evading growth suppressors, 

resisting cell death, enabling replicative immortality, inducing angiogenesis, and 

activating invasion and metastasis (5). The authors revised their work in 2011 and 

they included two more emerging hallmarks, being deregulating cellular energetics 

and avoiding immune destruction, and two more enabling characteristics, such as 

genome instability and tumor-promoting inflammation (6). 

 

 
Figure 1. The hallmarks of cancer. This schematic representation encompasses the ten hallmark 
capabilities described in cancer. Adapted from Hanahan, D. et al. 2011 (6). 
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2 Breast cancer 

 
Breast cancer (BC) is the disease in which malignant cancer cells form in the tissues 

of the breast. Due to anatomical differences between genders, it is hardly 

surprising that more than 99% of all breast cancer cases are female patients (2). 

The incidence of female breast cancer has increased in most countries because of 

the growing exposure to specific risk factors, such as age of menarche, late period 

of first pregnancy, hormonal status, a later menopause, family history of breast 

cancer, fewer pregnancies, and shorter or no periods of breastfeeding (7, 8). In 

fact, in 2020 female breast cancer has surpassed lung cancer as the most 

commonly diagnosed cancer, with an estimated 2.3 million new cases worldwide 

(which accounts for the 11.7% of total new cases), and represents the fifth leading 

cause of cancer mortality (6.9%), after lung, colorectal, liver and stomach cancer 

(3). In the Spanish scenario, 34,088 new breast cancer cases were diagnosed in 

2020 (12.1%), with a 6,606 breast cancer linked deaths (5.8%). In Catalonia, an 

estimated 4,500 new breast cancer cases were diagnosed in 2015 (12.5%), with 

1,023 related deaths (6.1%). Despite the global high incidence, the number of 

breast cancer survivors has increased over the last decade thanks to early 

detection and the development of novel treatment strategies (9). 

 

The female breast is composed by predominantly two types of structures: adipose 

tissue and glandular tissue, which affects the lactation functions (Figure 2). 

Glandular tissue is organized into 15 to 20 sections called lobes that, in turn, are 

formed by smaller structures known as lobules. The milk is produced in the lobules 

and travels through a network of thin tubes called ducts. The ducts connect and 

eventually exit the skin in the nipple. Therefore, breast cancer can be differently 

named depending on the zone of origin. The most prevalent is the one originated 

in the cells of the ducts, thus called ductal carcinoma. On the other hand, the 

lobular carcinoma starts in the lobes or lobules and, interestingly, is more often 

originated in both breasts than the other types (2). 
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Figure 2. Female breast anatomy. Adapted from National Cancer Institute (2). 

2.1 Breast cancer classification 

 
Altogether with its counterparts, breast cancer is a very heterogeneous disease 

that can be organized in distinct clinical and molecular subtypes (10). In clinics, 

breast cancer is habitually classified depending on the presence or absence of 

three different cell membrane receptors, resulting in three groups. The hormone 

positive breast cancer is characterized by the overexpression of estrogen receptor 

(ER) and/or progesterone receptor (PR), responsible for permanent activation of 

proliferation pathways that triggers cell division. It stands for the most common 

breast cancer group with a representation of 60-70%, and patients have a better 

prognosis among the other types (11). Some targeted therapies are available, such 

as selective estrogen receptor modulators (SERMs; e.g., tamoxifen) and aromatase 

inhibitors (e.g., anastrozole) (12, 13). The HER2 positive breast cancer accounts for 

the 20-30% of breast cancer patients and presents an amplification of the human 

epidermal growth factor receptor 2 (HER2 or ERBB2). Patients diagnosed with 

HER2 positive breast cancer display poor prognosis and high risk of metastasis (14, 

15). Different targeted therapies have been developed against HER2 receptor, 

including monoclonal antibodies (e.g., trastuzumab) and small molecule tyrosine-

kinase inhibitors (e.g., lapatinib) (16). Finally, the triple negative breast cancer 

(TNBC) is characterized by the lack of hormone receptors and no overexpression 
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of HER2 (17). Although is the less frequent (it accounts for 15-20% of all breast 

cancer cases), TNBC runs an aggressive course and has a poor prognosis (18). TNBC 

patients are younger and exhibit a great incidence of metastasis and higher 

mortality among BC subtypes (18). The absence of the aforementioned biomarkers 

prevents the use of targeted therapies and leaves systemic chemotherapy as the 

sole treatment for TNBC patients, mainly with anthracyclines and taxanes (19). 

Unfortunately, despite a very good initial treatment response, the recurrence rate 

within 5 years following diagnosis is about 30%, the highest relapse rate compared 

to other BC types (20). In order to assess this clinical classification, 

immunohistochemistry (IHC) of the primary tumor biopsy is performed to 

determine the expression levels of the aforementioned receptors. 

 

Described classification is used by clinicians to predict prognosis and decide 

treatment strategies, but do not provide a completely understanding of the 

disease. In order to further elucidate BC diversity, in 2000 Perou et al. analyzed the 

gene expression of several breast tumors and, by gene-clustering analysis, 

identified four different molecular subtypes within BC tumors (21). New data 

obtained in a following study executed by Perou and colleagues allowed them to 

divide one category into two groups (22) and, ultimately, a new subgroup was 

added thanks to a major comprehensive analysis (23). Taking all this in 

consideration, a molecular classification was depicted including 5 intrinsic BC 

subtypes, summarized in Table 1. The luminal A and B subtypes constitute the 

group which was divided in the following study. Luminal categories depict the 

majority of breast cancer tumors (40% and 10%, respectively (11)). Tumors formed 

by luminal cells are usually hormone positive (ER and PR overexpression) and are 

classified as low-grade. Luminal A tumors usually display increased expression of 

ER- and PR-regulated genes, no amplification of HER2 cluster (which is variable in 

luminal B tumors), and low expression of proliferation-associated genes (22). On 

the other hand, luminal B cells show a more proliferative profile and lower 

expression of ER- and PR-regulated genes (22). HER2-enriched group stands for, 

approximately, the 10% of the breast cancer patients. It is characterized by the 
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overexpression of HER2 gene and/or protein levels, low expression of hormone 

receptor-regulated gene cluster and basal-like genes. HER2-enriched tumors are 

generally classified as high-grade (24). The identification of the following two 

molecular subtypes, basal- and mesenchymal-like, caused a great impact on the BC 

classification since both belong to the TNBC clinical group. Therefore, TNBC were 

hereinafter not identified as a unique disease, contrary to hormone- and HER2-

positive BC. In fact, many studies referred to TNBC as basal-like, since this intrinsic 

molecular subtype represents de majority of TNBC cases (specifically 75% (25)) 

until the identification of the mesenchymal-like subtype (23). Basal-like molecular 

group displays low to absent expression of HER2-, ER-, and PR-related genes, high 

expression of proliferation genes and a unique cluster of genes called basal cluster 

(which includes several cytokeratins and the epidermal growth factor receptor, 

EGFR). Basal-like subtype displays the poorest prognosis among groups (25, 26). 

Otherwise, mesenchymal-like was the latest intrinsic subgroup to be identified and 

is the least frequent subtype (5-10% of all breast tumors (27)). This subtype 

presents some characteristics similar to the basal-like group, including low HER2 

expression and luminal cytokeratins. However, mesenchymal-like cells also display 

low proliferation phenotype and low expression of genes related to cell-cell 

adhesion (claudin genes), thus this subtype is also known as claudin-low (23). 

Moreover, mesenchymal-like tumors are enriched with immune system response 

and mesenchymal genes (23, 28). Finally, some authors include the normal-like 

group in this classification, not without controversy. In fact, some researchers point 

out that normal-like cases are tumor samples contaminated with healthy breast 

tissue since gene expression profile has similarities to adipose tissue. Regardless, 

normal-like cases are defined as normal breast samples from reduction 

mammoplasties or tumor samples that showed less than 50% of malignant cells. 

This subtype is similar to luminal A group due to their common low proliferation 

rate and high expression of the luminal cluster (22). Concerning tumors outcome, 

luminal A has the best prognosis among all intrinsic subtypes while an intermediate 

prognosis has been established for luminal B. In contrast, normal-like, HER2-

enriched, and TNBC display the poorest one (22) (Table 1). 
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As explained before, intrinsic molecular groups can be correlated with classical 

subtypes since they differentially express ER, PR, and HER2 clusters (Table 1). 

However, it is worth noting that both classifications do not completely overlap (25, 

29, 30). 

 

Table 1. Main features of breast cancer molecular subtypes and concordance with their 
immunohistochemical profile (21, 23, 29, 31, 32). 

Molecular 
subtypes 

Cellular 
composition 

Proliferative 
rate 

Outcome 
Classical IHC 
classification 

Luminal A luminal low good ER+/PR+/HER2- 

Luminal B luminal high intermediate 
ER+/PR+/HER2+ or 

ER+/PR+/HER2- 

HER2-enriched luminal/basal high poor ER-/PR-/HER2+ 

Basal-like basal high poor ER-/PR-/HER2- 

Mesenchymal-
like 

basal low poor ER-/PR-/HER2- 

 

2.2 Relevant cell signaling in breast cancer 

 

Several cell functions such as growth, differentiation, motility, and survival are 

determined by receptor tyrosine kinases (33). The HER protein tyrosine kinases 

(TKs), also known as ERBB, are the most-studied cell signaling family in biology 

(Figure 3). This family is ubiquitously expressed in a wide range of cell types, 

including epithelial, mesenchymal, cardiac, neuronal cells, and their cellular 

progenitors (34). Their deregulation by overexpression, amplification, or mutation 

on critical pathway components can result in a hyperproliferative disease such as 

cancer (35). This family is composed by four known members: epidermal growth 

factor receptor (EGFR, also known as ERBB1 or HER1) was the first to be 

discovered, followed by HER2 (ERBB2 or Neu), HER3 (ERBB3) and HER4 (ERBB4) 

(36), displayed in Figure 3A. Like the other protein-tyrosine kinase receptors, ERBB 

family functions mainly as dimers, being possible the formation of homo- and 

heterodimers with all members of the family (37). Each receptor possesses an 
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extracellular portion that has four parts. Extracellular domains I and III participate 

in ligand binding, while domain II is involved in dimer formation and, altogether 

with domain IV, in disulfide bone formation as well. A typical HER member also 

displays a single transmembrane segment that anchors the receptor to cell 

membrane. Lastly, the intracellular portion has a juxtamembrane segment, a 

protein kinase domain, and a carboxyterminal tail. This intracellular segment is 

responsible for kinase activation and following activation of cell signaling pathways 

(37, 38). All four members possess a similar protein kinase domain except from 

HER3, which has its TK domain inactivated (39). Broadly, the activation mechanism 

of HER family receptors involves the ligands or growth factors binding to the 

extracellular domain, inducing the formation of an activated dimerization state 

(Figure 3B) (40). EGFR, HER3, and HER4 have been described to possess seven 

ligands: epidermal growth factor (EGF), transforming growth factor alfa (TGF-a), 

amphiregulin (AmR), betacellulin (BTC), epiregulin (EPR), heparin-binding EGF-like 

growth factor (HB-EGF), epigen (EPG), neuregulins (NRGs), and Neu differentiation 

factors (NDFs) (40–42). On the other hand, HER2 has no known natural ligand to 

date, so it is identified as an orphan receptor. HER2 presents, therefore, a fixed 

active conformation and it is permanently available for dimerization (44). 

Nevertheless, HER2 can act as a co-receptor with high affinity for EGFR, HER3, and 

HER4, thus forming heterodimers (45, 46). The HER2-HER3 heterodimer is actually 

considered to be the most active HER signaling dimer regarding strong interaction, 

ligand-induced tyrosine phosphorylation and downstream signaling (47, 48). The 

ligand binding leads to a receptor conformational change that enable the homo- 

or heterodimerization with another HER family member. In consequence, 

dimerization allows TK domains phosphorylation and the following activation of 

different intracellular pathways, including the mitogen activated protein kinase 

(MAPK) pathway, involved in cell proliferation, and the phosphoionositide 3-kinase 

(PI3K)/ mammalian target of rapamycin (mTOR) cascade, which regulates cell 

survival (44). Overall, these and other HER signaling cascades participate in 

angiogenesis, cell adhesion, motility, development, and organogenesis (49). 
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Figure 3. Human epidermal growth factor receptors (HER) family. A Schematic representation of the 
structural basis of the four HER family members: ERBB1 (epidermal growth factor receptor [EGFR] or 
HER1), ERBB2 (HER2), ERBB3 (HER3), and ERBB4 (HER4). Each receptor is composed of three functional 
segments: an extracellular region responsible for ligand binding, a transmembrane segment, and the 
intracellular protein tyrosine kinase domain that also contains motifs and residues that mediate 
interactions with intracellular signaling molecules. In normal conditions, ERBB1, ERBB3, and ERBB4 exist 
in a closed conformation. ERBB2 has no known ligand and, therefore, it is fixed in the active 
conformation and is permanently available for dimerization. In addition, ERBB3 has an inactive kinase 
domain (TK). B The ligand binding to receptor induces a conformational change in the folded structure 
of the receptor and the dimer formation, a crucial step for receptor activation. After dimerization, the 
intracellular kinase domains’ cross-phosphorylate residues are found in the C-terminal receptor tail. 
Once HER-dimers are activated, their signal goes through different cascades. Taken from Baselga and 
Swain 2009 (43). 

 
Despite the establishment of the activation mechanism, some ligand-independent 

mechanisms can activate HER pathways, including: 

A

B



Chapter 1  

 26 

i. Alterations in HER downstream proteins which can activate the 

pathway regardless ligand binding (32) 

ii. HER dimerization with other receptors such as the insulin-like 

growth factor 1 receptor (IGF-1R) (50) 

iii. Homodimerization and downstream signaling activation due to 

high levels of HER2 (51) 

 

As previously said, different intracellular pathways are triggered due to TK domains 

phosphorylation, being MAPK and PI3K/mTOR the most relevant ones (Figure 4). 

For instance, activation of MAPK signaling pathway is typically mediated by EGFR 

and HER2. All MAPK cascades follow a common signal-relay mechanism that 

involves the sequential phosphorylation of three kinases. It consists of an initial 

guanosine triphosphatase (GTPase)- regulated kinase (a mitogen activated protein 

kinase kinase kinase; MAPKKK), that activates and intermediate kinase (a mitogen 

activated protein kinase kinase; MAPKK), which in turn phosphorylates an effector 

kinase (MAPK). The first MAPK signaling to be characterized in vertebrates was the 

extracellular signal-regulated kinase (ERK)/MAPK cascade (52). ERK/MAPK cascade 

is initiated by the activation of the small GTPase rat sarcoma (RAS), which 

phosphorylates the MAPKKK rapidly accelerated fibrosarcoma (RAF). Activated RAF 

later phosphorylates the MAPKK MEK (MAPK/ERK kinase) leading to its activation. 

Subsequently, activated MEK catalyzes the dual phosphorylation of the MAPK ERK. 

This signal transduction continues through the phosphorylation of cytoplasmic 

signaling proteins, such as p90 ribosomal S6 kinase (RSK), and end-point effectors 

including transcription factors. Eventually, MAPK pathway is involved in both 

physiological and pathological cell functions, including cell proliferation, 

differentiation, cell survival, oncogenesis, and tumor progression (53). 

 

On the other hand, the PI3K/mTOR cascade represents another key mechanism for 

controlling cell metabolism. PI3K is recruited to the cell membrane by adaptor 

proteins, such as insulin receptor substrate (IRS) family members, that interact 

with these activated receptors, resulting in the phosphorylation of 
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phosphatidylinositol 4,5-bisphosphate (PIP2) to generate phosphatidylinositol 

3,4,5-triphosphate (PIP3). PIP3 activates protein kinase B (AKT), which in turn 

dissociates the tuberous sclerosis protein 1 and 2 (TSC1-TSC2) complex. This 

disruption results in the activation of mTOR complex 1 (mTORC1) and, eventually, 

in increased protein and lipid synthesis and decreased autophagy, which lead to 

cell growth and proliferation. Overall, the PI3K/mTOR cascade plays a key role in 

several physiological and pathological conditions, including cell proliferation, 

angiogenesis, metabolism, differentiation, and survival (54). 

 

 
Figure 4. Intracellular signaling via the mitogen activated protein kinase (MAPK) and phosphoionositide 
3-kinase (PI3K)/ mammalian target of rapamycin (mTOR) pathways. Induction of these signaling 
cascades is triggered by the activation of various growth factor receptor tyrosine kinases or G protein-
coupled receptors (not shown). mTOR complex 1 (mTORC1) is involved in a negative feedback loop 
depicted with dashed red lines. Signaling of these pathways can be upregulated by gain-of-function 
alterations (depicted by green circles) or by loss-of-function alterations (orange circles). Abbreviations: 
AKT (protein kinase B), AMPK (5’ adenosine monophosphate-activated protein kinase), ERK 
(Extracellular signal-Regulated Kinase), IRS (insulin receptor substrate), KRAS (K-rat sarcoma), LKB1 (liver 
kinase B1), MEK (MAPK/ERK kinase), mRNA (messenger ribonucleic acid), mTORC2 (mammalian target 
of rapamycin complex 2), PI3K (phosphoionositide-3-kinase), PIP2 (phosphatidylinositol 4,5-
biphosphate), PIP3 (phosphatidylinositol 3,4,5-triphosphate), PTEN (phosphatase and tensin homolog), 
RAF (rapidly accelerated fibrosarcoma), RHEB (Ras homolog enriched in brain), TSC1-TSC2 (tuberous 
sclerosis protein 1 and 2). Taken from Janku et al. 2018 (55). 
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3 Triple negative breast cancer 

 
As explained in the previous section, TNBC is defined by the absence of ER/PR 

expression and HER2 amplification, and it accounts for the 15-20% of all breast 

cancer cases. TNBC exhibits an aggressive phenotype and poor prognosis when 

compared with other breast cancer subtypes (21). The main characteristics of 

TNBC are the following (56): 

 

i. Frequently seen in premenopausal younger women (less than 50 years) 

(57) 

ii. More frequent in African-American women and black ethnicities 

iii. High chemosensitivity 

iv. More aggressive with higher chance of brain metastases 

v. High chance of recurrence during the first and third year after diagnosis 

vi. Shorter survival following first metastatic event 

 

Regarding its clinical features, TNBC is usually diagnosed as a palpable tumor since 

it frequently arises at ages younger than that at which breast cancer screening 

programs started. Moreover, TNBC usually displays higher grade, larger tumor size, 

and lymph node positivity (18). The majority of TNBC cases, approximately 90%, 

are unifocal and invasive ductal carcinomas (58). They preferentially spread 

hematogenously, resulting in metastatic deposits in the brain and lungs (59). 

Multiparity, young age at first pregnancy, and a higher waist/hip ratio are 

associated with an increased risk of developing TNBC (60). Whereas breastfeeding, 

a higher number of children breastfed, and nulliparity reduce this risk (56, 61). This 

apparently reduction of developing TNBC may be partially explained by the fact 

that these factors are more strongly associated with hormone-positive tumors as 

compared to hormone-negative tumors (62). At a genetic level, 75% of tumors with 

a mutated breast cancer type 1 susceptibility protein (BRCA1), a human tumor 

suppressor gene responsible for repairing DNA, show a TNBC phenotype (63, 64). 
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BRCA1-positive TNBC cases have been proved to be enriched for a family history 

of breast (50%) and ovarian cancers (18%) (65), denoting the importance of 

heredity in this breast cancer subtype. However, at the time of primary diagnosis 

TNBC exhibits a wide and continuous spectrum of genomic evolution, indicating 

that TNBC cases may be at a very different phase of molecular progression (66). 

Ethnicity represents an independent prognostic factor with black women having 

inferior prognosis (67). In fact, it has been proved that Black and Hispanic 

populations have a high likelihood of carrying mutations on the BRCA1 and breast 

cancer type 2 susceptibility protein (BRCA2) genes (11, 68). Interestingly, prognosis 

in TNBC patients older than 70 years has been reported to be better as compared 

to younger patients (69). 

 

3.1 Triple negative breast cancer prognosis 

 

Following TNBC diagnosis, there is a rapid rise in the risk of recurrence and 

approximately 46% of TNBC patients will have distant metastasis. Concretely, TNBC 

relapse rates are high during the first few years following surgery with a peak 

recurrence risk at 3 years after surgery (70). Survival after metastatic relapse is also 

shorter in TNBC compared to other subtypes. The majority of deaths occur in the 

first 5 years, when the mortality rate is 40%, and there is a rapid progression from 

distant recurrence to death (18). In fact, median survival time after metastasis is 

only 13.3 months and mortality rate within 3 months after recurrence is as high as 

75%. This can be explained by the predilection for visceral, lung, and brain TNBC 

metastasis compared with hormonal positive breast cancers that are more likely to 

relapse in the bone and skin (71, 72). Overall, TNBC is at increased risk for 

locoregional relapse, distant metastasis, and death compared with other subtypes, 

even after mastectomy (73, 74). 
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3.2 Molecular classification of triple negative breast cancer 

 

TNBC is mainly composed by basal-like and mesenchymal-like molecular subtypes, 

representing the 49% and 30%, respectively (Figure 5A). It should be recalled that 

clinic classification of breast tumors (ER, PR, and HER2) do not have a complete 

coincidence with the molecular classification as seen in Figure 5B (25, 29, 30). The 

identification of the two molecular TNBC subtypes at the time of diagnosis is 

challenging since both share negative expression for the common biomarkers (ER, 

PR, and HER2) by using IHC. Besides, the use of complementary deoxyribonucleic 

acid (cDNA) microarrays to molecularly classify breast cancer is still not a common 

technique in the clinic. To overcome this issue, some markers are added in IHC 

procedures in order to improve breast cancer categorization. The addition of the 

specific markers cytokeratins 5/6 (CK5/6) and EGFR to the classical ones has more 

prognostic value to identify basal-like subtype (26, 75, 76). On the other hand, 

mesenchymal-like identification can benefit from the addition of high levels of 

vimentin and other claudin proteins, and low expression of E-cadherin in IHC (77, 

78). 

 

3.3 Triple negative breast cancer treatment 

 

Compared to other types of breast cancer, TNBC has limited treatment options, 

including surgery for operable tumors, radiotherapy, and chemotherapy. TNBC 

local treatment is similar to the other invasive breast cancers. Breast-conservative 

surgery is the default procedure for small tumors in contrast to mastectomy for 

larger and/or multifocal tumors. TNBC patients with large tumor mass can benefit 

from neoadjuvant chemotherapy, that is to say prior to surgery (79). 
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Figure 5. Distribution of clinical-pathological categories relative to the intrinsic subtypes of breast 
cancer. A Intrinsic subtype distribution within the triple negative tumor category. B Distribution of 
ER+/HER2+, ER+/HER2-, ER-/HER2+, ER-/HER2- clinical groups in the mesenchymal-like, basal-like, 
HER2-enriched, luminal B, and luminal A within each subtype. Abbreviations: ER (estrogen receptor), 
HER2 (human epidermal growth factor receptor 2). Modified from Prat et al. 2011 (29). 

 

Radiotherapy is also an essential component of TNBC treatment, and its protocol 

depends upon the extent of surgery and lymph node status as for other breast 

cancer subtypes. Radiotherapy is generally performed in combination with the 

breast-conserving therapy, and it is not recommended after a mastectomy 

procedure according to current guidelines (80, 81). Cancer patients that undergo 

radiotherapy present a better long-term outcome. However, some authors 

suggested a relative radioresistance of TNBC tumors given their ER-negative status. 
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The expression of ER decreases cell cycle duration hence also the time available to 

repair deoxyribonucleic acid (DNA) damage caused by radiation, and in ER-negative 

tumors such as TNBC, DNA repair can further progress during a slower cell cycle 

(82). 

 

Since a therapeutic target is not yet identified, chemotherapy is currently the only 

approved systemic treatment that improves TNBC outcome. In the meantime, 

various other systemic treatments options, such as molecular-directed targeted 

therapies or immunotherapy, are currently under scrutiny (56). Mounting data has 

shown that the administration of neoadjuvant chemotherapy significantly 

improves the prognosis of TNBC patients (20, 79, 83). As pointed before, TNBC 

shows high chemosensitivity. For example, response to neoadjuvant treatments 

can be very rapid in TNBC patients, even after only two cycles of therapy (84). Lack 

of ER expression predicts a greater response to chemotherapy as compared to ER-

positive cases (85, 86). For operable tumors, neoadjuvant therapy decreases the 

size of the tumor, allowing a breast-conservative surgery and reducing the need 

for a mastectomy. Usually, combination regimens are used for TNBC treatment, 

based on taxanes, anthracyclines, cyclophosphamide, platinum agents, and 

fluorouracil. The taxanes is a group of chemotherapy drugs whose mechanism of 

action is mainly through the inhibition of microtubule depolymerization, thereby 

inhibiting cell division. For this reason, taxanes are categorized as mitotic inhibitors. 

Besides, their antitumor function is also associated with apoptosis induction and 

macrophages activation (87). Taxanes are proved to be more efficient on the basal-

like TNBC subtype given its active expression of proliferation-related and DNA 

repair genes. For instance, after taxane-based treatment in TNBC patients, basal-

like subtype has four times higher clinical remission rates than the mesenchymal-

like group (88, 89). Some examples of taxanes are paclitaxel and docetaxel. 

Anthracyclines are one of the most used chemotherapeutic drugs. Their 

mechanism of action is based on intercalating with DNA, which inhibits DNA and 

ribonucleic acid (RNA) synthesis and blocks transcription and replication processes 

(90). Anthracyclines possess a broad antitumor spectrum and is the 
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chemotherapeutic drug that treats more types of cancer, including leukemia, 

lymphoma, breast cancer, uterine cancer, ovarian cancer, and lung cancer (91). 

The efficacy of anthracycline displays no significantly difference among breast 

cancer subtypes (92). Clinically, the most relevant anthracyclines are doxorubicin, 

daunorubucin, epirubicin, and idarubucin. Anthracycline-/taxane-based regimens 

constitute current standard treatment for breast cancer patients (93) and have 

been proved to be highly active also in TNBC cases (94). More specifically, some 

authors pointed out that TNBC responds better to taxane- than anthracycline-

based therapy compared with other breast cancer subtypes (95, 96). This fact 

would reduce the number of unnecessary anthracycline treatment, avoiding its 

inherent cardiotoxicity (97). However, both drugs are still given in combination in 

current practice. The following type of chemotherapeutic group available for TNBC 

patients is the alkylating agent cyclophosphamide, which attaches an alkyl group 

to the guanine base of DNA leading to cell death. In the liver, this compound is 

converted to the active metabolites aldophosphamide and phosphoramide 

mustard, the last one the main responsible of the DNA-alkylating effects (87). 

Cyclophosphamide is, moreover, a potent immunosuppressor that decrease the 

number of T and B lymphocytes, and antibody production (98). At present, a 

combination regimen of docetaxel and cyclophosphamide is used as neoadjuvant 

therapy for HER2-negative breast cancers, but has limited efficacy in treating other 

breast cancer subtypes (99). As discussed before, TNBC is strongly related with 

BRCA1 mutations. Interestingly, cells with BRCA1 mutations are deficient in DNA 

repair mechanisms, making them sensitive to platinum agents. Platinum salts bind 

to DNA, causing DNA cross-linking that elicits DNA repair mechanisms (93, 100). 

Deficiency of this repair mechanism results in cell apoptosis rather than repair. Due 

to their mechanism of action, platinum-based chemotherapeutic drugs are 

sometimes described as “alkylating-like”, because they act in a similar manner 

despite the absence of an alkyl group. Different studies determined the efficacy of 

platinum-based agents, e.g. cisplatin and carboplatin, on metastatic TNBC patients, 

particularly patients with basal-like subtypes (101–103). Finally, fluorouracil 

belongs to the antimetabolites group, composed by small and weakly acidic 
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molecules that inhibit cellular metabolism by acting as false substrates during RNA 

and DNA synthesis. Fluorouracil drugs are proven to be suitable for further 

treatment of advanced primary or metastatic breast cancer which display taxanes 

or anthracyclines resistance (104). In fact, with the widespread application of 

taxanes and anthracyclines for breast cancer treatment, an increasing number of 

patients develop resistance to the aforementioned drugs, which has become an 

urgent problem in clinical practice. 

 

Concerning metastatic relapse in TNBC, chemotherapy remains the backbone 

treatment even though its prognosis after treatment is inferior compared to other 

breast cancer subtypes (20, 72). There can be a receptor status switch between 

the primary breast tumor and the metastatic lesion for ER, PR, and HER2, but only 

a few TNBC patients are proved to undergo this rearrangement and, therefore, 

gain extra treatment options (105). There is no evidence that some 

chemotherapeutic drug is superior to others depending on the breast cancer 

classification. TNBC patients with advanced disease usually respond poorly to 

current chemotherapeutic treatment and, after an initial good response, there is a 

rapid disease progression (56). For that reason, novel targeted therapies are 

urgently needed for TNBC patients, regardless of the disease stage. 

 

3.4 Targeted therapy of triple negative breast cancer and 

potential treatment regimens 

 

Owing to the high heterogeneity of TNBC disease, it is particularly difficult to 

discover new therapeutic biomarkers and develop targeted therapies. 

Nevertheless, a large number of clinical trials targeting specific receptors or 

pathways are currently ongoing. 

 

TNBC is a highly proliferative tumor with an elevated angiogenesis activity 

throughout all the stages of its development (106). Therefore, vascular endothelial 
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growth factor (VEGF), a protein that stimulates the formation of blood vessels, has 

been proposed as a novel therapeutic target for TNBC. VEGF inhibitors hinder the 

development of tumor neovasculature. For instance, the anti-VEGF monoclonal 

antibody bevacizumab was found to be beneficial for TNBC patients when 

combined with chemotherapy (107, 108). Despite this initial good report, further 

clinical studies could not find a benefit for TNBC cases (109, 110). This fact, along 

with its increased toxicity (111), caused the Food and Drug Administration (FDA) to 

deny its approval for breast cancer (56). Other antiangiogenic agents targeting 

VEGF receptor instead of VEGF itself are currently under investigation (112). 

 

Between 50-70% of TNBC cases have been related to high expression of EGFR (75, 

113), which was linked to poor prognosis (114, 115). More accurately, EGFR 

expression is more associated to the basal-like TNBC subtype (75), making it a 

possible therapeutic target in TNBC. Unfortunately, the use of EGFR-targeted 

treatment in clinical trials did not improve TNBC patients outcome (116) and EGFR 

downstream signaling pathways were still activated in most patients after EGFR 

blocking, possibly due to a bypass activation caused by other pathways involved 

(117). Therefore, EGFR-targeted treatment alone cannot achieve significant 

efficacy. When combined with carboplatin, the anti-EGFR monoclonal antibody 

cetuximab displayed an interesting activity in TNBC patients (116), and its 

derivative panitumumab is already under investigation in a clinical trial in 

combination with carboplatin and paclitaxel (112). Small-molecule tyrosine kinase 

inhibitors (TKIs) against EGFR are also being tested in TNBC. For instance, gefitinib 

showed minimal single-agent activity (118), but promising results have been 

obtained when combined with docetaxel or carboplatin in TNBC cell models (119). 

Therefore, current clinical trials are focused on the use of EGFR TKIs in combination 

with chemotherapy (112). 

 

Poly (ADP-ribose) polymerase (PARP), a class of DNA repair enzymes, has also been 

postulated as a possible therapeutic target in TNBC. Their inhibition causes a loss 

of DNA repair function and enhances the therapeutic effects of radio- and 
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chemotherapy (120). Moreover, PARP inhibitors have significant antitumor effects, 

notably on BRCA1/2-mutated tumors. However, recent studies did not observe a 

clinical benefit from the administration of the PARP inhibitors iniparib and olaparib, 

speculating with other DNA repair mechanisms that may make TNBC patients 

insensitive to PARP inhibitors alone (121). The combination of PARP inhibitors with 

chemotherapy is currently being evaluated in various clinical trials (112). 

 

The proto-oncogene cellular Src (c-Src) has been also postulated as a possible TNBC 

target due to its overexpression in this breast cancer subtype (122). It consists of a 

non-receptor tyrosine kinase protein that plays a key role in embryonic 

development and cell growth and is associated with metastatic disease 

progression. The oral c-Src inhibitor dasatinib was proven to block basal-like breast 

cancer cell growth (122) and showed a clinical benefit when combined with or after 

chemotherapy treatment in TNBC (123, 124). At-present effort now focuses on the 

optimal use of c-Src inhibitors in clinical practice. 

 

Increased activation of mammalian target of rapamycin (mTOR), an effector of the 

PI3K signaling pathway, is a common finding in TNBC (125). Hence, several mTOR 

inhibitors are under investigation in TNBC patients such as everolimus and 

temsirolimus, alone or in combination with chemotherapy drugs and TKIs (112, 

126). 

 

Expression of androgen receptor (AR) is positive in approximately 10-15% of TNBC 

cases (127) and preclinical studies demonstrated an androgen-dependent growth 

of some TNBC cells (128). AR is an intracellular receptor that is activated by binding 

any of the androgenic hormones, including testosterone and dihydrotestosterone. 

Once activated, it functions as a DNA-binding transcription factor that regulates 

gene expression. AR-positive TNBC patients could, therefore, benefit from 

antiandrogen treatment. TNBC clinical trials using bicalutamide or enzalutamide, 

two AR inhibitors, proved a 19-25% of clinical benefit rate (129, 130). However, 

clinical significance and functional role of AR in breast tumors are not well 
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characterized (131, 132). Hence, AR inhibition as a new targeted therapy for TNBC 

patients is expected to be further developed. 

 

TNBC cells lack ER and PR expression, which makes them insensitive to endocrine 

therapy. However, Wang et al. identified a new estrogen receptor, ER-a36, with 

distinct features than the commonly studied ER-a66 (133). Interestingly, ER-a36 

can mediate signal transduction in both ER-positive and ER-negative breast cancer 

cells (134), and it is thought to have a positive feedback loop with EGFR (135). 

Therefore ER-a36 might represent a potential target for TNBC treatment despite 

the lack of support from clinical trials. 

 

Finally, cellular and molecular immunotherapies appear to be very promising 

approaches in TNBC. Tumor cells are able to evade recognition and destruction by 

the host immune surveillance through the immune checkpoint system. Some TNBC 

cells and tumor infiltrating immune cells express high levels of the programmed 

cell death-ligand 1 (PD-L1), a ligand that binds the programmed cell death protein 

1 (PD-1) receptor which inactivates T cells. By upregulating ligands for PD-1, cancer 

cells hinder antitumor immune response in the tumor microenvironment. Thus, 

PD-1 and PD-L1 inhibitors, such as pembrolizumab and atezolizumab, respectively, 

can disrupt the ligand-receptor interaction and restore the T cell functions (136, 

137). Although the clinical benefit rate of these inhibitors is relatively low, some 

patients show good prognosis and significantly increased overall survival rates 

(138, 139). For this reason, current efforts are focused on improving the response 

of TNBC patients to anti-PD-1/PD-L1 treatment and converting non-responders 

into responders. Other immunotherapeutic methods include specific chimeric 

antigen receptor T cell (CAR-T) therapy and the use of antibodies against cytotoxic 

T-lymphocyte-associated protein 4 (CTLA-4), which inhibits T cell activation (140, 

141). 
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4 Cancer stem cells 

 
Stem cells are, by definition, a rare cell population that have the ability to 

perpetuate themselves through self-renewal and to generate mature cells of a 

particular tissue through differentiation. In a similar way, tumors contain a small 

population of cells with indefinite proliferative potential that drive the formation 

and growth of tumors (142). They are so-called cancer stem cells (CSCs). 

 

The existence of cancer cells with stem properties was first documented in 1937 

by Furth and Kahn. Using serial transplantations and limiting dilutions, they 

transplanted derived-leukemia single cells into inbred mice. Approximately 5% of 

derived cells initiated leukemia and were able to recapitulate features of the 

original clinical tumor. Therefore, authors proved the existence of a small 

population within the tumor that exhibited tumorigenic properties and was 

capable of extensive proliferation (143). During the 1950s, solid tumor 

experimentation was further developed confirming that only few cancer cells were 

able to initiate a malignant tumor (144, 145) and, years later, more leukemia and 

multiple myeloma works corroborated this theory (146–149). However, two formal 

possibilities remained thus far: either all tumor cells had a low probability of 

proliferating extensively in these assays, or most tumor cells were unable to 

proliferate extensively and only a small, definable subset was consistently 

clonogenic. To decide between hypotheses, it was necessary to isolate different 

classes of tumor cells and demonstrate that one portion was highly enriched for 

clonogenic capacity and all other cell types were depleted for this capacity. 

Therefore, in 1997 Bonnet et al. were the first to identify and purify human acute 

myeloid leukemia (AML) CSCs from patient samples using the specific expression 

pattern of clusters of differentiation (CD) CD34+/CD38-. Cells with this expression 

pattern were the only ones capable of transferring AML from human patients to 

nonobese diabetic/severe combined immunodeficiency (NOD/SCID) mice, 
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although they represented a small proportion of AML cells (between 0.02-2% 

among patient samples) (150). Therefore, the second hypothesis was confirmed. 

 

Before the identification of this malignant subpopulation, intrinsic tumor 

heterogeneity was explained by the classical model. This hypothesis explains that 

tumor cells display many different phenotypes, but most cells can proliferate 

extensively and form new tumors. However, cancer cells would have a low 

probability of exhibiting their potential in an assay of clonogenicity or 

tumorigenicity (Figure 6A). Once CSCs were described, the cancer stem cell-driven 

model was proposed. In this, tumor cells are heterogeneous and only the CSCs 

have the ability to proliferate extensively and form new tumors (Figure 6B). Existing 

therapeutic treatments have been based largely on the classical model. Failure of 

these therapies to cure most solid cancers may be due to the major accuracy of 

the second model. 

 

 
Figure 6. Two general models of heterogeneity in solid cancer cells. A Cancer cells of many different 
phenotypes have the potential to proliferate extensively, but any one cell would have a low probability 
of exhibiting this potential in an assay of clonogenicity or tumorigenicity. B Most cancer cells have only 
limited proliferative potential, but a subset of cancer cells (the cancer stem cells, CSCs) consistently 
proliferate extensively in clonogenic assays and can form new tumors on transplantation. Taken from 
Reya et al. 2001 (142). 

 
4.1 Breast cancer stem cell identification 

 

In 2003, Al-Hajj et al. identified the breast CSCs (BCSCs), the first in any solid tumor, 

based on the cell-surface markers expression CD44+/CD24-/low. Cells with this 

A B
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expression pattern, whether obtained from a primary site or metastatic pleural 

effusions, had the ability to give rise to tumors when xenotransplanted into 

NOD/SCID mice. Interestingly, tumors generated contained both tumorigenic and 

non-tumorigenic cells and portrayed diverse expression patterns of CD44 and 

CD24, conserving the phenotypic heterogeneity of the initial tumor (151). More 

specifically, CD44 is the hyaluronic acid (HA) receptor which consists of a 

multifunctional class I transmembrane glycoprotein. Its expression is significantly 

enhanced in stem-like cells from most tumors, where it possesses a key role in 

tumor initiation (152) and metastasis (153). CD44 is also expressed in normal cells 

and it is associated with cell adhesion, proliferation, migration, angiogenesis, and 

differentiation (154, 155). On the other hand, CD24 is the small cell surface protein 

known as heat-stable antigen. Its function is related to cell interaction (156) and 

facilitates the adhesion to fibronectin, collagen, and laminin (157). As previously 

seen, CD24 was found to be less expressed in stem-like cells compared to 

differentiated cells (158). Overall, CD44+/CD24-/low cells display a potent 

tumorigenic ability (151). It is worth noting that TNBC presents the highest 

percentage of CD44+/CD24-/low stem cells among BC subtypes (159). Despite the 

fact of being the first described BCSCs markers, there are some contradictory data 

concerning the role of CD44 and CD24 in tumorigenesis, invasion, and metastasis 

(160–163). For instance, CD44 and CD24 expression levels show a high degree of 

variability among different cell lines, which is reflected in the great heterogeneity 

found in the established cell lines from the same tumor type (163, 164). Moreover, 

some works did not find a clear association of CD44+/CD24-/low abundance and 

metastatic capacity (165–167). This fact, along with lack of CD44 and CD24 

expression in some breast tumor types, empowers the need for the identification 

of new BCSC markers (162, 168). 

 

Another marker used to identify not only BCSCs but stem-like cells form several 

tumors is the activity of the aldehyde dehydrogenase 1 (ALDH1). This detoxifying 

enzyme is the main responsible for the oxidation of retinol (vitamin A) to retinoic 

acid, which is essential for the early differentiation of stem cells (169). BCSCs with 



 Introduction 

 41 

high ALDH1 activity display self-renewal capacity, tumorigenesis, and are highly 

proliferative (170, 171). As seen with the CD44+/CD24-/low expression pattern, 

ALDH1-positive cells are more abundant in TNBC compared with the other breast 

cancer subtypes (30). 

 

Regarding this two major BCSCs markers, CD44+/CD24-/low and ALDH1, there is little 

overlap between them, probably due to the presence of two distinct BCSC 

subpopulations. Besides, both markers are differently expressed among distinct 

subtypes of breast cancer. 

 

More stemness-related molecules have been postulated as feasible BCSCs 

markers. Since BCSCs share some characteristics similar to mammary stem cells, 

BCSCs also express pluripotency, self-renewal, and stemness markers such as the 

sex determining region Y HMG-box 2 and 4 (SOX2 and SOX4), NANOG, octamer-

binding transcription factor 3/4 (OCT3/4), CD49f, and CD133 (172). SOX2 is a 

transcription factor involved in pluripotency maintenance and self-renewal 

capacity (173). In tumoral tissues, it plays a key role in differentiation, invasion, 

metastasis, and drug resistance (174). SOX4 is another transcription factor related 

to the development processes and progression of cancer (175), and it is used as a 

CSC-specific marker (176). NANOG is a key transcription factor involved in self-

renewal and pluripotency maintenance in embryonic stem cells. Moreover, it is 

thought to be regulated by the cooperative action of SOX2 and OCT3/4 (177). 

OCT3/4 is a transcription factor fundamental in the maintenance of pluripotency 

and self-renewal in embryonic stem cells and primordial germ cells (178). CD49f 

has been related to cell adhesion, poor prognosis, and reduced survival in BC (179). 

Moreover, CD49f was found to possess a key role in stemness maintenance 

through direct regulation of OCT3/4 and SOX2 (180). Finally, the transmembrane 

glycoprotein CD133 has been identified in stem-like cells of many tumors such as 

colon (181, 182), liver (183), pancreas (184), and endometrium (185) among 

others. There are some studies that identify CD133 as a good BCSC marker (186, 

187) but, unfortunately, its prognostic role has not been well defined yet. 
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In vitro, BCSCs also have the ability to grow in non-adherent conditions forming 

mammospheres (188). Dontu et al. were the first to develop a methodology that 

allowed the in vitro propagation of human mammary epithelial cells in an 

undifferentiated state, based on their ability to proliferate in suspension. These 

cells were proven to be capable of growing in non-adherent conditions, forming 

mammospheres (188). Interestingly, this suspended population was enriched in 

stem cells since these cells were able to differentiate into distinct mammary 

lineages and form complex and functional three-dimensional (3D) structures. It is 

worth noting that not all cell lines are capable of forming mammospheres, and 

different shapes and ratios widely differ among them (189–191). 

 

In vivo, the most common technique to identify BCSCs cells is determining the 

frequency of self-renewing cells with a limiting dilution cell transplantation assay. 

Briefly, tumor cells are transplanted into recipient animals at increasing doses and 

the proportion of animals that develop tumors is used to calculate the number of 

self-renewing cells within the original tumor sample (192, 193). 

 

4.2 Breast cancer stem cells and chemoresistance 

 

The application of standard cancer treatment, that acts on rapidly dividing cells, 

sometimes succeeds in reducing tumor volume and improves survival, but many 

patients suffer a disease relapse within few years. An explanation can be found in 

the tumor heterogeneity. While the majority of cells die because of treatment, cells 

enriched in stemness features survive chemotherapy exposure and contribute to 

disease progression or recurrence (Figure 7). In fact, several studies showed that 

resistance to chemotherapy and ionizing radiation can be achieved by BCSCs, both 

in established cell lines (167, 194–196) and xenografts models (194, 197, 198). For 

instance, higher mammosphere forming capacity and CD44+/CD24-/low proportion 

were observed in tumor patients with chemotherapy compared to the untreated 

ones (197, 199). BCSCs usually remain most of the time in a quiescent state also 
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known as dormancy that may protect them from chemotherapy and/or radiation 

damage (200). Besides, BCSCs express high levels of adenosine triphopshate (ATP)-

binding cassette (ABC) transporters (201, 202), which give them the ability to pump 

out chemotherapeutic agents (203). The relative BCSCs chemoresistance can also 

be explained by their increased ALDH1 activity, which is able to metabolically 

inactivate chemotherapeutic agents such as cyclophosphamide (204). In addition, 

BCSCs also possess a more efficient mechanism of DNA damage response (DDR) 

(205) and have the capacity to reduce intracellular reactive oxygen species (ROS) 

induced in ionizing radiation (194) which, collectively, lead to a decrease in 

apoptosis compared to other mammary cell types. 

 

Since BCSCs are more aggressive, invasive, and prone to promote metastasis than 

the bulk cancer cells (206), targeting the BCSCs niche may lead to a better clinical 

outcome especially in the reduction of treatment resistance, metastasis, and 

tumor recurrence. 

 

 
Figure 7. Schematic representation of tumor cell heterogeneity in an aggressive breast cancer. The 
primary tumor is formed of heterogeneous subpopulations of cells including breast cancer stem cells 
(BCSCs). Usually, a first-line therapy is chosen based on the histological subtype, stage of the tumor, 
presence of biomarkers, and other clinical data. If the first-line therapy does not target BCSCs, the tumor 
mass will be reduced but BCSCs will remain (mostly) unaffected. BCSCs present in the primary tumor 
can expand and give rise to a multi-drug resistant tumor (secondary breast tumor), leading to 
progression and metastasis of the tumor. Taken from Palomeras et al. 2018 (207). 
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4.3 Novel approaches against breast cancer stem cells 

 

The relative resistance of BCSCs to standard therapies compared with bulk cancer 

cells highlights the need for novel therapies targeting the stem-like subpopulation. 

Therefore, BCSC properties, markers, and underlying mechanisms may be potential 

targets to design a more efficient therapy to use alone or in combination with 

current treatments. For instance, the quiescent state of BCSCs can be disrupted to 

force BCSCs to re-enter the cell cycle and increase the effect of current therapies 

which target proliferative cells. Quiescence-related proteins such as the cyclin-

dependent kinase inhibitors p57KIP2, p27KIP1, and p18INK4c, and the subunit of 

the ubiquitin ligase complex Fbxw7 have shown a great potential to become 

targets in some studies (200, 208–210). Interestingly, Gasca et al. proved that 

forced expression of Fbxw7 restored paclitaxel sensitivity in resistant TNBC cells 

(211). 

 

It has been shown that some antibiotics have antitumor ability and can affect CSC 

niche. Salinomycin is the most studied antibiotic, and it has been proven to 

selectively reduce BCSC subset by blocking the Wnt/b-catenin pathway (212, 213). 

The combination of salinomycin targeting CSCs with current chemotherapeutic 

drugs have synergistically inhibited tumor growth (214–216). Recently, Lamb et al. 

tested several FDA-approved antibiotics that inhibit mitochondrial biogenesis, e.g., 

azithromycin, doxycycline, tigecycline, pyrvinium paomate, and chloramphenicol. 

Authors observed that antibiotics affected the cancer stem-like cells of hormone-

positive and TNBC cells (217). Another example is thiostrepton, which is proved to 

possess a cytotoxic effect and cell cycle arrest against breast cancer cells (218). 

Yang et al. demonstrated that thisotrepton decreased mammosphere formation 

and CD44+/CD24-/low population in TNBC cells by inhibiting SHH signaling pathway, 

which has an important role in BCSC self-renewal (219). 
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BCSC radioresistance may also constitute a novel approach to address a novel 

targeted regimen. After radiotherapy, BCSCs isolated from cell models and primary 

breast cancer culture showed high expression of ataxia telangiectasia mutated 

(ATM) genes, which constitute the DNA damage repair system. Treatment with an 

ATM inhibitor resensitized these cells to radiation (220). Hence, decreasing 

radiation resistance of BCSCs by targeting the ATM signaling could prevent relapse 

after conventional first-line therapy. 

 

Since BCSCs display a larger ALDH1 activity, it may also be targeted to increase 

better outcome of BC patients. Croker et al. demonstrated that inhibition of ALDH1 

activity by means of all-trans retinoic acid (ATRA) or the specific ALDH1 inhibitor 

diethylaminobenzaldehyde (DEAB) increases the effect of both chemotherapy and 

radiotherapy on TNBC models (221). 

 

Lately, cancer research has started using nanotechnology to improve treatment 

efficacy and reduce toxicity. A good example is the use of nanoparticles to enhance 

cellular uptake and selectivity towards BCSCs. Li et al. developed salinomycin-

loaded polymer-lipid hybrid nanoparticles conjugated with anti-HER2 antibodies. 

They affected both BCSCs and bulk tumor cells in hormone-positive and TNBC cells 

(222). The anti-alcoholism drug disulfiram was also encapsulated in a work by Liu 

et al. in order to improve the drug’s half-life in the bloodstream. Interestingly, it 

showed cytotoxic activity against BCSCs and induced ROS activity in 

mammospheres from hormone-positive and TNBC cells (223). Besides, researchers 

have reported that the use of nanoparticles coated with HA, the primary CD44 

binding molecule, improves cancer therapy efficacy owing to the delivery system 

enhancement (224–226). For instance, chemotherapy drug gemcitabine was 

loaded into HA-conjugated nanoparticles. The encapsulation process not only 

increased the inhibitory capacity of gemcitabine against BCSCs but also reduced 

the systemic toxicity of the drug alone on normal tissue (227). 
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Altogether, all these novel targeted therapies need to be further validated in 

clinical trials despite the promising results obtained in in vitro experimentation. 

 

4.4 Epithelial-to-mesenchymal transition 

 

Epithelial-to-mesenchymal transition (EMT) is an evolutionarily conserved 

developmental process that governs morphogenesis in multicellular organisms 

(228). By definition, epithelial cells can be seen as surface barrier cells with distinct 

apical versus basolateral polarity established by adherent and tight junctions. In 

contrast, mesenchymal cells serve scaffolding or anchoring functions and play a 

key role in tissue repair and wound healing. During embryonic development, 

differentiated epithelial cells can undergo profound morphogenetic changes, 

collectively referred to as EMT (Figure 8). This process, characterized by the 

dissolution of cell-cell junctions and loss of apico-basolateral polarity, leads to the 

formation of migratory mesenchymal cells with invasive properties (229). These 

mesenchymal cells are recruited to specific sites in the developing embryo where 

they can differentiate through the inverse process, known as mesenchymal-to-

epithelial transition (MET). Overall, EMT is a multi-step process manifested by the 

following cellular and molecular changes: 

 

i. Loss of cell-cell adhesion and apical-basal polarity, involving E-

cadherin, occludins, and claudins in cell-cell junctions 

ii. Downregulation of epithelial cytokeratins CK8, CK18, and CK19 

iii. Upregulation of mesenchymal proteins such as vimentin 

iv. Reorganization of the cytoskeleton to acquire more spindle-like 

morphology 

v. Increased motility and invasiveness 

vi. Resistance to apoptosis 
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The process of EMT involves the coordination of a complex network. A wide variety 

of extracellular signals and signaling pathways can trigger the EMT, such as Wnt/b-

catenin, Hedgehog, Notch, and some autocrine factors including the transforming 

growth factor beta (TGF-b) (230). Signal transduction of these pathways converges 

in the activation of one or several EMT-inducing transcription factors, for instance 

Snail (zinc finger protein SNAI1), Slug (zinc finger protein SNAI2), Zeb1 (zinc finger 

E-box-binding homeobox 1), Zeb2 (zinc finger E-box-binding homeobox 2), and 

Twist (class A basic helix-loop-helix protein 38). These transcription factors induce 

EMT through transcriptional repression of E-cadherin (231), as it is involved in the 

establishment of cell-cell adhesion (232). This fact is accompanied by the 

overexpression of the mesenchymal protein vimentin, which contributes to 

cytoskeleton organization and focal adhesion stability (233). 

 

Apart from its paper in embryogenesis, EMT can be also activated in pathological 

conditions such as progression of carcinoma (234). Actually, EMT allows cancer 

cells to detach from primary tumor and metastasize to distant tissues (235). EMT-

like tumor cells are usually seen at the invasive edge of primary tumors, where they 

eventually initiate the tumor metastasis cascade, including intravasation, 

extravasation, and formation of microscopic and macroscopic metastases in 

distant organs (236, 237). The role of EMT to promote tumor cell dissemination is 

well supported by studies on circulating tumor cells (CTCs), which exhibited EMT 

features (238–240) and express known EMT regulators (241). In metastatic 

conditions, EMT process should be suppressed once invasive cells reach the distant 

site. The reciprocal program MET is subsequently induced in order to return to the 

epithelial phenotype and to help disseminated tumor cells form sizable macro-

metastatic colonies at distant organs. Such EMT/MET state transitions may serve 

as the underlying driving force of metastasis. 

 

Cells undergoing EMT are demonstrated to acquire stem cells features, suggesting 

a key role of EMT in the generation of BCSCs and their maintenance (235). In fact, 

BCSCs exhibit an invasive gene signature which correlates with increased 



Chapter 1  

 48 

metastasis, suggesting an association of BCSCs, EMT, and metastatic capacity 

(242). Induction of EMT in human mammary epithelial cells was proven to be 

sufficient to provoke the upregulation of several stem cell markers (243). 

 

 
Figure 8. Epithelial-to-mesenchymal transition (EMT). An EMT involves a functional 
transition of polarized epithelial cells into mobile and extracellular matrix (ECM)-secreting 
mesenchymal cells. The epithelial and mesenchymal cell markers commonly used by EMT 
researchers are listed. Abbreviations: a-SMA (a-smooth muscle actin), ETS (v-ets 
erythroblastosis virus E26 oncogene homolog), FAP (fibroblast activation protein), FOXC2 
(forkhead box C2), FSP-1 (fibroblast-specific protein 1), FTS (fused toes homolog), LEF-1 
(lymphoid-enhancer-binding factor 1), miR200 (microRNA 200), MUC1 (mucin 1), SIP1 
(survival of motor neuron protein interacting protein 1), ZO-1 (zona occludens 1). Taken 
from Kalluri et al. 2009 (236). 

 

4.5 Breast cancer stem cell plasticity 

 

As commented before, there is little overlap between CD44+/CD24-/low and ALDH1+ 

cells as both subpopulations identify distinct BCSCs within breast cancers (Figure 

9). Both of these subsets display characteristics of BCSCs, but they also have 

properties unique to each particular type (244). Gene expression profiling indicates 

that CD44+/CD24-/low cells have EMT signatures such as low expression of E-

cadherin, high levels of vimentin, and tend to be relatively quiescent. This 

subpopulation was accordingly labeled as EMT-BCSCs. In contrast, ALDH1+ cells 

display a more epithelial signature with high expression of E-cadherin, low levels 

of vimentin, and much more proliferative. Therefore, this subset was labeled as 

MET-BCSCs (171). Despite aforementioned differences, both BCSC niches display 

common features in terms of metastasis, treatment recurrence (170), enhanced 
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migration and invasion capacities (171, 245), intrinsic detoxifying abilities (246, 

247), and increased DNA-damage repair responses (220, 248). 

 

The EMT-BCSCs are usually located at the invasive edge of the tumor since their 

mesenchymal properties allow them to quickly move into the surrounding tissue. 

Once intravasated, they survive due to their intrinsic quiescence and resistance to 

anoikis, a programmed cell death associated with loss of adhesion. Oppositely, 

proliferative MET-BCSCs likely drive tumor cell growth in the tumor interior, being 

associated with self-renewal and macrometastasis generation due to their cycling 

profile. Interestingly, mounting data demonstrate the existence of a BCSC plasticity 

that enables them to transition between these two states (171). This transition 

dynamic is believed to have a great impact on tumor progression. Depending on 

the conditions and expansion of the tumor, BCSCs can change states and are able 

to rapidly switch the transcriptional machinery to undergo MET or EMT when 

needed. 

 

 
Figure 9. Model of epithelial-to-mesenchymal transition (EMT) and mesenchymal-to-epithelial 
transition (MET) in driving the plasticity of breast cancer stem cells (BCSCs). BCSCs can exist in two inter-
convertible states: MET-like (aldehyde dehydrogenase-positive; ALDH+) and EMT-like (CD44+/CD24-/low). 
The reversible, metastable state change between BCSCs is induced by the tumor microenvironment. 
Permanent EMT processes induced by constitutive EMT inducing signals will promote differentiated 
mesenchymal-like tumor cells, leading to loss of BCSC properties. Similarly, permanent MET induced by 
constitutive MET inducing signals will promote luminal differentiation, leading to loss of BCSC 
properties. On the other hand, differentiated bulk epithelial tumor cells may undergo dedifferentiation 
(dashed arrow) and enter into the MET BCSC state. CSCs may be permanently locked into a proliferating 
mesenchymal state in mesenchymal-like tumors. Abbreviations: ESA (epithelial-specific antigen). Taken 
from Luo et al. 2015 (244). 
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4.6 Breast cancer stem cells and triple negative breast 

cancer 

 

As previously seen in Figure 5A, the two main molecular subtypes represented in 

TNBC are the basal-like and mesenchymal-like (also known as claudin-low), in this 

order. Mesenchymal-like TNBC cells have specific characteristics including low 

expression of cell-cell adhesion proteins (claudin family of proteins) and 

enrichment with mesenchymal genes (vimentin, N-cadherin, and TWIST for 

instance), features associated to the induction of EMT (23) (Figure 10). Moreover, 

CD44+/CD24-/low gene signature was mainly found in this TNBC subtype (249). 

Basal-like breast cancer displays a phenotype close to the BCSCs, with increased 

ALDH activity but higher epithelial markers expression. 

 

 
Figure 10. Representation of the putative association between breast cancer molecular subtypes and 
the expression pattern of breast cancer stem cell (BCSC) biomarkers. In this hypothesis, each molecular 
subtype is enriched in cancer cells with distinct levels of differentiation, being BCSCs more prevalent 
within the more undifferentiated molecular breast cancers, such as claudin-low (mesenchymal-like) 
tumors. Abbreviations: ALDH1 (aldehyde dehydrogenase 1), CD (cluster of differentiation), EMT 
(epithelial-to-mesenchymal transition), HER2-OE (human epidermal growth factor receptor 2 
overexpressing). Taken from Schmitt et al. 2012 (250). 
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5 Fatty acid synthase 

 

Alongside BCSC presence, it is known that cancer cells also suffer from metabolism 

deregulation to deal with the high demand of the uncontrolled cell growth. 

Perturbed metabolism allows cancer cells to accumulate metabolic intermediates 

as sources for building blocks and provide advantage in the tumor environment 

(251, 252). For example, long-chain fatty acids (FAs) are crucial elements of 

membrane lipids and are important substrates for cell energy metabolism as well. 

The most common saturated FA is the palmitate, which is the first one produced 

during fatty acid synthesis and is the precursor of longer FAs. Palmitate is 

synthesized de novo from acetyl-CoA and malonyl-CoA in a nicotinamide adenine 

dinucleotide phosphate hydrogen (NADPH) dependent manner by the 

multifunctional enzyme fatty acid synthase (FASN) (253). Interestingly, FASN has 

been found overexpressed and hyperactivated in several carcinomas including 

breast, prostate, lung, and colon among others (254–257). On the other hand, 

FASN is not expressed in normal tissue, except in lipogenic tissues such as liver 

(258), adipose tissue (259), and lactating mammary glands (260, 261), where diet 

regulates its expression. In normal tissue, fatty acid synthesis occurs when there is 

a caloric excess, and carbohydrates are stored as triglycerides. However, tumor 

cells are dependent on the generation of lipids to keep their demanding 

proliferation ratio. In cancer cells, most of the FAs are synthesized de novo by FASN 

(251), mainly as phospholipids which can act not only as structural pieces for 

membrane biosynthesis but also as signaling molecules (262–264). 

 

5.1 Fatty acid synthase function 

 

As depicted in Figure 11, cancer cells fervently consume glucose, which is 

processed and converted into pyruvate via the glycolytic pathway. Pyruvate is 

subsequently fed into the Krebs cycle in the mitochondria to yield ATP, releasing 

acetyl-CoA as one of the products of this reaction (265). A portion of acetyl-CoA is 
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carboxylated to malonyl-CoA by acetyl-CoA carboxylase (ACACA). Then, FASN 

performs the condensation of acetyl-CoA and malonyl-CoA to produce the 16-

carbon saturated FA palmitate and other saturated long-chain FAs, which is 

dependent on NADPH. FAs can be further processed by elongases or desaturases 

to form more complex FAs, which are used for the synthesis of several cellular lipids 

such as phospholipids, triglycerides, and cholesterol esters, or for the acylation of 

proteins. 

 

 
Figure 11. Connecting glucose metabolism and fatty acid (FA) biosynthesis pathways in tumor cells. 
About 25 enzymes are involved in the metabolism of glucose to FAs. The key elements of the main 
synthetic pathways and their connections are shown here. Abbreviations: ACACA (acetyl-CoA 
carboxylase), ACLY (adenosine triphosphate citrate lyase), ATP (adenosine triphosphate), FASN (fatty 
acid synthase), H+ (hydron, hydrogen), LDH (lactate dehydrogenase), NADPH (nicotinamide adenine 
dinucleotide phosphate hydrogen). Taken from Menendez et al. 2007 (268). 

 

5.2 Fatty acid synthase regulation 

 

In the majority of tissues, FASN is low expressed since cells preferably obtain all the 

FAs from exogenous supplies (266). There are some exceptions in physiological 
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conditions such as lipogenic tissues, hormone-sensitive tissues including 

endometrium during menstrual cycle, mammary gland during lactation, and 

hypothalamus (as a mechanism for food intake regulation), where de novo 

synthesis pathways are activated (258–261, 266, 267). In normal tissues, FASN 

expression can be regulated both metabolically and hormonally. Both signals 

converge, at least in part, on the PI3K/AKT/mTOR and MAPK pathways that modify 

the expression or maturation of transcription factors that regulates the expression 

of FASN (268). Some of these transcription factors that have cognate binding sites 

on the FASN gene promoter are stimulatory proteins 1 and 3 (Sp1 and Sp3), nuclear 

factor Y (NF-Y), upstream stimulatory factor (USF), and the sterol regulatory 

element binding protein 1 (SREBP1) (269). For instance, leptin (the hormone made 

by adipose cells that inhibits hunger) decreases SREBP1 gene expression, inhibiting 

the expression of lipogenic enzymes including FASN (270). 

 

In cancer, FASN regulation changes from diet aspects to regulatory elements such 

as growth factors and their receptors (Figure 12). The HER family receptors have 

been linked with FASN overexpression in some cancers (271–273) since their 

signaling pathways result in the activation of the SREBP1 transcription factor. 

Therefore, deregulation in the HER-downstream pathways PI3K/AKT/mTOR and 

MAPK has been related to FASN expression (272, 274, 275). On the other hand, 

overactivation of hormonal pathways (ER, PR, and AR) also converges to 

PI3K/AKT/mTOR and MAPK activation, which stimulates FASN expression (276). 
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Figure 12. Regulation of fatty acid synthase (FASN) expression in cancer cells. Contrary to normal cells, 
cancer cells regulate FASN expression through membrane receptors (HER family as an example) and/or 
hormone receptors (estrogen receptor [ER], progesterone receptor [PR], androgen receptor [AR]) that 
activate the phosphoionositide 3-kinase (PI3K)/ mammalian target of rapamycin (mTOR) or the mitogen 
activated protein kinase (MAPK) pathway. The activation of these pathways leads to the activation of 
the FASN transcription factor sterol regulatory element binding protein 1c (SREBP1c). Abbreviations: A 
(androgen), AKT (protein kinase B), E2 (oestradiol), ERK1/2 (extracelular signal-regulated kinases 1 and 
2), GF (growth factor), MEK (MAPK/ERK kinase), P (progestins), RAF (rapidly accelerated fibrosarcoma), 
RAS (rat sarcoma), PTEN (phosphatase and tensin homolog). Taken from Menendez et al. 2007 (268). 

 

5.3 Fatty acid synthase inhibition and cancer 

 

Due to the critical role of FASN in cancer cells, this enzyme has become a unique 

oncologic target. Its inhibition has been demonstrated to hinder tumor progression 

(277–279), block angiogenesis (280, 281), and overcome resistance to 

chemotherapeutic agents (282, 283). Besides, the combination of FASN inhibition 
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and common chemotherapy drugs such as taxanes or anthracyclines has been 

proved to be synergistic (284, 285). Several mechanisms that trigger the 

antitumoral effect of FASN inhibition are described hereinafter (262), also depicted 

in Figure 13. 

 

I. End-product starvation: highly proliferative tumor cells require FASN to 

produce the phospholipids that will form the newly synthesized membrane. 

Therefore, when FASN is inhibited, there is a lack of phospholipids that induces 

apoptosis in cancer cells (286, 287). 

II. Disturbance of membrane and protein localization function: in the cell 

membrane, there are some regions known as lipid rafts that contain high 

concentrations of lipids such as palmitate, cholesterol, and sphingosine, and 

are also rich in protein receptors such as the HER family (288, 289). A 

phospholipids shortage disrupts lipid raft assembling, impairing the correct 

localization or function of these receptors (263). 

III. Inhibition of DNA replication: phospholipids also play an important role in cell 

division. Hence, the lack of phospholipids blocks cell cycle before G1 and 

impedes cell division (290). 

IV. p53-regulated non-genotoxic metabolic stress: FASN inhibitors are proved to 

be more effective initiating cell death in non-functioning p53 tumor cells, 

whereas cells with intact p53 function tend to display cytostatic responses 

(291). 

V. Toxic accumulation of substrates: the inhibition of FASN leads to the toxic 

accumulation of its substrate malonyl-CoA. Malonyl-CoA hinders the activity 

of carnitine palmitoyltransferase 1 (CPT1), which in turn inhibits de b-

oxidation promoting the accumulation of the sphingolipid ceramide. The 

accumulation of ceramide eventually causes the induction of proapoptotic 

genes involved in the ceramide-mediated apoptotic pathway (292). 

VI. Inhibition of proliferative pathways: FASN blockade results in the 

downregulation of AKT, which precedes the induction of tumor cell apoptosis 

(293, 294). 
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Figure 13. Fatty acid synthase (FASN) inhibition and cancer cell death. Several mechanisms have been 
proposed to explain the tumoricidal effects that occur after FASN blockade. Abbreviations: AKT (protein 
kinase B), CPT1 (carnitine palmitoyltransferase 1), GF (growth factor), GFR (growth factor receptor). 
Taken from Menendez et al. 2007 (262). 

 

The inhibition of FASN was firstly described to be cytotoxic in cancer cells in 1960 

and, since then, several FASN inhibitors have been developed. The first one to be 

identified was the antifungal antibiotic cerulenin (295, 296). However, its clinical 

application was limited due to the chemical instability caused by its very reactive 

epoxy group (297). To overcome this issue, the C75 cerulenin-derived molecule 

was designed removing the epoxy group. C75 displays tumor growth inhibition in 

xenograft prostate, breast, mesothelioma, lung, and ovarian cancer models (298–

300). Despite initial good behavior in xenograft models, its clinical application is 

limited due to weight loss induction and food intake reduction (301). The following 

described FASN inhibitor is the (-)-epigallocatechin-3-gallate (EGCG), the main 

catechin found in green tea. It is described to be a powerful antioxidant and to 

possess anti-proliferative activity through the induction of apoptosis. EGCG targets 

multiple signaling pathways such as EGFR-HER2, MAPK, and PI3K/AKT/mTOR. 

Despite these off-targets effects, apoptosis after EGCG treatment occurs through 
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FASN inhibition (302, 303). The high concentrations needed and its poor oral 

bioavailability and stability in physiological conditions hinder its clinical application. 

 

In short, the first generation of FASN inhibitors exhibited some limitations such as 

off-target toxicity, poor bioavailability, and little stability. Lately, a new generation 

of FASN inhibitors is in development, some of them based on the chemical 

structure of the above ones. For instance, the EGCG-derived G28UCM (in this thesis 

G28) displayed a strong 90% FASN activity inhibition and cancer cell cytotoxicity in 

a panel of human breast cancer cells, even in TNBC models (293, 304, 305). In vivo, 

G28 exhibited marked tumor volume reduction but with no sign of weight loss or 

anorexia (304). Interestingly, G28 also induced apoptosis and tumor reduction in 

both HER2+ breast cancer xenograft and in HER2+ resistant cell lines (306, 307). 

 

6 Cancer cell culture 
 

In the recent decades, in vitro cell culture has become an essential tool in the cell 

biology research field. At the end of the 19th century, scientists performed the first 

efforts to maintain living tissues and cells after organism death (308). Some years 

later, the establishment of the first human immortal cell line in 1951, the HeLa cells 

(309), promoted the use of in vitro cell culture supports. Therefore, there was an 

urgent need to develop a cell maintenance protocol in order to study ex vivo the 

cell behavior under established conditions. 

 

In the first described attempts, cells were grown on flat surfaces made of glass and 

coated with collagen and other proteins to favor cell adhesion (310). Despite their 

applicability, researchers started to handle disposable plastic devices thanks to 

their ease of use and practicability. Since their establishment, polystyrene has been 

the most used polymer to manufacture single-use vessels (311). The main reasons 

are its optical clarity, good molding ability, and the possibility to be treated to 

modulate its hydrophilic features (312). It is therefore not surprising that, since the 
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‘70s, treated polystyrene flasks have been used in worldwide laboratories due to 

their benefits (313). However, this flat plastic surface only allows the development 

of two-dimensional (2D) cell culture, leading to a monolayer cell culture. Cultured 

cells adopt a flattened morphology which clearly differs from the in vivo pattern 

(Figure 14). In physiological conditions cells are embedded in a 3D network 

composed by fibrous proteins and molecules, known as extracellular matrix (ECM), 

which plays a major role in cell regulation (314, 315). Therefore, in vivo cells 

interact with the ECM fibrous mesh and adjacent cells, thus adopting a more 

elongated and 3D morphology. The 2D shape caused by flat supports directly 

modifies membrane receptor polarity and cytoskeleton architecture, affecting 

gene expression and protein synthesis regulation (316, 317). Hence, experiments 

performed using 2D models can display a cell behavior different from the 

physiological one. More concretely, it has been proved that this key difference in 

cellular surroundings may influence CSC properties as well as their differentiation 

state (318, 319). 

 
Figure 14. Schematic comparison between monolayer two-dimensional (2D) and three-dimensional 
(3D) breast cancer cell culture. In monolayer culture, cells show a flattened morphology accompanied 
by a low percentage of breast cancer stem cells (BCSCs), due to the inducing effect of 2D culture 
supports. In contrast, 3D cell culture allows cells to adopt a more elongated morphology, with a higher 
proportion of BCSCs. Own elaboration. 

 

Aside from the lack of three-dimensionality, stiffness also stands for a significant 

difference between traditional in vitro cell culture supports and physiological 

surroundings. Mammalian cells are generally anchored to soft surfaces such as the 

ECM or another similar cell, in contrast with the rigidity found in 2D surfaces used 

2D 3D
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in laboratory studies (320). It has been reported that microenvironment stiffness 

can exert a great mechanical impact on the cell, acting on morphology, motility, 

proliferation, protein expression, and spreading (321, 322). 

 

6.1 Three-dimensional cell culture supports 

 

Due to the described gaps between monolayer culture and physiological 

surroundings, researchers have been focused their efforts on developing novel cell 

culture supports that resemble the 3D in vivo cell environment (Table 2). Firstly, it 

was discovered that neural cells could be grown in non-adherent surfaces, only 

allowing the growth of the cells that possessed the capacity to survive in 

suspension. Surviving cells displayed a rounded morphology and proliferated 

forming suspension spheres, composed by undifferentiated multipotent neural 

cells (323, 324). Since the discovery, spheres culture has become an assay to 

quantify stem cell activity in a wide range of cancers, including breast cancer (188, 

325). However, their morphology does not mimic the in vivo shape and some 

cancer cells do not form compact spheres but loosely adhered clumps of cells.  

 

Following efforts were, therefore, focused on the development of physical 

structures which mimic the ECM architecture. In 1960, Wichterle and Lim 

developed a matrix composed of a cross-linked network of 

polyhydroxyethylmethacrylate (pHEMA) with high water affinity. This 

biocompatible construct was designated as hydrogel (326). This initial prototype 

was subsequently modified to be used for 3D cell culture approaches. In current 

days, hydrogels are usually composed of biological materials such as agarose, 

fibrin, collagen, and hyaluronic acid, but maintaining the high water content (327). 

This hydrated structure makes them more similar to the architecture and 

mechanics of native ECM (328). The most well-known hydrogel is the gelatinous 

protein mixture Matrigelä, which is secreted by Engelbreth-Holm-Swarm mouse 

sarcoma cells (329). Their biological origin favors its biocompatibility, and they 
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intrinsically contain ECM proteins and growth factors. Despite the benefits, 

hydrogels also display some limitations including a possible non-optimal nutrient 

and oxygen diffusion, inaccurate composition, and variation among batches. 

 

Finally, scaffolds have emerged as another 3D cell culture support in order to 

overcome the abovementioned issues. This model is based on a solid, physical 

support made by a network of filaments mostly made by synthetic materials such 

as polymers that simulate the ECM fibrous architecture (330). This 3D surrounding 

allows cells to interact with adjacent cells and also with polymeric fibers, so cells 

display an extended cytoplasm, close to the physiological morphology. For this 

reason, the cancer research field is taking advantage of the scaffold culture 

benefits. Hereinafter, this thesis will be focused on this last in vitro 3D cell culture 

support and its features will be disclosed in the following sections.  

 

Table 2. Comparison of different cell culture supports used in worldwide laboratories. Abbreviations: 
2D (two-dimensional), 3D (three-dimensional), CSC (cancer stem cell), ECM (extracellular matrix), PCL 

(poly(e-caprolactone)). Taken from Rabionet et al. 2019 (311). 

 2D 3D 

 Monolayer Spheres Hydrogels Scaffolds 
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bar= 50 µm) 

MDA-MB-231 cell 
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(scale bar= 1 µm) 
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Suspension culture 
in non-adherent 

surfaces 

Biological material 
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Continuation of Table 2. 

 2D 3D 

 Monolayer Spheres Hydrogels Scaffolds 

Ad
va

nt
ag

es
 

Cheap and fast 
technique 

3D culture easy to 
perform 

They mimic the 
ECM structure 

They mimic the ECM 
structure 

 

Useful to quantify 
stem activity and to 
perform anticancer 

drug screening 

They contain 
ECM proteins 
and growth 

factors 

ECM proteins can be 
added 

   
Proved to enrich CSC 

subpopulation 

D
is

ad
va

nt
ag

es
 

Environment differs 
from the 

physiological one 

Sphere cells 
morphology does not 

mimic the in vivo 
shape 

Non-optimal 
nutrient diffusion 

Different cell lines 
may need different 

scaffold architecture 

Monolayer cells 
display less 

aggressivenes than 
in vivo 

Some cancer cells do 
not form compact 

spheres but loosely 
adhered clumps of 

cells 

Possible 
inaccurate 

composition 

Trypsinization may 
be required 

2D culture leads to 
cancer stem cells 

differentiation 
   

 

6.2 Technologies to manufacture three-dimensional 

scaffolds 

 

Several technologies are available for scaffold manufacture, as seen in Table 3. The 

fused filament fabrication (FFF) is an additive manufacturing (AM) technology 

widely used by 3D printers (331, 332). Briefly, the polymer is melted and deposited 

in successive layers to print the final construct, which can be previously designed. 

Due to its technical features, micrometric fibers can be easily manufactured but 

the production of smaller-diameter filaments is challenging. Hence, FFF scaffolds 

are usually used in tissue engineering (TE) studies thanks to their mechanical 

characteristics (331, 333–335). FFF allows investigators to design and customize 
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external profile and internal pattern depending on the tissue to be healed. 

Therefore, scaffolds can be directly customized from the patient. Despite its 

applicability, determining the optimal parameters for the production process is a 

mandatory and critical step (331, 332, 336). This procedure comprises the 

optimization of both design and fabrication parameters, which are related to the 

chosen polymer and the scaffold application (337). Indeed, architecture features 

including porosity, pore size, pore shape, and mechanical strength among others, 

need to be appropriate to achieve suitable cell growth and matrix formation (338). 

3D printers using FFF technique represent one of the most accessible options to 

manufacture scaffolds (332). They usually are open-source and low-cost apparatus 

that can be easily modified to improve the quality of the printing (339). For 

example, 3D printing was integrated in a fully automated bench-top manufacturing 

system for TE applications called BioCell Printing. This bioprinting system integrates 

the production stage, sterilization, cell seeding, and in vitro culture in different 

zones (333, 340). 

 

Another of the most used techniques for scaffold manufacture is electrospinning 

(ES). In this technology, the polymer is dissolved and placed into a syringe 

connected to a metallic needle. A high voltage is applied so the polymer fluid 

becomes charged, forming a cone-shaped protuberance called Taylor cone. When 

the electric force surpasses the surface tension, a stream of liquid is ejected from 

this formation. This stream travels from the needle to the ground collector while 

solvent is evaporating. Consequently, polymer fibers are randomly formed in the 

collector. This technology is capable of producing fibers with small diameters even 

close to the collagen fibers size, the main component of ECM (341). Therefore, 

electrospun scaffolds have a great potential in terms of mimicking the structure of 

native ECM. As in the case of FFF, ES is highly influenced by fabrication parameters 

including polymer concentration, chosen solvent, applied voltage, and polymer 

solution flow rate. These parameters, among others, determine the correct 

operation of the system and the final architecture of the meshes. 
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Table 3. Comparison of different technologies used to manufacture scaffolds for three-dimensional (3D) 
cell culture. Abbreviations: FFF (fused filament fabrication), PCL (poly(e-caprolactone)). Taken from 
Rabionet et al. 2019 (311). 
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Optical Microscopy micrograph of a FFF PCL 

scaffold (scale bar= 4 mm) 

 
Scanning Electron Microscopy micrograph of 

an electrospun PCL scaffold 
(scale bar= 10 µm) 
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6.3 Available biomaterials for scaffold manufacture 

 

Overall, all cell types possess different morphological characteristics which may 

lead to distinct cell culture support requirements. These specific requests will 

determine the technology and biomaterial to be used, as well as the structure 

features of the scaffold. In fact, the chosen biomaterials, which are defined as 

materials that interface with biological entities (342), play a relevant role since they 

dictate some scaffold critical features. For instance, scaffold must be 

biocompatible, in other words, materials should interact positively with the host 

environment (either in vitro cell culture or in vivo organism) without eliciting 

adverse responses. Moreover, some meshes need to possess some degree of 

biodegradability, mainly scaffolds related to medical devices. These models need 

to degrade into non-toxic products with a controlled degradation rate that 

matches the regeneration rate of the native tissue (343). Currently, four classes of 

biomaterials are used: 

 

- Acellular tissue matrices: known as biological scaffolds since they are 

composed of an extracellular matrix (ECM). They are not processed through 

the technologies here described, but through a decellularization process that 

include physical, chemical, and enzymatic methods to remove cell bodies from 

the remaining ECM (344, 345). 

- Metals and their alloys: major metals used in medical applications include 

commercially pure titanium and its alloys, cobalt-based alloys, and stainless 

steel (346). Although some works have used metallic scaffolds for cell culture 

(347, 348), these materials are most used for load-bearing implants due to 

their mechanical reliability, strength, and impact resistance (349). However, 

metals can suffer from corrosion in physiological environments, thus releasing 

ions, which may reduce biocompatibility and put at risk the use of implants. 

- Ceramic materials: ceramics are inorganic materials with high compressive 

strength and biological inertness (350–352). The most commonly used are 
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metallic oxides, calcium phosphate such as hydroxyapatite, and glass ceramics 

(e.g., Bioglass) (353, 354). They have been used for hard tissue replacement 

such as bone and teeth since ceramics exhibit similar chemical characteristics. 

For instance, several in vitro and in vivo works have shown that calcium 

phosphates support the adhesion, differentiation, and proliferation of 

osteogenesis-related genes, besides inducing gene expression in bone cells 

(355–358). Besides, some ceramics are usually coated onto a metal core or 

incorporated into polymers as composites (349, 359). 

- Polymers: they are defined as materials consisting of macromolecules 

composed of many repeating subunits. Polymers stand for the main group in 

the scaffold manufacturing scenario, and can be naturally derived or synthetic, 

the latter of which can be bioinert or biodegradable. Natural polymers include 

albumin, collagen, cellulose, hyaluronic acid, starch, chitosan, dextran, silk, 

and heparin (354, 360). On the other hand, some examples of bioinert 

synthetic polymers are polyvinyl chloride, polyethylene, polypropylene, 

polystyrene, polyesters, polyamides, polyurethanes, and polysiloxanes 

(silicone) (354, 360). Lastly, biodegradable synthetic polymers include 

poly(glycolic acid), poly(lactic acid), poly(e-caprolactone), and their 

copolymers. This last group has been widely used in a number of clinical 

applications, such as resorbable sutures, drug delivery systems, orthopedic 

fixation devices, and scaffolds for tissue engineering and in vitro cell culture 

(349). 

 

One of the most relevant polymers in scaffolds production is the poly(e-

caprolactone) (PCL). PCL is a biodegradable and biocompatible polyester widely 

used for 3D cell culture applications. This plastic exhibits a slow degradation rate 

and a low melting point of 60°C due to its lower hydrogen bonding and polarity. In 

fact, a previous study revealed that FFF PCL scaffolds maintained in aqueous 

medium for 6 months exhibited an insignificant weight loss, maintaining their 

structure and mechanical properties almost intact (361). PCL can be processed 

with many technologies and it is soluble in several solvents such as chloroform, 
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dichloromethane, benzene, acetone, and dimethylformamide (362). PCL does not 

present any isomers, therefore, melting temperature and biological degradation 

remain stable. Its use is exponentially increasing in tissue engineering, drug 

delivery, and cell cultures (176, 336, 362–365). In order to achieve a specific 

biomechanical behavior, PCL can also be used in combination with other polyesters 

or even with other molecules including chitosan and gelatin (362, 366). Besides, 

biological profile of scaffolds can also be modulated by the addition of ECM 

components which act as biochemical agents, such as collagen (367), 

proteoglycans (368), hyaluran (369), and tropoelastin (370). 

 

6.4 Breast cancer stem cell population in three-

dimensional culture 

 

As explained before, BCSCs account for a low percentage within the tumor (151) 

or cell line (371). Additionally, traditional 2D in vitro cell culture has been proved 

to induce BCSC differentiation process, which results in the loss of their stem 

features and their transformation into non-stem cancer cells (372). These two 

major handicaps make the in vitro study of BCSCs very challenging. Therefore, it 

comes as no surprise that current efforts are focused on the development of a 3D 

cell culture protocol to maintain the multipotential state of BCSCs. 

 

In this scenario, multiple investigations have revealed that the use of scaffolds as a 

3D cell culture tool increases the BCSC subpopulation (176, 364, 373). For instance, 

in 2012 Saha et al. cultured MCF-7 breast carcinoma cells on ES PCL scaffolds with 

an average fiber diameter of 2 µm. Cells displayed elongated and stellar 

morphology within 3D surroundings, in contrast with the flat shape found in 

monolayer cultures. Besides, authors proved that scaffold culture induced EMT in 

the breast cancer cells, attributing them with stem features including malignancy 

and invasion (373). One year later, Feng et al. also cultured several breast cancer 
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cell lines in ES PCL filaments which showed an average diameter of 1.6 µm. 

Interestingly, in this work the mesenchymal-like TNBC cell line MDA-MB-231 was 

used, among other hormone- and HER2-positive breast cancer cell models. All cell 

lines exhibited increased stem and EMT markers expression when cultured in PCL 

scaffolds, alongside a more invasive phenotype. In this case, ALDH1 activity and 

mammosphere-forming capacity were also determined to be upregulated within 

3D surroundings (176). In 2014, more efforts were done in the work published by 

Sims-Mourtada et al. Breast cancer cells were seeded into even smaller hybrid PCL-

chitosan nanofibers, with an average diameter of 430 nm. Scaffold culture led to 

an increase percentage of CD44+/CD24-/low cells, altogether with improved 

mammosphere-forming ability and higher resistance to the chemotherapeutic 

agents docetaxel and doxorubicin. Authors proved that BCSC expansion was due 

to an inhibition of their differentiation rather than a proliferation increase of the 

stem-like cell subset (364). 

 

On balance, scaffolds can represent a novel tool to culture and properly study the 

malignant BCSC subpopulation. Research on scaffold fabrication process and 

architecture is crucial to develop optimal 3D supports for the proliferation and 

enrichment of BCSC niche of every cell type. 
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Hypothesis 

 

Three-dimensional (3D) cell culture has been proven to maintain the stemness 

features of the sample. Therefore, the manufacture and use of biocompatible 

scaffolds for triple negative breast cancer (TNBC) cell culture may facilitate the 

study of the breast cancer stem cell (BCSC) subpopulation. The proper 

characterization of this malignant niche can enable the development of targeted 

therapies against cancer stem-like cells, which represent an interesting approach 

for tumors that only have systemic treatments such as TNBC. 

 

Objectives 

 

The main objective of this thesis was to develop an in vitro 3D cell culture protocol 

to properly expand and characterize the BCSC subpopulation of TNBC cell models. 

In order to fulfill the main objective, four specific objectives were pursued: 

 

I. Use and optimization of fused filament fabrication (FFF) technology to 

manufacture polycaprolactone (PCL) scaffolds for 3D cell culture and stemness 

expansion 

a. Develop a sequential flowchart of process parameters optimization 

for open-source 3D printers to manufacture scaffolds 

b. Test 3D cell culture adequacy of FFF PCL scaffolds with the reference 

models MCF-7 breast cancer (BC) cells and NIH/3T3 murine 

fibroblasts 

c. Determine the optimal scaffold design and culture variables for cell 

growth using the reference MCF-7 BC model 

d. Evaluate a possible MCF-7 BCSC enrichment in FFF PCL scaffold 

culture by the mammosphere forming assay 
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II. Use and optimization of electrospinning (ES) technology to manufacture PCL 

scaffolds for 3D cell culture and stemness expansion 

a. Optimize the ES process parameters in order to manufacture 

nanofiber PCL scaffolds 

b. Develop a macroscopic characterization of produced ES PCL scaffolds 

c. Test 3D cell culture adequacy of ES PCL scaffolds with the reference 

model MCF-7 BC cells 

d. Evaluate a possible MCF-7 BCSC enrichment in ES PCL scaffold culture 

by the mammosphere forming assay 

 

III. Evaluation of BCSC and fatty acid synthase (FASN) role in chemosensitive and 

chemoresistant MDA-MB-231 TNBC cells 

a. Determine BCSC features and FASN expression in the parental cell 

line MDA-MB-231 and its derivatives resistant to doxorubicin 

(231DXR) and paclitaxel (231PTR) 

b. Evaluate epithelial-to-mesenchymal (EMT) profile in 

chemoresistance models 

c. Study the impact of FASN inhibition in the parental and 

chemoresistant cell models 

 

IV. Enrichment of BCSCs in the TNBC cell models MDA-MB-231 (mesenchymal-

like) and MDA-MB-468 (basal-like) within 3D ES PCL scaffold culture 

a. Manufacture the previously optimized ES PCL scaffolds and develop 

a microscopic and mechanical characterization 

b. Analyze MDA-MB-231 and MDA-MB-468 cell proliferation and 

morphology within 3D surroundings by MTT and fluorescence 

microscopy, respectively 

c. Evaluate a possible BCSC enrichment in ES PCL scaffold culture by 

several approaches (mammosphere forming assay, ALDEFLUOR 

assay, chemoresistance, and stemness markers expression) 
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d. Study the EMT profile and signaling pathways modulation on 3D-

cultured cells 

e. Study FASN expression and inhibition implication in the BCSCs-

enriched population of scaffolds-cultured TNBC cells 
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Abstract 

 

In most cases, the use of fused filament fabrication (FFF; also known as fused 

deposition modeling or FDM) machines for biomedical purposes needs an 

optimization step to properly select both manufacturing process parameters and 

scaffold design features. 

 

Chapter 3 aims to explore the feasibility of a FFF open-source low-cost 3D printer 

to produce poly(e-caprolactone) (PCL) scaffolds for 3D cell culture applications and 

stemness maintenance. In order to achieve a correct scaffold printing, several 

fabrication and design parameters were tested, such as extruder and bed 

temperature, deposition velocity, layer height, filament diameter, distance 

between filaments, and deposition angle. Then, the suitability of produced 

scaffolds for 3D cell growth was evaluated with the reference models MCF-7 breast 

cancer (BC) cells and NIH/3T3 murine fibroblasts, widely used in the related 

literature. Cell proliferation within distinct scaffold designs was evaluated by the 

trypan blue exclusion assay. Afterwards, the impact of FFF scaffold culture was 

further analyzed on the MCF-7 cells. The effect of different cell culture variables 

was tested, such as microplate adherence features and a previous medium 

addition to the scaffold. Lastly, MCF-7 BCSC niche was quantified in monolayer and 

in 3D culture through the mammospheres forming assay. 

 

As a result, a novel sequential flowchart was developed as a scaffold parameter 

selection system for 3D printers. Temperature values of 85°C and 35°C were found 

to be optimal for the 3D printer extruder and bed, respectively. PCL scaffolds were 

manufactured with a filament diameter of 0.3 mm and a distance between 

filaments of 0.7 mm, which allowed a correct printing process. Three different 

scaffold designs were produced, displaying a different deposition angle between 

layers: 90°, 45°, and 60°. Results showed that a higher cell proliferation value was 

obtained in the 60° scaffolds when using MCF-7 cells, and 90° version in the case 
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of NIH/3T3 model. Finally, MCF-7 cells were proven to show a higher cell growth 

kinetics when using non-adherent microplates, regardless of a prior medium 

addition. Interestingly, MCF-7 cells cultured on FFF PCL 60° scaffolds exhibited a 

greater mammosphere forming capacity than monolayer cells, indicating a possible 

BCSC enrichment. 
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Abstract: Open-source 3D printers mean objects can be quickly and efficiently produced. However,
design and fabrication parameters need to be optimized to set up the correct printing procedure;
a procedure in which the characteristics of the printing materials selected for use can also influence
the process. This work focuses on optimizing the printing process of the open-source 3D extruder
machine RepRap, which is used to manufacture poly("-caprolactone) (PCL) scaffolds for cell culture
applications. PCL is a biocompatible polymer that is free of toxic dye and has been used to fabricate
scaffolds, i.e., solid structures suitable for 3D cancer cell cultures. Scaffold cell culture has been
described as enhancing cancer stem cell (CSC) populations related to tumor chemoresistance and/or
their recurrence after chemotherapy. A RepRap BCN3D+ printer and 3 mm PCL wire were used to
fabricate circular scaffolds. Design and fabrication parameters were first determined with SolidWorks
and Slic3r software and subsequently optimized following a novel sequential flowchart. In the
flowchart described here, the parameters were gradually optimized step by step, by taking several
measurable variables of the resulting scaffolds into consideration to guarantee high-quality printing.
Three deposition angles (45�, 60� and 90�) were fabricated and tested. MCF-7 breast carcinoma cells
and NIH/3T3 murine fibroblasts were used to assess scaffold adequacy for 3D cell cultures. The 60�

scaffolds were found to be suitable for the purpose. Therefore, PCL scaffolds fabricated via the
flowchart optimization with a RepRap 3D printer could be used for 3D cell cultures and may boost
CSCs to study new therapeutic treatments for this malignant population. Moreover, the flowchart
defined here could represent a standard procedure for non-engineers (i.e., mainly physicians) when
manufacturing new culture systems is required.

Keywords: scaffold; PCL; RepRap; fused filament fabrication; three-dimensional; cell culture

1. Introduction

Scaffolds are solid structures usually made of a polymeric material that is used for a wide
range of applications. They provide a necessary support for three-dimensional (3D) cell growth,
thanks to their biocompatibility and biodegradability [1], and are extremely useful in in vitro 3D cell
cultures. Traditional cell culture is applied to two-dimensional (2D) models on flat surfaces, but this
methodology is not representative of the cells’ physiological environment and usually confers them
with less malignancy. The literature has reported that 3D cell culture with scaffolds can increase the
cancer stem cell (CSC) population [2–4]. CSCs correspond to a small population within the tumor
which is resistant to chemotherapy and capable of dividing to form the tumor again after treatment

Materials 2018, 11, 1427; doi:10.3390/ma11081427 www.mdpi.com/journal/materials
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(this is known as recurrence or metastasis) [5,6]. Since this malignant subpopulation represents a small
percentage within the tumor, the population expansion and enrichment described would help in their
study and promote further development of therapeutic strategies.

Additive manufacturing (AM) technologies have arisen as a novel set of tools with which to
fabricate scaffolds [5,7]. In particular, 3D printers based on fused filament fabrication (FFF) technology
are one of the most accessible and simplest options [8]. They are open-source, low-cost machines
which usually use thermoplastic materials [9,10] and can easily be modified to improve the quality of
the printed 3D products [11]. A variety of biocompatible polymers can be used for scaffold production
with FFF. Poly-L-lactic acid (PLA) is a biodegradable thermoplastic aliphatic polyester that has great
potential in clinics thanks to its biocompatibility and restorability. Consequently, it is widely used
in tissue engineering [12]. Poly("-caprolactone) (PCL; Figure 1) is also a biodegradable polyester
proven to be biocompatible and toxic-dye-free, but it has a slower degradation rate and different
mechanical and physical features. For instance, PCL has a lower melting point (60 �C), reflecting its
lower hydrogen bonding and polarity which determine its chemical and molecular behavior. Moreover,
PCL does not have any isomers so there are no variances in the melting temperature and biological
degradation. Due to these characteristics, its use in tissue engineering, drug delivery, and cell cultures
is increasing [2,3,6,13,14]. PCL can be also used as copolymers, such as PCL-collagen and PCL-gelatin,
and in combination with other polymers, for example PLA or PEG [13,15].
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As scaffold production with 3D printers is a new area, greater effort should be made to determine
the optimal parameters for the process [1,6,9]. The processing parameters in question are closely
related to the properties of the polymer chosen and the subsequent application intended for the
scaffold(s). First, the design parameters determine the architecture of the scaffold and can comprise
the filament diameter, the distance between filaments, and the deposition angle [16]. They can also
be modified depending on the desired design and application of the scaffold. Second, fabrication
parameters control the printing process. These parameters include the extruder and bed temperature,
deposition velocity, and layer height, and are closely linked to the material of the polymer and the
environment [9,17].

When scaffolds are produced for tissue engineering or regenerative medicine, controlling features,
such as pore size, pore shape, or mechanical strength, is mandatory [9,18]. Although there are some
studies into the 3D printing of scaffolds based on fused deposition modeling (FDM) [19,20] very few
analyze the effects the architecture of the scaffold may have on cell proliferation, and none develop
schematic procedures or methods aimed at retaining any knowledge gained. Grémare et al., [21]
studied the physicochemical and biological properties of PLA scaffolds produced by 3D printing
(FFF). The authors studied four different square pore sizes (0, 150, 200, and 250 um). Results showed
that scaffold pore size had negligible effects on their mechanical properties. After three and seven
days of human bone marrow stromal cell (HBMSC) culture being applied, the scaffolds exhibited
excellent viability and homogeneous distribution regardless of the pore size. Hutmancher et al. [22]
studied the mechanical and cell culture response of PCL scaffolds using 61 ± 1% porosity and two
matrix architectures. Results showed that five-angle scaffolds had significantly lower stiffness under
compression loading than those with a three-angle pattern. Data also revealed that in terms of cell
proliferation, while a scaffold with a 0/60/120� lay-down pattern had a higher proliferation rate in
the first 2 weeks, the scaffolds with a 0/72/144/36/108� lay-down overtook the three-angle matrix
architecture in Weeks 3 and 4. Recently, Rabionet et al. [23] analyzed the effects of tubular scaffold
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architecture on cell proliferation for vascular applications. Results showed the strong influence the 3D
process parameters have on the scaffold architecture and, subsequently, cell proliferation. Narrow pores
produced lower cell proliferation due to the lower oxygen and nutrient exchange.

As the literature has reported, cell proliferation onto a scaffold depends on the material,
the architecture, and cell kinetics. Whenever physicians need to work with cells, they require the
best scaffolding features to obtain ideal cell culture results. In fact, the main problem was that
scaffolds did not provide the same results for different lines of cells when the cells are cultured.
When working with cells, physicians have different purposes and goals. For instance, they may
want to enrich or treat the cells or to determine the impact a drug is having/has had on the cells.
While identical scaffold features do not provide the same results, the cell line does. In fact, each cell
line works better with different scaffold features. For this reason, this work aims to optimize the
design features and the selection of the manufacturing process parameters when the open-source 3D
extruder machine RepRap is utilized. This methodology focuses on manufacturing PCL scaffolds
suitable for 3D cancer cell cultures and CSCs expansion as a first step before expanding to other cell
lines. Both design and fabrication parameters have been optimized by following a specific flowchart
step by step, and checking a measurable variable. In addition, preliminary in vitro experiments were
performed to study the impact the scaffold design and fabrication have on the efficiency physicians
require from the 3D cell culture and the scaffolds produced. Therefore, a sample application for
the mass production of PCL scaffolds using a low-cost machine could be used to improve cancer
stem cell research. The flowchart developed here provides a novel methodology to adjust process
parameters to print micrometric scaffolds suitable for three-dimensional cell culture because, as is
demonstrated, each cell line required different scaffold features. Hence, an optimization diagram could
represent a common procedure which could be used by non-engineering professionals when a 3D
cell culture protocol has to be established de novo. Physicians working with 3D cell cultures usually
need some kind of rules or guidelines to follow to set up the cell culture. This paper’s contribution is
the methodology required to set up the 3D printing technology for a new line of cell culture by first
defining the design characteristics and then the parameter selection for the manufacturing process.
This paper does not contribute to the knowledge about PCLs or the 3D printing machine itself, but
instead provides a methodology for physicians. The contribution is the method and steps to follow
when scaffolds need to be manufactured for a new cell line.

2. Experimental Setup

2.1. Material

A 3 mm poly("-caprollactone) (PCL) wire (Perstorp, Malmö, Sweden) with a density of
1145 Kg/m3 and a molecular weight of 80,000 g/mol, was used to fabricate circular scaffolds 19 mm in
diameter (Corning Life Sciences, New York, NY, USA). PCL is a biodegradable polyester with a low
melting point (60 �C) and a glass transition of about �60 �C.

2.2. Three-Dimensional Printer Machine

An open-source and modular RepRap BCN 3D+ printer (CIM, Barcelona, Spain) was used to
produce three-dimensional scaffolds (Figure 2). This printer was selected because of its capacity to
allow a user to optimize its parameters as they see fit. It uses fused filament fabrication (FFF). First,
the filament was unwound from a roll of wire and supplied to the extruder. Then, the material was
extruded through the nozzle using different temperatures depending on the value being tested. Finally,
the printed filament was deposited onto a heated platform (also known as a bed).
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2.3. Scaffold Design and Additive Manufacturing

SolidWorks (Waltham, Massachusetts, Estats Units) was the computer-aided design (CAD)
software chosen for the scaffolds’ design. The stereolithography (STL) file formats the designs that were
transferred to the computer-aided manufacturing (CAM) software Slic3r to establish the fabrication
parameters. This software, while maintaining the SolidWorks design, generated G-code files which
can control and regulate the machine to obtain the correctly-printed scaffolds. Scaffold design features
were selected based on other research work focused on tissue engineering which had similar goals to
this work, i.e., cell enrichment or treatment, or drug delivery applicability. The features are described
in Table 1. Previous screening experiments were carried out to adjust the range of the scaffold
design features.

Table 1. Process parameters used for PCL scaffold printing.

Parameters Tested Values Measurable Variable

Fabrication
parameters

Extruder temperature 65, 70, 75, 80, 85, and 90 �C Printed filament diameter

Bed temperature 25, 30, 33, 35, and 37 �C 1-Material adhesion (Y/N)
2-First layer height

Deposition velocity 10, 20, and 30 mm/s Printed filament diameter
Layer height 0.28 and 0.3 mm Printing quality (absence of blobs)

Design
parameters

Filament diameter 0.175, 0.3, and 0.5 mm
1-Adhesion of contiguous

filaments (Y/N)
2-Printed filament diameter

Distance between
filaments 0.5, 0.7, and 1 mm 1-Real distance between filaments

2-Smallest pore option
Deposition angle 90�, 45�, and 60� Pore angles

2.4. Process Parameter Optimization

The fabrication parameters and design feature values used for the experimental setup are shown
in Table 1. A wide range of characteristics and parameter values were selected from the literature as
the screening values with which to start. A wide range of processing parameters were selected based
on the research work focused on tissue engineering with similar goals to ours, i.e., the enrichment
or treatment of cells of the applicability for drug delivery. Thus, previous screening experiments
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were carried out to adjust the range of the processing parameters for the scaffolds. By following
a sequential flowchart (Figure 3), the optimal tested value to be selected for each parameter was
determined. Optimization was first performed using a generic geometrical form. A fixed circular
scaffold design was used as the control pattern: 0.4 mm in diameter and layer height extruded filament,
1 mm distance between filaments, 90� deposition angle, 19 mm in diameter scaffold, and eight scaffold
layers. As optimization progressed, design feature values were replaced by the optimal ones, resulting
in a final scaffold design suitable for three-dimensional cancer cell culture. Furthermore, the cancer
cell culture is now more like real physiological conditions, including an enrichment of the CSCs’
subpopulation. Each step on the flowchart presented in Figure 3 included parameter testing and a
physical scaffold variable measurement to assess the quality of the printing. Thus, optimal parameter
values were sequentially determined and considering the final application as the optimal function
to be reached. Physical variables, such as printed filament diameter, first layer height, and real
distance between filaments, were measured using an inverted optical microscope (Nikon, Tokyo,
Japan). Printed structures, as well as a nanometric ruler, were placed on the stage. Binomial variables
(material adhesion, adhesion of contiguous filaments, printing quality such as the absence of blobs etc.)
were assessed by sight. Finally, the cell efficiency of the different deposition angles was evaluated
through a three-dimensional breast cancer cell culture to validate the parameters selected. Breast CSCs
were used because their expansion would represent a new opportunity to develop new treatments
against cancer stem features related to cancer relapse and metastasis.

2.5. Cell Line

MCF-7 breast carcinoma cells (ATCC® HTB-22™) and NIH/3T3 murine fibroblasts cell lines
(ATCC® CRL-1658™) were obtained from the American Type Culture Collection (ATCC, Rockville,
MD, USA). MCF-7 and NIH/3T3 cells were cultured in DMEM (Dulbecco’s Modified Eagle’s Medium)
(Gibco, Walthman, MA, USA) supplemented with 10% fetal bovine serum, 1% L-glutamine (which
means 2 mM L-glutamine), 1% sodium pyruvate (which means 1 mM sodium pyruvate), 50 U/mL
penicillin and 50 µg/mL streptomycin (HyClone, Logan, UT, USA). Cells were maintained at 37 �C
and in a 5% CO2 atmosphere.

2.6. Scaffold Sterilization

Scaffolds were sterilized following a previously-described methodology [2,24]. Meshes were
submerged in a 70% ethanol/water solution overnight, washed with PBS (Gibco, Walthman, MA,
USA), and finally exposed to UV light for 30 min. Only the top side was irradiated because PCL has
a semi-transparent behavior when exposed to UV wavelengths [25]. This sterilization method was
followed to avoid any changes in the stents’ final properties [18].

2.7. Three-Dimensional Cell Culture in Scaffolds

Scaffolds were designed by considering their subsequent use in regular 12-well cell culture
microplates. First, cells were detached from the original cell culture microplate and counted using
the trypan blue dye method. As viable cells possess an intact membrane, trypan blue cannot
penetrate them, but as dead cells have an altered membrane the dye can penetrate them. Therefore,
trypan blue was added in a cell sample and cell viability was counted using a Neubauber Chamber
(Marienfeld-Superior, Lauda-Königshofen, Germany) and an inverted optical microscope. A total
of 100,000 cells (MCF-7) or 40,000 (NIH/3T3) in 250 µL cell suspension were placed onto the center
of the scaffolds’ surface to allow cell attachment. After 3 h of incubation, 1.5 mL of fresh medium
was added to cover the scaffold and the cells were incubated for 72 h. Then, the scaffold was placed
in a new well to quantify only the cells attached. It was washed with PBS and 1 mL of trypsin was
added. After incubation, 2.5 mL of fresh medium was added, and the cell suspension was collected
and centrifuged at 1500 rpm for 5 min. Finally, the supernatant was discarded, and the cells were
re-suspended and counted.
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2.8. Statistical Analysis

Results were collected from at least six independent experiments. All data are expressed as
mean ± standard error (SE). Data were analyzed by Student’s t test.Materials 2018, 10, x FOR PEER REVIEW 6 of 14 
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3. Results: Scaffolds Production

Following the method developed, experimental work was first carried out to find the best way to
produce scaffolds which can sustain cell cultures. Sequential work was done to set scaffold design
features and manufacturing process parameters.

3.1. Optimization of Process Parameters

Processing parameters were optimized to achieve high quality scaffold printing for cell culture
application. Thus, different physical scaffold variables were measured to ensure the correct fit between
the computer design and the printed scaffold. The processing parameters included both fabrication and
design parameters as shown in the “Experimental Setup” section (Table 1). Processing parameters were
chosen according to the literature and the state-of-art [9,11,16,17]. However, the process optimization
methodology explained here, based on a sequential flowchart (Figure 3), is both innovative and unique.

Experiments were initially carried out with a generic scaffold design (see Section 2.4 “Methods”)
to set the fabrication parameters and then adjusted to the design parameters required to produce
the scaffolds.

Fabrication parameters (extruder and bed temperature, deposition velocity, and layer height)
were introduced with Slic3r software. These parameters are related to the characteristics of the
polymeric material (mainly PCL) and the printing process. However, different values were tested for
the parameters (by checking the measurable variable mentioned in Table 1) in order to meet scaffold
manufacturing requirements.

Once the polymeric material and its fabrication parameters had been characterized and set, design
features were subsequently established using the SolidWorks 3D software. Parameters, such as filament
diameter, distance between filaments, and deposition angle, were tested. These are related to the
three-dimensional design of the scaffold and the effect they have on the cancer cell culture.

First, to determine the optimal fabrication parameters, a fixed scaffold design was established
as a control pattern: 90� deposition angle, 0.4 mm in diameter filament and 1 mm distance between
filaments. This enabled us to do printings with the same design, but different fabrication parameters,
to find the optimal ones. Later, as the design parameters were optimized, they were replaced.

Following the flowchart defined in Figure 3, all the parameters were characterized and selected
sequentially to obtain the appropriate setup for producing 3D-printed scaffolds. The optimization of
each process parameter is described in the following sections.

3.2. Extruder Temperature

Poly("-caprolactone) was chosen as the polymer to work with because of its compatibility with cell
cultures. PCL has a low melting point (60 �C). To achieve enough malleability and considering there is
some heat dissipation, higher temperatures were also tested to find the optimal value (Table 1). A fixed
scaffold design described in the Methods section was printed. Then, the printed filament diameter was
measured as a physical variable. Low extruder temperatures (65–80 �C) could not melt the material
enough, thus the amount of the extruded material was low. As a consequence, the printed filament
diameter was smaller than the one designed (0.4 mm). High temperatures (90 �C) melt the polymer
excessively and also increase the diameter of the filament due to flattening and some blobs being
produced. Therefore, the optimal extruder temperature was established at 85 �C. The printed filament
diameter was 0.39 ± 0.05 mm.

3.3. Bed Temperature

To set the optimal bed temperature, a generic geometrical scaffold design was printed, and two
different measurable variables were evaluated. Material adhesion was assessed as a binomial variable
(yes/no), firstly testing the lowest temperature (25 �C, Table 1). If the printed material had not
adhered enough to the surface (no), another printing was performed, this time with a higher bed
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temperature. Once the material had adhered to the surface (yes), the first layer height was then
measured. Bed temperatures ranging from 25 to 33 �C gave a non-adherent first layer scaffold.
In addition, much higher temperatures (37 �C) melt the material excessively, flattening the filament
and decreasing the height of the first layer (lower than the 0.4 mm designed one). A 35 �C bed
temperature was considered optimal as this allowed first layer adhesion and the filaments were not
flattened. Their first layer height was 0.37 ± 0.07 mm.

3.4. Deposition Velocity

The goal with this parameter was to find a high deposition velocity without forgetting the quality
of the printed scaffold. The printed filament diameter was chosen as the tangible variable with which to
analyze the impact this parameter has on the scaffold. The optimal deposition velocity was established
as being 10 mm/s. The filament diameter was 0.42 ± 0.05 mm. When the speed was faster (20 and
30 mm/s) the material did not have enough time to deposit itself on the surface, resulting in smaller
filament diameter or sometimes even discontinuous filament production.

3.5. Filament Diameter

At this point, the diameter of the printed filament deposited on the collector was analyzed.
Extrusion and deposition velocity can exert a direct influence on fiber morphology. Therefore, once
he manufacturing velocity had been fixed, the diameter of the extruded filament was evaluated next.
Three different design filament diameters were tested: 0.175, 0.3, and 0.5 mm. To ensure the filaments
remained tangent along the vertical axis, the printer’s layer height was adjusted to each design filament
diameter. Diameters that were too large caused the adhesion of two contiguous filaments, favored by
their proximity and elevated temperature. For this reason, the first variable studied was the possible
adhesion of contiguous filaments, such as a binomial variable (yes/no). Thus, only the values that
did not cause the adhesion of two filaments in the same layer were selected to continue the analysis
(0.175 and 0.3 mm). The second measured variable was the printed filament diameter. A design
diameter of 0.175 mm caused erratic printing because the amount of material was too low to form a
linear filament. The final value tested, 0.3 mm, was found to be optimal as it gave a printed filament
diameter of 0.31 ± 0.02 mm. The established filament diameter value also determined the thickness of
each layer. The scaffolds were manufactured with eight layers, so the final thickness of the scaffolds
was 2.4 mm.

3.6. Layer Height

Layer height is defined as the distance between two connected layers along the Z axis. Since all
layers are designed and printed on top of each other, this parameter was determined by the printed
filament diameter. For this reason, the filament diameter, although being a design parameter,
was established before finishing, optimizing the fabrication parameters (Figure 3). In some cases,
the deposited material tends to flatten out and so the printed height is lower. At that point, two different
values were analyzed: 0.3 mm (the whole filament diameter) and 0.28 mm (because of a certain
flattening) and the quality of the printing recorded (absence of blobs). In this case, 0.3 mm was found
to be the optimal layer height for our design as flattening, due to high temperatures, did not occur.
When evaluating smaller established heights, the printing process produced blobs.

The absence of filament flattening may be attributed to the relatively low extruder temperature
used, (85 �C, see Section 2.1) which can be considered low compared with other biocompatible
polymers used in 3D printing, such as PLA [9,12].

3.7. Distance between Filaments

This is a key parameter because it affects the pore size of the scaffold [9]. This design parameter
consists of the shortest distance between the axis of two filaments located within the same layer.
We were interested in achieving small pore sizes, thus, we focused on the testing small distances (0.5,



  Results I 

 89 

 

Materials 2018, 11, 1427 9 of 14

0.7, 1 mm). Nevertheless, small distances between filaments may be problematic if two contiguous
filaments join. For this reason, the real distance between filaments was measured to take into account
whether this value matched that of the one expected (designed).

Distances of 0.7 and 1 mm gave no filament joining, so real distances were higher than 0.
Within these values, the smallest value was chosen (0.7 mm). Taking into account this parameter and
the optimal filament diameter previously established, the distance between the outer parts of two
contiguous filaments was, consequently, 0.4 mm (Figure 4).
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3.8. Deposition Angle

Once all previous parameters were optimized, three different scaffolds with different deposition
angles were designed and manufactured, thus obtaining different pore characteristics, which may
influence cell attachment and growth (Table 2). As high-quality printings for all three designs were
achieved, it was agreed to test the adequacy for 3D cell culture with all three designs.

An MCF-7 breast carcinoma cell line was used to preliminarily evaluate scaffold ability in terms
of three-dimensional cell culture. MCF-7 cells were seeded onto scaffolds and cultivated for 72 h. Then,
attached cells were trypsinized and counted. No cells were counted on the 90� scaffolds. Under an
optical microscope, no cells were observed on the filament, but rather attached at the bottom of the
microplate well (Figure 5a), which is in agreement with cell counting. Scaffolds of 45� showed a
subtle cell adhesion of 3.52 ± 1.16% when compared with the 2D control. We subsequently tested
60� scaffolds, which showed an increased cell adhesion of 26.50 ± 10.98%. In both cases, cells were
previously observed at the well bottom and attached to the scaffold filaments, with the last ones are
indicated by white arrows (Figure 5b,c, respectively).
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Table 2. Scaffold designs with different deposition angles: 90�, 45�, and 60�.

Deposition Angles Pore Shape Area Plan View

90� Square 0.16 mm2

Materials 2018, 10, x FOR PEER REVIEW 10 of 14 

 

Table 2. Scaffold designs with different deposition angles: 90°, 45°, and 60°. 

Deposition 
Angles 

Pore Shape Area Plan View 

90° Square 0.16 mm2 

 

45° 
Six variable forms 

(triangles and irregular 
polygons) 

1.98 × 10−4 
to 0.13 mm2 

 

60° Equilateral triangle 0.1256 mm2 

 

  

  

Figure 5. Optical microscope images of MCF-7 cells seeded on the scaffolds. In 90° scaffolds, cells 
were attached at the bottom of the well (A). In 45° and 60° scaffolds, cells were attached both on the 
scaffold and at the well (B,C, respectively). (D) MCF-7 cells in 2D culture. White arrows on the images 
indicate cells adhered to PCL filaments. Scale bars represent 100 µm. 

Then, scaffolds were also evaluated through fibroblast cell cultures. Murine NIH/3T3 fibroblasts 
were seeded onto the three designs during 72 h and cell proliferation was assessed. In this case, 
fibroblasts adhered to all three scaffold models (Figure 6), with the highest cell proliferation value 
being found on the 90° design (56.30 ± 5.03% compared to the 2D control). The other two architectures 
exhibited slightly smaller values. For instance, 60° scaffolds presented a 49.52 ± 5.62% cell growth 
and 45° models, 39.11 ± 8.12%, compared to the monolayer culture. 

(A) (B) 

(C) (D) 

45�
Six variable forms

(triangles and
irregular polygons)

1.98 ⇥ 10�4 to 0.13 mm2

Materials 2018, 10, x FOR PEER REVIEW 10 of 14 

 

Table 2. Scaffold designs with different deposition angles: 90°, 45°, and 60°. 

Deposition 
Angles 

Pore Shape Area Plan View 

90° Square 0.16 mm2 

 

45° 
Six variable forms 

(triangles and irregular 
polygons) 

1.98 × 10−4 
to 0.13 mm2 

 

60° Equilateral triangle 0.1256 mm2 

 

  

  

Figure 5. Optical microscope images of MCF-7 cells seeded on the scaffolds. In 90° scaffolds, cells 
were attached at the bottom of the well (A). In 45° and 60° scaffolds, cells were attached both on the 
scaffold and at the well (B,C, respectively). (D) MCF-7 cells in 2D culture. White arrows on the images 
indicate cells adhered to PCL filaments. Scale bars represent 100 µm. 

Then, scaffolds were also evaluated through fibroblast cell cultures. Murine NIH/3T3 fibroblasts 
were seeded onto the three designs during 72 h and cell proliferation was assessed. In this case, 
fibroblasts adhered to all three scaffold models (Figure 6), with the highest cell proliferation value 
being found on the 90° design (56.30 ± 5.03% compared to the 2D control). The other two architectures 
exhibited slightly smaller values. For instance, 60° scaffolds presented a 49.52 ± 5.62% cell growth 
and 45° models, 39.11 ± 8.12%, compared to the monolayer culture. 

(A) (B) 

(C) (D) 

60� Equilateral triangle 0.1256 mm2

Materials 2018, 10, x FOR PEER REVIEW 10 of 14 

 

Table 2. Scaffold designs with different deposition angles: 90°, 45°, and 60°. 

Deposition 
Angles 

Pore Shape Area Plan View 

90° Square 0.16 mm2 

 

45° 
Six variable forms 

(triangles and irregular 
polygons) 

1.98 × 10−4 
to 0.13 mm2 

 

60° Equilateral triangle 0.1256 mm2 

 

  

  

Figure 5. Optical microscope images of MCF-7 cells seeded on the scaffolds. In 90° scaffolds, cells 
were attached at the bottom of the well (A). In 45° and 60° scaffolds, cells were attached both on the 
scaffold and at the well (B,C, respectively). (D) MCF-7 cells in 2D culture. White arrows on the images 
indicate cells adhered to PCL filaments. Scale bars represent 100 µm. 

Then, scaffolds were also evaluated through fibroblast cell cultures. Murine NIH/3T3 fibroblasts 
were seeded onto the three designs during 72 h and cell proliferation was assessed. In this case, 
fibroblasts adhered to all three scaffold models (Figure 6), with the highest cell proliferation value 
being found on the 90° design (56.30 ± 5.03% compared to the 2D control). The other two architectures 
exhibited slightly smaller values. For instance, 60° scaffolds presented a 49.52 ± 5.62% cell growth 
and 45° models, 39.11 ± 8.12%, compared to the monolayer culture. 

(A) (B) 

(C) (D) 

Materials 2018, 10, x FOR PEER REVIEW 10 of 14 

 

Table 2. Scaffold designs with different deposition angles: 90°, 45°, and 60°. 

Deposition 
Angles 

Pore Shape Area Plan View 

90° Square 0.16 mm2 

 

45° 
Six variable forms 

(triangles and irregular 
polygons) 

1.98 × 10−4 
to 0.13 mm2 

 

60° Equilateral triangle 0.1256 mm2 

 

  

  

Figure 5. Optical microscope images of MCF-7 cells seeded on the scaffolds. In 90° scaffolds, cells 
were attached at the bottom of the well (A). In 45° and 60° scaffolds, cells were attached both on the 
scaffold and at the well (B,C, respectively). (D) MCF-7 cells in 2D culture. White arrows on the images 
indicate cells adhered to PCL filaments. Scale bars represent 100 µm. 

Then, scaffolds were also evaluated through fibroblast cell cultures. Murine NIH/3T3 fibroblasts 
were seeded onto the three designs during 72 h and cell proliferation was assessed. In this case, 
fibroblasts adhered to all three scaffold models (Figure 6), with the highest cell proliferation value 
being found on the 90° design (56.30 ± 5.03% compared to the 2D control). The other two architectures 
exhibited slightly smaller values. For instance, 60° scaffolds presented a 49.52 ± 5.62% cell growth 
and 45° models, 39.11 ± 8.12%, compared to the monolayer culture. 

(A) (B) 

(C) (D) 

Figure 5. Optical microscope images of MCF-7 cells seeded on the scaffolds. In 90� scaffolds, cells were
attached at the bottom of the well (A). In 45� and 60� scaffolds, cells were attached both on the scaffold
and at the well (B,C, respectively). (D) MCF-7 cells in 2D culture. White arrows on the images indicate
cells adhered to PCL filaments. Scale bars represent 100 µm.

Then, scaffolds were also evaluated through fibroblast cell cultures. Murine NIH/3T3 fibroblasts
were seeded onto the three designs during 72 h and cell proliferation was assessed. In this case,
fibroblasts adhered to all three scaffold models (Figure 6), with the highest cell proliferation value
being found on the 90� design (56.30 ± 5.03% compared to the 2D control). The other two architectures
exhibited slightly smaller values. For instance, 60� scaffolds presented a 49.52 ± 5.62% cell growth and
45� models, 39.11 ± 8.12%, compared to the monolayer culture.
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3.9. Optimal Process Parameters Values

After the optimization experiments and basic cell culture tests had been completed, the optimal
processing parameters for PCL scaffold printing were established (see Table 3) once the methodology
had been applied to set each optimal parameter for cell cultures and for future experiments with CSCs
culture enrichment using PCL scaffolds.

Table 3. Optimal processing parameter values to be used for PCL scaffold printing.

Title Parameters Optimal Values

Manufacturing parameters

Extruder temperature 85 �C
Bed temperature 35 �C

Deposition velocity 10 mm/s
Layer height 0.3 mm

Design parameters
Filament diameter 0.3 mm

Distance between filaments 0.7 mm

Deposition angle 60� (MCF-7 breast cancer cells)
90� (NIH/3T3 murine fibroblasts)

4. Discussion

In this work, a methodology to optimize the processing parameters for PCL scaffold production
using a RepRap 3D printer has been developed. By using an optimization flowchart, PCL scaffolds
suitable for cell culture were manufactured (Figure 3). The optimal processing parameters determined
are closely related to those defined in other studies using the same technology and material.
Domingos et al., (2013) set up an 80 �C printing temperature, 10 mm/s velocity, an approximately
0.3 mm filament diameter and a layer height of 0.28 mm [15]. A previous study by the same research
group used an extrusion temperature of 70 �C and a speed of 8 mm/s [1]. These small variations
support the idea of using a single, common methodology (Figure 3) to optimize the processing
parameters. Compared with previous work in the literature, the flowchart provided here makes it
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easier to adjust scaffold design features and processing parameters according to cell line characteristics.
Several case studies were run to validate the flowchart depicted in Figure 3. Results show how
cell culture is improved by using scaffolds which allow cell cultures to be created in 3D conditions
and optimized based on the cells’ features. In addition, process parameters were also evaluated
using cell culture experiments. All scaffold culture experiments presented sterility resulting from the
sterilization procedure described here. Both 60� and 45� scaffolds showed adequate design parameters
for the MCF-7 cell cultures. In particular, the 60� scaffold design displayed the highest percentage of
cell attachment, and exhibited good biocompatibility for the MCF-7 breast cancer cells. In contrast,
the NIH/3T3 fibroblast cells presented a more homogeneous growth along the three scaffold designs.
However, the 90� scaffold showed the highest cell proliferation value. Therefore, different kinds of cells
may prefer different scaffold architectures, further demonstrating the need of a common procedure
to find the optimal values. Moreover, a tumor and a non-tumor cell line were tested, showing the
flexibility of the flowchart described here.

Three-dimensional cell culture on scaffolds may also be improved by other fabrication-
independent parameters such as polarity of cell culture plates, culture media and time [26], as well as
different cell culture types, including a dynamic model [27]. This optimization will be the focus of
further studies as we attempt to improve cell attachment percentages. Furthermore, CSC population
enrichment by cell culture on scaffolds will be evaluated using different approaches.

To date, most of the work related to scaffold production focuses on optimizing design features
and forgets about improving fabrication parameters [1,9,16]. In this work, a flowchart to optimize the
parameters of the whole process has been proposed (Figure 3) to help with their selection. In addition,
this methodology may be further used to set up scaffold manufacturing (both the design features
and the fabrication parameters) when using a RepRap 3D printer or any other AM technologies
and/or materials.

5. Conclusions

In this work, the design features and fabrication parameters of scaffolds and the RepRap
3D printer were optimized to produce PCL scaffolds suitable for three-dimensional cell cultures.
The optimization was performed following a detailed and unidirectional flowchart, thus providing
some procedural guidelines with great potential for other popular manufacturing technologies and
materials. The contribution of this paper is for scaffolds made with PCL materials. However,
this experiment was only carried out to validate the methodology developed as a valuable method
for future cell cultures. Often, physicians work with 2D cell cultures, but, as seen here, 3D cell
cultures appear to be good method of improving cell culture enrichment. Furthermore, as the design
features and manufacturing parameters need to be set for the different cell lines used each time, this
methodology will help physicians and other operators to do just that.

Moreover, the scaffolds produced were proven to allow cell attachment and cell growth.
The 60� scaffold design mainly worked for the MCF-7 cells and the 90� for the NIH/3T3 fibroblasts.
Three-dimensional cell cultures with PCL scaffolds fabricated with a 3D printer offer both researchers
and clinics a set of novel applications for the future. The flowchart developed represents a new tool
with which to quickly manufacture scaffolds for a wide range of applications, including cell cultures
and tissue engineering. For instance, the use of 3D cell cultures can boost CSC populations to study
new therapeutic treatment.
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Triple-Negative Breast Cancer (TNBC) is a type of breast 
cancer which runs an aggressive course and has a poor 
prognosis. It shows the highest recurrence rate compared to 
other breast cancer types [4]. TNBC lacks of validated 
directed therapy, and patients are treated mainly with 
chemotherapy (anthracyclines and taxans). Even though 
TNBC shows a good response to these therapies, recurrence at 
5 years following diagnosis is about 30% of the cases [5,6].

Recent studies showed that chemoresistance can be 
achieved by a unique and rare cell niche with stemness 
features, the so-called Cancer Stem Cells (CSC) [7,8]. These 
cells, capable of tumor initiation, are not only responsible for 
tumor recurrence, but also metastasis [9]. Interestingly, 
scaffolds not only allow cells to interact in a 3D way 
improving the in-vitro 2D system, but also it has been 
described that 3D cultures can enhance the CSC population 
[10,11].

In this study it had been investigated the optimization of 
the open source and low-cost 3D extruder machine RepRap, 
employed to fabricate PCL scaffolds suitable for 3D cell 
culture. Design and manufacturing parameters were 
determined to ensure the best performance. In addition, this 
work focuses in 3D scaffolds ability to enrich the CSC 
population for developing new therapeutic strategies to target 
this population.  

2. Materials and Methods

2.1. Material

A 3mm Poli(ɛ-caprolactone) (PCL) wire (Perstorp, Malmö, 
Sweden) was used to manufacture the scaffolds. PCL is 
biodegradable polyester proven to be biocompatible and free 
of toxic dye.

2.2. 3D printer machine and software

Printer machine RepRap BCN 3D+ was used to produce 
three-dimensional scaffolds. It is an open source and modular 
3D printer designed by RepRap BCN. This printer uses the 
Fused Filament Fabrication (FFF) technology so called Fused 
Depostion Model (FDM). The filament unwound from a coil 
is supplied to the extruder. Then, at certain temperature and 
pressure, exerted by a gear, causes the extrusion of the 
material through the nozzle, which is finally deposited onto a 
heated computer-controlled Cartesian platform.

The scaffold’s design was carry out with the computer-
aided design (CAD) software SolidWorks. The designs were 
saved in STL file formats, which are transferred to a 
computer-aided manufacturing (CAM) software called Slic3r. 
This program was used for establishing the printing 
parameters. It generates G-code files able to command and 
control the machine in order to obtain the scaffolds printed.

Table 1 shows the process parameters utilized for the 
experimental set up. Design parameters, such as shape, layer 
thickness, diameter of filament and distance between 
filaments, were studied and analysed. Deposition angle
between layers was fixed at 0-90º. Shape refers to the basic 
feature of the scaffold produced. Thickness is the total height 
of the scaffold and the distance between filaments is the 

shortest distance between two filaments located within the 
same layer. 

Table 1. Scaffold parameters and levels tested in order to obtain the optimal 
printing

� Parameters Levels

��
�

�
�
�

�
��

�
��
��

��

Deposition angle (º) 0-90

Shape� square, round�

Thickness (mm) 1.8, 3.6

Diameter of filament (mm) 0.175, 0.30, 0.50

Distance between filaments (mm) 0.5, 0.7,  1

�
��

�
��

��
�
�

�
�
�

�
��

�
��
��

��

Deposition speed (mm/s) 10, 20, 30, 50

Layer height (mm)
0.15, 0.20, 0.25, 0.28, 
0.30, 0.35

Extrusion temperature (ºC)
65, 75, 80, 85, 90, 95,  
105, 110, 115, 120, 130, 
150, 155, 160, 180, 200

Bed temperature (ºC) 25, 30, 33, 35, 37

Other parameters were set, like deposition speed, layer 
height and temperatures. The deposition speed was defined as 
the speed for printing movements of the extruder. Layer 
height is the distance between two connected layers along the 
Z axis. Finally, temperatures of the extruder and the glass 
platform were set up as well.

2.3. Cell Culture

MCF-7, MDA-MB-231 and HCC1806 breast carcinoma 
cells were obtained from the American Type Culture 
Collection (ATCC, Rockville, MD, USA). MDA-MB-231 and 
HCC1806 are cell lines established from patients with TNBC.
MCF-7 are a HER2 positive cell line, (a type of breast cancer 
that overexpresses the Human Epidermal Growth Factor 
Receptor 2), used for scaffold validation. Doxorubicin 
(chemotherapeutic drug) was used to create resistant models 
from MDA-MB-231 (231D X R) and HCC1806 (HCCD X R) in 
our laboratory by treating cells at increasing doses of 
doxorubicin for 48 hours periods until 6 months.

MCF-7, and MDA-MB-231 and 231D X R cells were 
cultured in DMEM (Dulbecco’s Modified Eagle’s Medium)
(Gibco, Walthman, MA, USA) supplemented with 10% fetal 
bovine serum, 1% L-glutamine, 1% sodium pyruvate,
50U/mL penicillin and 50µg/mL streptomycin (HyClone,
Logan, UT, USA). HCC1806 and HCCD X R cells were 
cultured in RPMI (Roswell Park Memorial Institute) (Gibco, 
Walthman, MA, USA) and supplemented as above. All cells 
were maintained at 37ºC and 5% CO2 atmosphere. 

2.4. Mammosphere-forming assay

In order to evaluate CSC population, the mammosphere-
forming technique was performed (Figure 1). Cells from 2D 
or PCL scaffolds were removed by trypsinitzation. Then cells 
were counted, and seeded into a 6-well cell culture microplate
coated with pHEMA using DMEM/F12 medium 
supplemented with B27, EGF and FGF (20ng/mL), 1% L-
glutamine, 1% sodium pyruvate and 25U/mL penicillin and 
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25µg/mL streptomycin . Finally, cells were incubated for 5 or 
7 days and mammospheres bigger than 50µm were counted 
using an inverted opical microscope. Mammosphere Forming 
Index (MFI) was calculated using the formula described
below:

��� � ��������������
��������������� � � ����

Figure 1. Mammosphere-forming assay protocol

For the mammosphere treatment experiments, doxorubicin 
was added in the seeding process. Mammosphere Forming 
Inhibition (MFIn) was calculated, as shown in the formula 
below:

���� � ��� � ����������������������������������������������
� ���

2.5. Growth inhibition assay

MDA-MB-231, HCC1806, 231D X R and HCCD X R were 
plated out at a density of 5x103 cells/2mL/well in 6-well 
plates. Posterior overnight cell adherence, fresh medium 
along with the corresponding doxorubicin concentration was
added to the cultures. Following treatment, media was 
replaced by drug-free medium (1mL/well) containing MTT 
(3,4,5-dimetylthiazol-2-yl-2,5-diphenyltetraolim bromide, 
Sigma) solution, and incubation was prolonged for 2 hours at 
37ºC. Formazan crystals formed by metabolically viable cells 
were dissolved in DMSO (300µL/well) and absorbance was 
determined at 570nm in a multi-well plate reader (Model 
Anthos Labtec 2010 1.7). Using control OD values (C) and 
test OD values (T), % of Cell Proliferation Inhibition (CPI)
was calculated from the equation below:

��� � ��� � ��� � ���

Data presented are from two separate wells per assay and 
the assay was performed at least three times.

2.6. Scaffold sterilization

Scaffolds were sterilized with 70% ethanol/water solution 
overnight, washed with PBS (Gibco, Walthman, MA, USA)
and finally exposed to UV light for 90 minutes.

2.7. Cell culture in scaffolds

Scaffolds were placed into a 12-well cell culture 
microplate. First, 250µL of cell suspension (10.000-100.000 
cells) were placed onto the centre of its surface to allow cells
attach on the scaffold. After 1 hour incubation period, 1.5mL 
of fresh medium was added to cover the scaffold. Cells were 
incubated for 72 hours and then counted. (Figure 2).

Figure 2. Cell seeding protocol on PCL scaffolds.

To quantify the cells attached, the scaffold was placed in a 
new well, washed with PBS and 1mL of trypsin was added. 
After incubation, 2.5mL of fresh medium were added and the 
cell suspension was collected and centrifuged at 1500rpm for 
5 min. Finally, the supernatant was discarded and cells were 
counted using a Neubauer Chamber and an inverted optical 
microscope. The same procedure was done to obtain the cells 
attached at the well where the scaffold was placed.

2.8. Statistical analysis

All data are expressed as mean ± standard error (SE). Data 
were analyzed by Student t test. Statistical significant levels 
were p < 0.05 (denoted as *), p < 0.01 (denoted as **) and p < 
0.001 (denoted as ***). p-value is shown in results when 
significance is reached (p < 0.05). 

3. Results

3.1. Scaffolds design and manufacturing

Scaffolds were designed with a round shape, with the size 
of 19mm diameter to allow their use in regular cell culture 
plate-dishes of 12 wells. The final designs had 1.8mm of 
thickness, composed of 6 different layers of polymeric 
material, being 0.3mm of thickness each layer. The distance 
between filaments was 0.7mm and the deposition angle was 
established at 0-90º (Table 2).

Scaffolds manufacturing parameters were optimized by 
screening experiments to print the scaffolds efficiently and 
properly for cells culture (Table 3).
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The deposition speed took a small value to optimize the 
material’s deposition. The nozzle tip size was fixed at 
0.35mm. The printed filaments had a diameter of 0.30mm. 
With visual screening, it was proved that the optimal 
extrusion temperature was 85ºC (Figure 3). Finally, scaffolds
were fabricated with a bed temperature of 35ºC, to guarantee 
their adhesion to the printing platform.

Table 2. Scaffold desig parameters.

Parameters

Diameter 19mm

Shape Round

Thickness

Number of layers

Distance between filaments

Deposition angle

1.8mm

6

0.7mm

0-90º

Diameter of filament 0.30mm

Table 3. Scaffold manufacturing parameters

Parameters

Deposition velocity 10mm/s

Layer height 0.30mm

Nozzle tip size 0.35mm

Extrusion temperature 85ºC

Bed temperature 35ºC

(a) (b) (c)

Figure 3. Scaffold manufacturing at different extrusion temperature (a) 80ºC,

(b) 85ºC, (c) 90ºC.

3.2. Cancer Stem Cells population characterization

Cancer Stem Cells are a very rare population within the 
tumor. These cells have been demonstrated to have the ability 
to survive and propagate in a non-adherent way, forming 
spheres called mammospheres [7,12,13].

To determine CSC population, the mammosphere-forming 
assay was performed in cell lines MCF-7, MDA-MB-231, 
HCC1806, and resistant models 231DXR and HCCDXR
(Figure 4). MFI was then calculated (Table 4).

CSC represents a small population in all cell lines, with 
values ranging from 0.67% to 2.47% of MFI. When 
comparing the ability to form mammosphere between parental 
and resistant cells to doxorubucin, no increase of MFI was 
observed in the two models.

Figure 4. Mammospheres under optic microscope for MCF-7, MDA-MB-231

and HCC1806.

Table 4. Mammosphere Forming Index (MFI).

Cell L ine
Cells seeded
(cells/well)

Days M F I (%) 

MCF-7 2.000 7 2.47±0.26

MDA-MB-231

HCC1806

231DXR

HCCDXR

5.000

5.000

5.000

5.000

5

5

5

5

1.78±0.24

0.92±0.17

1.75±0.27

0.67±0.04

Data are shown as mean ±SEM.

As cell plasticity plays an important role in tumor biology 
and drug resistance, it was checked the ability to form 
mammospheres under doxorubicin pressure [14-16]. To do so, 
the experiments were repeated in presence of doxorubicin in 
both sensible and resistant cell lines and MFIn was calculated 
for each model. The same experiment was performed in 
adherent conditions using the MTT assay as described in 
Material and Methods section. Intrinsic resistance of CSC to 
doxorubicin was observed in all models (Figure 4). In 
adherent conditions, cell lines proliferation inhibition (% CPI)
ranged from 84.2% to 89.5%. Otherwise, MFIn values
showed significant lower inhibition in all cell lines, ranging 
from 20.6% to 60.7% (p-values < 0.001).

Figure 5. Proliferation inhibition and Mammposphere forming inhibition

(MFIn) under doxorubicin treatment for 5 days. (a) MDA-MB-231 and 

231DXR with doxorubicin (70nM). (b) HCC1806 and HCCDXR with 

doxorubicin (140nM). Experiments were performed at least three times in 

duplicate. *(p < 0.05), **(p < 0.01) and ***(p < 0.001) indicate levels of 

statistically significance.

���
�

������������ 	������������

a) b)
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The cytotoxic effect of doxorubicin was then 
evaluated in CSC population comparing parental and resistant 
models (Figure 4). MDA-MB-231 and 231D X R showed an 
MFIn of 60.66% and 51.29% (p value: 0.005) respectively. 
HCC1806 MFIn was 51.97% and 20.61% for HCCD X R (p
value: 0.036). CSC population from resistant models 
HCCD X R and 231D X R showed significance resistant to 
doxorubicin, maybe due to an enrichment of this population in 
this models [8].

3.3. Scaffolds and cell culture 

The scaffold with deposition angles of 0-90º (Figure 2a) 
was printed and tested for cell culture (Figure 5).

Figure 5.  Scaffold fabricated with RepRap Machine a) 19mm diameter, 
1.8mm thick, and deposition angles of 0-90º b) the scaffold plated in a 12 

well-plate.

Before its use, scaffolds were sterilized as mentioned in 
Material and Methods section. Then MCF-7 cells were seeded 
at different densities (10.000, 50.000 and 100.000 cells/well) 
during 72 hours. Attached and non-attached cells were 
counted.

Figure 6. Optical microscope images of MCF-7 cells attached at the 

bottom of the well. Scaffold fiber has been drawn on the top.

In this first attempt, no cells were attached to the scaffold. 
As it was described and then observed under the microscope, 
this scaffold has large pores. The fibers of the different layers 
have the same disposition angle and, for that reason, cells can 
easily fall to the bottom of the well before they can get 
attached to PCL fibers (Figure 6).

As PCL fibers have already been tested in cell culture [10],
new goal is set up focusing on designing and testing new 

scaffolds with different deposition angles between layers to 
achieve different and smaller pore sizes. 

Two more designs have been performed, where the 
deposition angles were variable, taking the values of 0-60-
120º and 0-45-90-135º (Figure 7). The variation of the angle 
deposition between layers results in a different pore size and 
shapes between the scaffolds (Table 5).

Figure 7. Scaffolds designs with different deposition angles: (a) 0-90º, (b) 

0-60-120º, (c) 0-45-90-135º.

Table 5. Pore characteristics depending on the deposition angle

Deposition angles Pores shape A rea

0-90º

0-60-120º

0-45-90-135º 

Square

Equilateral triangle

6 variable forms

(triangles and irregular polygons)

0.15mm2

0.1256mm2

1.98x10-4 to 
0.13mm2

4. Conclusions

In this study, the parameters of the open source RepRap 
3D printer have been optimized to fabricate scaffolds of PCL
suitable for cell culture.

Parameters, like deposition speed, diameter of the filament 
and extrusion and bed temperatures have been determined to 
obtain an optimal manufacture.

Design parameters, such are round shape, diameter and 
thickness were thought to allow its use in regular 12 well-cell 
culture plates. Three different designs have been performed, 
with different angles between layers, obtaining different pores 
sizes in all designs.

MCF-7 and TNBC cell lines had the ability to form 
mammospheres with low values of MFI, showing that CSC 
represents a very small population in these cell lines. CSC 
enriched population showed also intrinsic resistance to 
chemotherapy when compared to adherent culture. On the 
other hand, CSC population in resistant cell models developed 
in our lab (HCCD X R and 231D X R) showed increased ability 
to form mammospheres compared to the parental models
under doxorubicin treatment.

MCF-7 cell line was used to test the scaffolds printed with 
deposition angles of 0-90º. Because of the same distribution 
of the fibers between layers and the large pores size of this 
design, cells drifted at the bottom of the well without 
attaching the scaffold. The other two designs, with smallest 
pore size will be tested in further studies.
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Abstract: The cancer stem cell (CSC) population displays self-renewal capabilities, resistance to
conventional therapies, and a tendency to post-treatment recurrence. Increasing knowledge about
CSCs’ phenotype and functions is needed to investigate new therapeutic strategies against the CSC
population. Here, poly("-caprolactone) (PCL), a biocompatible polymer free of toxic dye, has been
used to fabricate scaffolds, solid structures suitable for 3D cancer cell culture. It has been reported
that scaffold cell culture enhances the CSCs population. A RepRap BCN3D+ printer and 3 mm PCL
wire were used to fabricate circular scaffolds. PCL design and fabrication parameters were first
determined and then optimized considering several measurable variables of the resulting scaffolds.
MCF7 breast carcinoma cell line was used to assess scaffolds adequacy for 3D cell culture. To evaluate
CSC enrichment, the Mammosphere Forming Index (MFI) was performed in 2D and 3D MCF7
cultures. Results showed that the 60˝ scaffolds were more suitable for 3D culture than the 45˝ and
90˝ ones. Moreover, 3D culture experiments, in adherent and non-adherent conditions, showed a
significant increase in MFI compared to 2D cultures (control). Thus, 3D cell culture with PCL scaffolds
could be useful to improve cancer cell culture and enrich the CSCs population.

Keywords: breast cancer; cancer stem cell; scaffold; PCL; RepRap; tridimensional cell
culture; mammospheres

1. Introduction

Breast cancer (BC) is the second most common cause of cancer-related death in women.
Recent research has focused on a small population of the heterogeneous tumor cells that are
responsible for tumor initiation and subsequent progression, the so-called Cancer Stem Cells (CSCs) [1].
Different studies revealed that these cells possess several characteristics similar to mammary stem
cells [2], including radio- [3] and chemoresistance [4]. These properties favor breast cancer’s tumor
recurrence. CSCs have the ability to undergo self-renewal and a potential to differentiate into non-stem
breast cancer cells, generating cells with a variety of phenotypes within tumors [5]. The expression
pattern of cells’ surface markers such as CD44 and CD24 has been used to isolate and enrich breast
CSCs from the tumors [1,6]. Furthermore, these cells are able to grow and survive as non-adherent
spheres, termed “mammospheres”, which enables their expansion in culture [7,8]. The study of

Molecules 2016, 21, 537; doi:10.3390/molecules21040537 www.mdpi.com/journal/molecules



Chapter 3  

 102 

 

Molecules 2016, 21, 537 2 of 14

CSC has been limited by the inability to propagate these cells without inducing differentiation, thus
losing their stem-related features. The traditional two-dimensional (2D) cell culture systems are
adequate to study cancer cells in vitro, but cannot completely simulate the in vivo cellular environment.
This important difference in the cellular surroundings [9] may influence CSC properties and prevent
their differentiation [10].

In recent years, three-dimensional (3D) cell culture has been developed to mimic the architecture
of the extracellular matrix and the tissue environment, which can afford CSC culture without induction
of differentiation. Scaffolds are one of the 3D culture systems, which are three-dimensional structures
mostly made of polymeric materials. The use of biodegradable biopolymers as a structural 3D support
material has emerged from using technologies already developed for this purpose, such as the Fused
Filament Fabrication (FFF), widely used by 3D printers [11]. One of the most used biopolymers is
poly("-caprolactone) (PCL), which exhibits suitable properties for tissue engineering, good mechanical
characteristics, and relatively long-term biodegradability; it has also been proven to be biocompatible
and free of toxic dyes [12]. Several studies have improved different mechanical, structural, and
fabrication aspects of PCL tissue engineering scaffolds [13–15], but few studies have focused on cell
attachment efficiency, proliferation, and differentiation within this 3D structure. Our previous studies
investigated the optimization of the open-source and low-cost 3D extruder machine RepRap, employed
to fabricate PCL scaffolds suitable for three-dimensional cell culture.

Cancer Stem Cells (CSCs) only represent a small population (10%–25%) of a tumor sample or
cell line. CSCs are difficult to culture in 2D systems without inducing cell differentiation. To avoid
this issue, this work focused on optimizing a three-dimensional culture protocol with a well-known
breast cancer cell line (MCF7 cells). Scaffold cultures have been shown to provide a more physiological
environment than monolayers (2D). Therefore, CSCs can grow with undifferentiated properties, while
the rest of the sample cells remain differentiated. Consequently, a 3D culture can produce CSC
enrichment compared to a 2D cell culture. Three-dimensional cell culture does not select or isolate
CSCs, so an additional technique is necessary to quantify this population, the mammosphere-forming
assay. Culture and medium conditions only allow the growth and proliferation of cells with CSC
properties, forming spheres.

The present study has focused on the effect of different culture properties to improve scaffolds’
adequacy for breast cancer cells. In addition, the final objective of this work is to evaluate the CSCs’
enrichment due to scaffolds’ cell culture. Three-dimensional cell culture can be a useful way to enrich
and isolate CSCs for further investigation targeted to this malignant subpopulation. According to this
hypothesis, a higher cell proliferation could lead to a higher absolute number of CSCs.

2. Results

2.1. Scaffold Design and Manufacturing

In previous studies, design and manufacturing parameters were optimized to achieve high-quality
scaffold printing, following a specific flowchart. All parameters have been modified considering the
biopolymeric material characteristics and the printing process in order to optimize the porosity for
cell culture.

Scaffolds were designed with a 19 mm diameter and a round shape to allow their use in regular
cell culture plate dishes of 12 wells. Different design parameters were studied and analyzed, such as
filament diameter, distance between filaments, and deposition angle (Table 1). The final designs had
2.4 mm of thickness, composed of eight different layers of polymeric material, each 0.3 mm thick.

The optimized fabrication parameters were extruder and bed temperature, deposition velocity,
and layer height. These manufacturing parameters allowed accurate printing of the established designs.

The process parameters are shown in Table 1.
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Table 1. Optimal process parameters values used for PCL scaffold printing.

Parameters Optimal Values

Design Parameters

Filament diameter 0.3 mm
Distance between filaments 0.7 mm

Deposition angle 90˝, 60˝ and 45˝

Fabrication Parameters

Extruder temperature 85 ˝C
Bed temperature 35 ˝C

Deposition velocity 10 mm/s
Layer height 0.3 mm

2.2. Scaffold Angle Design Evaluation

Control size, geometry, interconnectivity, and spatial distribution of pores are critical parameters
of scaffold designs [13]. Furthermore, pore parameters can influence the ability of cells to attach PCL
filaments and fill the voids to create a 3D mass of cells. For these reasons, different pore designs were
performed, selecting three deposition angles: 90˝, 45˝, and 60˝ (Figure 1).
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Figure 1. Three deposition angle designs fabricated with RepRap Machine. (a) 90˝ scaffold; (b) 45˝

scaffold; and (c) 60˝ scaffold.

MCF7 cells were seeded on the scaffolds and cultivated for 72 h in adherent culture plates.
Cells were observed using an inverted optical microscopy (Figure 2a) and the attached ones were
counted (Figure 2b). In 90˝ scaffolds, cells were only observed at the bottom of the well and
non-attached cells were counted. Big pores may mean that cells can easily fall down to the bottom
of the well before they can attach to PCL filaments. Attached cells were observed on the fibers of
45˝ and 60˝ designs, perhaps due to the smaller pore size. The cellular adhesion was higher in 60˝

(24.40% ˘ 1.16%) than in 45˝ (3.52% ˘ 3.96%) scaffolds.
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Figure 2. Cells cultured in 3D conditions with adherent well plates. (a) Inverted optical microscopy
images of MCF7 cells seeded on different scaffold designs; (b) cells counted (%) three days after
seeding in different deposition angle designed scaffolds. Results are shown as mean ˘ standard error.
*** (p < 0.001) indicates levels of statistically significance.
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The 45˝ and 60˝ scaffolds show adequacy for cell culture. In particular, the 60˝ design presented
the highest percentage of cell attachment. For this reason, we utilized 45˝ and 60˝ scaffolds to study
the ability of cells to attach to PCL filaments and discarded the 90˝ scaffold design.

2.3. Adherent and Non-Adherent Conditions for Scaffold Cell Adhesion

Nowadays, biocompatibility studies for in vitro assessment of scaffolds are very important. It is
necessary to know the effects of tissue culture plate surface properties on cell adhesion to PCL filaments.
To evaluate surface characteristics on seeding efficiency and cell growth in 3D culture, studies with
adherent and non-adherent (pHEMA) wells were assayed. The same conditions were used in the 2D
culture as in the control. There were no differences in cell morphology for those on scaffolds grown in
both treated and non-treated well plates for the three days of the experiment.

The attached cells were observed using an inverted optical microscopy. For both scaffold designs
(45˝ and 60˝), in adherent and non-adherent surface conditions, two types of cells were observed in
the culture. In adherent conditions there were cells attached on the PCL filaments and cells attached
at the bottom of the well (Figure 3a,b). Similarly, in non-adherent conditions cells were attached on
PCL filaments and cells also formed suspension aggregates between the pores (Figure 3c,d). In both
conditions cells were trypsinized and counted.
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Figure 3. Inverted optical microscopy images of MCF7 cells seeded on scaffolds with adherent and
non-adherent wells. (a) 45˝ and (b) 60˝ scaffolds in adherent conditions. Cells were attached both
at scaffolds and at the surface; (c) 45˝ and (d) 60˝ scaffolds in non-adherent conditions. Cells were
attached at the scaffolds and also formed suspension aggregates between the PCL filaments.

A higher percentage of counted cells with respect to the 2D control was seen in 60˝ scaffolds
as compared to 45˝ scaffolds (Figure 4). In adherent conditions this difference was not significant
(p = 0.28). In non-adherent conditions the percentage of cells in 60˝ scaffolds was significantly higher
(p = 0.0006) in contrast to the 45˝ scaffolds.
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Increased cell adhesion was observed on the scaffolds placed on a non-adherent surface compared
to the scaffolds in adherent plates after 72 h seeding. The 60˝ scaffolds showed major cell adhesion in
non-adherent conditions. However, the 45˝ scaffolds had significant differences (p = 0.006) between
adherent and non-adherent conditions (Figure 4).

The number of cells attached at the bottom of the well in adherent conditions was then evaluated
in both designs and compared to the 2D control. For 60˝ scaffolds, the percentage of cells was
9.04% ˘ 1.47% and for 45˝ scaffolds it was a little higher (11.78% ˘ 4.75%).

Based on the results, non-adherent conditions showed the highest cell attachment for both designs
(45˝ and 60˝). Some authors described a previous medium addition into the scaffold before cell seeding
to facilitate cell attachment [15–17]. The medium addition was assayed to optimize cell adhesion in
PCL filaments in non-adherent wells (Figure 5). Medium was placed on the center of scaffolds 30 min
before cell seeding. A control without previous medium addition was also used.
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This experiment enhances the previous results, showing an increased percentage of cells in
60˝ scaffolds compared to 45˝. The medium addition did not modify the cell attachment in 45˝ and
60˝ scaffolds, with p-values of 0.082 and 0.691, respectively. In consequence, the previous medium
addition was not established in the seeding scaffold protocol.

These results showed an optimal cell seeding efficiency and proliferation of 60˝ scaffolds.

2.4. Culturing MCF7 Cells on PCL Scaffolds Induces the Expansion of the CSC Subpopulation

Previous research reported that mammary epithelial stem and progenitor cells are able to survive
and propagate in an attachment-independent manner and form floating spherical colonies, which are
termed mammospheres [7]. Therefore, the number of spheres is often used to identify CSCs. To confirm
whether the PCL fibrous scaffold culture system increases the CSCs population, we measured the
Mammosphere Formation Index (MFI) of MCF7 cells previously cultured in 2D and 3D cultures
with adherent and non-adherent conditions. Based on the results obtained in 3D culture studies, the
deposition angle was fixed at 60˝, because a 60˝ angle was the featured scaffold design with the highest
proliferation rate.

Previous to the present study, an experimental procedure was performed to characterize the CSC
population in the MCF7 line. It has been verified that the cell line of study was capable of forming
mammospheres, with an MFI of 2.24% ˘ 0.23%.

We found that the MCF7 cells from PCL fibrous scaffolds have increased the MFI compared
with the control cells from a polystyrene surface (p = 0.003 for adherent conditions and p = 0.001
for non-adherent; Figure 6). There was no evidence of statistically different MFI in adherent and
non-adherent conditions. Those data suggest that CSCs expanded in this mammary cancer cell line
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when cultured in scaffolds and a higher MFI is not related to the chemical characteristics of the surface
well plate.
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2.5. Flow Cytometry Optimization Analysis

Al-Hajj et al. reported the first phenotypic description of breast CSCs based on a high expression
of CD44 and absent or low expression of CD24 on the cell surface (CD44+/CD24´/low phenotype) [1].
To determine the CSCs’ population enrichment in the 3D scaffold’s culture, flow cytometry assay was
performed using antibodies against CD44-FITC and CD24-PE surface markers and using 7-AAD to
assess cell viability. To achieve this aim, the flow cytometry protocol was optimized in MCF7 with a
2D culture.

To analyze the efficiency of antibodies against MCF7 cells, fluorochromes conjugated with the
antibodies were tested. Cells were observed with a confocal microscope (Figure 7a). Positive cells for
CD44 were green due to the emission spectrum peak wavelength of FITC (519 nm). CD24 positive
cells, conjugated with PE, were red with an emission peak wavelength of 573 nm. In this preliminary
analysis of MCF7, the purity of the CD44+/CD24´/low cell population in 2D culture was 58.76%
(Figure 7b).
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Figure 7. Expression of CD44 and CD24 cell surface markers on MCF7 2D cultured cells. (a) Confocal
microscopy images of MCF7 cells marked with antibody CD24 and CD44 (Green: CD44-FITC;
Red: CD24-PE); (b) flow cytometric analysis of CD24 and CD44 surface markers in MCF-7 cells
from 2D culture system. Abbreviations: FITC, fluorescein isothiocyanate; PE, phycoerythrin.
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These preliminary results in 2D culture conditions might be useful in future studies characterizing
the CSC subpopulation (CD44+/CD24´/low phenotype) generated in 3D scaffolds. Based on our
literature review, we expect to observe an increase in CD44+/CD24´/low cells in breast cancer cells
cultured in PCL scaffolds.

3. Discussion

CSCs have one of the most important roles in cancer and, for this reason, they must be specifically
removed for a successful therapy. It has been reported that their frequency in primary tumors is
correlated with the extent of tumor invasion and metastasis and, in turn, patients’ prognosis [1,2,18,19].
Therefore, their study has acquired great importance in recent years but it has been limited by the lack
of physiologically relevant culture methods. Two-dimensional in vitro cell culture has been used in
cancer research for many years. This monolayer culture can produce alterations in cell morphology
and gene expression compared with those grown in vivo [10]. Tridimensional cell culture gives a more
accurate morphological representation of tumor development and physiological environment.

PCL scaffolds have been manufactured to test the cell adhesion efficiency of an MCF7 breast
cancer cell line. The fabrication parameters used for PCL scaffold production show similar values to
other studies. Domingos et al. set up a printing temperature of 80 ˝C, 10 mm/s velocity, and a layer
height of 0.28 mm [20]. This combination of parameters generated meshes similar to the scaffolds used
in this study. Furthermore, the effect of design parameter was evaluated through breast cancer cell
culture in the current work.

MCF7 culture in scaffolds showed the importance of the deposition angle in cell attachment and
cell growth. The two scaffold designs with greater efficiency for cell culture, 45˝ and 60˝, had smaller
pore size and different pore shape compared with the 90˝ one. These results can be compared to those
of Domingos et al., who cultured a subtype of CSCs, the hMSCs (human Mesenchymal Stem Cells), in
PCL scaffolds with different angle designs of 90˝, 45˝, and 60˝. Their results showed more attached
cells in 60˝ scaffolds then 45˝, confirming the own results. However, they presented the 90˝ scaffold as
optimal for cell culture with the highest values of cell adhesion. They showed that a higher deposition
angle provides more space for cells to attach and proliferate [20]. The difference with the results
obtained in the present assay may be due to the cell line studied. Specific cells require a different pore
size for optimal attachment, growth, and motility [21]. Cell attachment is a complex process, affected
by numerous aspects such as cell behavior, material surface properties, and environmental factors.

In the current study, the efficiency of cell adhesion to the scaffolds has been evaluated based on
the use of adherent and non-adherent wells. Polystyrene of the cell culture microplate was specifically
treated to facilitate cell attachment. For non-adherent wells a commonly utilized polymer named
poly(2-hydroxyethyl methacrylate) (pHEMA) has been used [22]. Once dried in the bottom of the well,
it has neutral charge and is highly hydrophobic, avoiding cell attachment. Higher cell adhesion was
observed on the scaffolds placed on non-adherent surfaces compared to the scaffolds on adherent plates.
Blocking polystyrene treatment from adding pHEMA increased cell attachment in the PCL scaffolds.
In consequence, cells only had the possibility of attaching to the PCL filaments of the scaffolds.

Tridimensional PCL fibrous scaffolds may offer an attractive alternative to culturing and
propagating CSCs in vitro. In this study, it has been shown that tumor cells cultured in a 3D system
displayed a significantly higher capacity to form mammospheres compared to the 2D control, revealing
CSCs enrichment. The use of adherent and non-adherent wells did not affect the MFI. This variable
has only altered the cells’ attachment to the scaffold rather than their ability to form mammospheres.
Sims-Mourtada et al. and Feng et al. also showed a significant increase in the mammospheres formation
index after scaffolds’ culture. In both works, the MFI after 3D culture was double the value obtained
in 2D conditions. Sims-Mourtada et al. published that the MFI increase in a 3D culture was due to the
differentiation inhibition of CSCs, since they did not observe an increase of the rate proliferation [23].
The second author suggested that CSCs’ enrichment was on account of the epithelial–mesenchymal
transition (EMT), which can trigger the transformation of cancer cells to CSCs [15]. Others studies
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indicated that the malignant phenotype of cancer cells was also dramatically reduced when cells were
transferred from in vivo conditions to 2D cell culture plates [24,25].

An important feature of breast cancer stem cells is the expression of the surface markers CD44
and CD24. Flow cytometry can be a powerful methodology to discriminate between populations and,
therefore, determine the percentage of the CD44+/CD24´/low cells. The CSCs’ expansion due to
tridimensional scaffold culture can be monitored in this way. At this point, staining and flow cytometry
protocols for MCF7 cells have been developed.

Taken together, the presented results suggest that a 3D PCL scaffold culture spurred MCF7 cells
to generate a cell population with CSC properties. Nevertheless, additional experiments are being
developed with flow cytometry to determine the percentage of phenotype CD44+/CD24´/low as
well as the analysis of the expression of genes related to epithelial–mesenchymal transition (EMT)
expression. All of these assays are mandatory to characterize the population cells enriched in 3D PCL
scaffolds, to study CSC properties, and to screen for new therapeutic agents targeting cancer stem
cell populations.

4. Materials and Methods

4.1. Design and Manufacture of Scaffolds

4.1.1. Filament

A 3 mm poly("-caprolactone) (PCL) wire (Perstorp, Malmö, Sweden) was used to manufacture the
scaffolds. PCL has properties for tissue engineering with good mechanical characteristics, established
biocompatibility, and relatively long-term biodegradability; it is also free of toxic dyes [12].

4.1.2. 3D Printer Machine and Software

A three-dimensional RepRap BCN3D+ printer (Barcelona, Spain) was chosen to produce 3D
scaffolds due to its open-source and modular related features. The machine has the capability to be
modified and optimized by the user. This characteristic enable to print accurate geometric structures
and reproducible scaffolds designs [11,26]. This printer used the Fused Filament Fabrication (FFF)
technology, or so-called Fused Deposition Modeling (FDM), consisting of the deposition of the fused
material in successive layers.

The designs of the scaffolds were performed with the computer-aided design (CAD) modeling
software SolidWorks. The constructions were saved in STL file formats and transferred to
Slic3r, computer-aided manufacturing (CAM) software, to establish the manufacturing parameters.
Finally, this program generates G-code files capable of controlling the printer’s movements.

Design and manufacturing parameters were optimized for PCL and RepRap BCN3D+.
Design parameters were established considering the scaffolds’ use in cell culture microplates with
12 wells (Table 2). Manufacturing parameters were determined in order to print the scaffolds
efficiently and suitably for cell culture (Table 3). Both parameters were optimized by following
a sequential flowchart.

Table 2. Design parameters and the corresponding optimized values.

Design Parameters Optimal Values

Diameter 19 mm
Shape Round

Number of layers 8
Distance between filaments 0.7 mm

Gap distance 0.4 mm
Deposition angle 90˝, 45˝, 60˝

Filament diameter 0.30 mm
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Table 3. Manufacturing parameters and the corresponding optimized values.

Manufacturing Parameters Optimal Values

Deposition velocity 10 mm/s
Layer height 0.30 mm

Extrusion temperature 85 ˝C
Bed temperature 35 ˝C

4.1.3. Deposition Angle Designs

Three different scaffold designs have been performed with variable deposition angles, taking the
values of 90˝, 45˝, and 60˝ (Figure 8). The variation of the angle of deposition between layers results
in a different pore size and shape between the scaffolds (Table 4), which makes cell culture suitable
or not.

Molecules 2016, 21, 537 9 of 14 

 

4.1.3. Deposition Angle Designs 

Three different scaffold designs have been performed with variable deposition angles, taking the 
values of 90°, 45°, and 60° (Figure 8). The variation of the angle of deposition between layers results in 
a different pore size and shape between the scaffolds (Table 4), which makes cell culture suitable or not. 

 
Figure 8. Scaffolds designs with different deposition angles: (a) 90°; (b) 60°; (c) 45°. 

Table 4. Pore characteristics depending on the deposition angle. 

Deposition Angles Pores Shape Area 
90° Square 0.15 mm2 
45° Six variable forms (triangles and irregular polygons) 1.98 × 10−4 to 0.13 mm2 
60° Equilateral triangle 0.1256 mm2 

4.2. Adherent and Non-Adherent Cultures 

To study the effects of the well plate’s surface conditions (adherent versus non-adherent) on cell 
seeding efficiency and the subsequent enrichment of cancer stem cells in 3D PCL scaffolds, 12 multi-
well surface plates were tested. The adherent surface conditions were tested in standard 12-well culture 
microplates. Non-adherent conditions were assayed with 12-well cell culture microplates treated 
with a hydrophobic and neutral charge polymer, poly(2-hydroxiethyl methacrilate) (pHEMA; Sigma 
Aldrich Co. LLC., St. Louis, MO, USA) (Figure 9). Non-adherent microplates covered with pHEMA 
were dried at 45 °C overnight and exposed to UV light for 20 min. The PCL scaffolds were divided in 
two groups and placed into the individual wells of adherent and non-adherent plates. 

 

Figure 9. Schematic representation of adherent and non-adherent culture. 

4.3. Cell Culture 

MCF-7 breast carcinoma cells (Figure 10) were obtained from the American Type Culture 
Collection (ATCC, Rockville, MD, USA). MCF-7, is a HER2-positive cell line—a type of breast cancer 
that overexpresses Human Epidermal Growth Factor Receptor 2. Previous studies evaluated the 
biocompatibility of the scaffold with an MCF7 cell line [15,23]. 

Cells were cultured in Dulbecco’s Modified Eagle’s Medium (Gibco, Waltham, MA, USA) 
supplemented with 10% fetal bovine serum, 1% L-glutamine, 1% sodium pyruvate, 50 U/mL penicillin, 
and 50 µg/mL streptomycin (HyClone, Logan, UT, USA). Cells were maintained at 37 °C and 5% CO2 
atmosphere. 

Conventional cell culture was performed to study the cell proliferation in the different scaffold 
designs. For this reason, the medium was supplemented with nutrients and metabolites needed for 
the growth and proliferation of a vast majority of cancer cells, including MCF7. 

Figure 8. Scaffolds designs with different deposition angles: (a) 90˝; (b) 60˝; (c) 45˝.

Table 4. Pore characteristics depending on the deposition angle.

Deposition Angles Pores Shape Area

90˝ Square 0.15 mm2

45˝ Six variable forms (triangles and irregular polygons) 1.98 ˆ 10´4 to 0.13 mm2

60˝ Equilateral triangle 0.1256 mm2

4.2. Adherent and Non-Adherent Cultures

To study the effects of the well plate’s surface conditions (adherent versus non-adherent) on cell
seeding efficiency and the subsequent enrichment of cancer stem cells in 3D PCL scaffolds, 12 multi-well
surface plates were tested. The adherent surface conditions were tested in standard 12-well culture
microplates. Non-adherent conditions were assayed with 12-well cell culture microplates treated with
a hydrophobic and neutral charge polymer, poly(2-hydroxiethyl methacrilate) (pHEMA; Sigma Aldrich
Co. LLC., St. Louis, MO, USA) (Figure 9). Non-adherent microplates covered with pHEMA were dried
at 45 ˝C overnight and exposed to UV light for 20 min. The PCL scaffolds were divided in two groups
and placed into the individual wells of adherent and non-adherent plates.
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4.3. Cell Culture

MCF-7 breast carcinoma cells (Figure 10) were obtained from the American Type Culture
Collection (ATCC, Rockville, MD, USA). MCF-7, is a HER2-positive cell line—a type of breast cancer
that overexpresses Human Epidermal Growth Factor Receptor 2. Previous studies evaluated the
biocompatibility of the scaffold with an MCF7 cell line [15,23].

Cells were cultured in Dulbecco’s Modified Eagle’s Medium (Gibco, Waltham, MA, USA)
supplemented with 10% fetal bovine serum, 1% L-glutamine, 1% sodium pyruvate, 50 U/mL penicillin,
and 50 µg/mL streptomycin (HyClone, Logan, UT, USA). Cells were maintained at 37 ˝C and 5%
CO2 atmosphere.

Conventional cell culture was performed to study the cell proliferation in the different scaffold
designs. For this reason, the medium was supplemented with nutrients and metabolites needed for
the growth and proliferation of a vast majority of cancer cells, including MCF7.Molecules 2016, 21, 537 10 of 14 
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4.4. Cell Culture in Scaffolds

4.4.1. Scaffold Sterilization

Scaffolds were sterilized with 70% ethanol/water solution overnight, washed with PBS
(Gibco, Waltham, MA, USA), and finally exposed to UV light for 90 min.

4.4.2. Cell Culture in Scaffolds

Scaffolds were placed into a 12-well cell culture microplate. First, 250 µL of cell suspension
containing 100,000 cells were placed in the middle of its surface to allow cells to attach to the scaffold.
After a 3 h incubation period, 1.5 mL of fresh medium were added to cover the scaffold (Figure 11).
Cells were incubated for 72 h and then counted.
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4.4.3. Trypsinization and Cell Counting

The culture medium was removed with a micropipette. Then scaffolds were placed in new
wells to quantify only the attached cells; they were washed with PBS and 1 mL of trypsin was
added. After incubation, 2.5 mL of fresh medium were added and cell suspension was collected and
centrifuged at 1500 rpm for 5 min. Finally, cells from the pellet were counted. The same procedure
was done to obtain the number of cells attached at the bottom of the well. Cells were counted using
a Neubauer Chamber (Marienfeld-Superior, Lauda-Königshofen, Germany) and an inverted optical
microscope. Trypan blue solution was used to assess cell viability. This test measured the amount of
viable cells, based on the concept that viable cells have an intact membrane and trypan blue cannot be
incorporated. Dead cells have an altered membrane and take up the dye.

4.5. Mammosphere-Forming Assay

In order to evaluate CSC population, the mammosphere-forming technique was performed
(Figure 12) as previously described [8]. Cells from 2D culture or 3D scaffolds were removed and
re-suspended with DMEM/F12 medium supplemented with B27, EGF, and FGF (20 ng/mL), 1%
L-glutamine, 1% sodium pyruvate, 25 U/mL penicillin, and 25 µM/mL streptomycin. Re-suspended
cells were seeded into a six-well Cell Culture Microplate (Corning Life Sciences, New York, NY, USA)
coated with pHEMA (Sigma Aldrich Co. LLC.) at a density of 2000 cells/well. Finally, cells were
incubated for seven days and mammospheres bigger than 50 µm were counted using an inverted
optical microscopy. The Mammosphere Forming Index (MFI) was calculated using the formula
described below:

MFI “ N
˝

mammospheres

N
˝

seeded cells
ˆ 100 (1)

It is necessary to evaluate a subpopulation (CSCs) of a heterogeneous cell sample.
This subpopulation is composed of undifferentiated cells with self-renewal characteristics. They are
related to tumor initiation and they are capable of growth in suspension. For that reason, we used
different medium supplements such as B27 (contains critical factors for cell survival and growth,
excluding the use of serum), EGF, and FGF (growth factors). These are the culture conditions
appropriate for allowing the growth and self-renewal of the CSCs.
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4.6. Flow Cytometry Analysis

MCF7 cell growth on the polystyrene dishes was trypsinized as described above. Cells were
re-suspended at a density of 1 ˆ 105 cells/mL in 25 µL of phosphate-buffer saline containing 2% of
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fetal bovine serum and blocked with human blocking reagent (Milteny Biotec, Bergisch Gladbach,
Germany) for 10 min at 4 ˝C. Cells were stained with phycoerythrin-conjugated CD44 and
fluorescein isohiocyanate-conjugated CD24 (BD Pharmingen, Franklin Lakes, NJ, USA) for 30 min
at 4 ˝C in dark. After washing, cells were re-resuspended in a phosphate buffer containing 2%
FBS and stained with 7AAD (BD Pharmingen) for 10 min at 4 ˝C. Samples were analyzed on
a fluorescence-activated cell sorting Cell Laboratory QuantaSCTM cytometer (Beckman Coulter,
Fullerton, CA, USA). Compensation was performed with single-stained cells to decrease overlaps of
fluorophore emission spectrums.

4.7. Statistical Analysis

All data are expressed as mean ˘ standard error (SE). Data were analyzed by Student t test.
Statistical significant levels were p < 0.05.

5. Conclusions

In the present study, different scaffold designs and culture parameters were tested on a breast
cancer MCF7 cell line. Design of 60˝ and non-adherent conditions showed the highest cell counting
after treatment with trypsin. CSC population was enriched in a tridimensional cell culture with 60˝

PCL scaffolds compared to the 2D culture control, increasing their MFI. The development of the flow
cytometry analysis provides the basis for further studies to investigate CSC properties, as well as
to screen new therapeutic agents targeting cancer stem cell populations. Using 3D culture, the total
cell number will increase significantly and so will the CSC subpopulation. Then, we will perform
cellular and molecular experiments to characterize the CSC population in order to find new therapeutic
strategies against stem cells.

PCL scaffolds built with 3D printing machines revealed good results for cell cultures.
Optimization of scaffolds’ porosity has been the key to cell growth and enrichment. This study
suggests new criteria for enhancing bioprinting machines based on layer deposition.
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3D Three-dimensional
7-AAD 7-AminoActinoMycin D
B27 B27 supplement
BC Breast Cancer
CAD Computer-Aided Design
CAM Computer-Aided Manufacturing
CD24 Cluster of Differentiation 24
CD44 Cluster of Differentiation 44
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CSCs Cancer Stem Cells
DMEM Dulbecco’s Modified Eagle’s Medium
DMEM/F12 Dulbecco’s Modified Eagle’s Medium Nutrient Mixture F-12
EGF Epidermal Growth Factor
EMT Epithelial–Mesenchymal Transition
FDM Fused Deposition Modeling
FFF Fused Filament Fabrication
FGF Fibroblast Growth Factor
FITC Fluorescein IsoThioCyanate
HER2 Human Epidermal growth Factor Receptor 2
hMSCs Human Mesenchymal Stem Cells
MFC7 Michigan Cancer Foundation-7
MFI Mammosphere Forming Index
PBS Phospate-Buffered Saline
PCL Poly("-caprolactone)
PE PhycoErytrhin
pHEMA poly(2-HydroxyEthil Methacrilate)
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Abstract 
 
Despite the suitability of fused filament fabrication (FFF) scaffolds for breast cancer 

3D culture and stemness maintenance, more efforts are done to create structures 

with more resemblance to the physiological surroundings. In these settings, 

electrospinning (ES) technology has emerged in the field due to its capability of 

producing nanofilaments, similar to the native fibrous proteins present in the 

extracellular matrix (ECM). 

 

Chapter 4 aims to explore the feasibility of an ES apparatus to produce poly(e-

caprolactone) (PCL) ECM-like scaffolds for 3D cell culture applications and 

stemness maintenance. Therefore, a solution of PCL and acetone was electrospun 

and various fabrication parameters were analyzed, including polymer solution flow 

rate and applied voltage. Several emitter tip images were captured to monitor and 

evaluate the electrospinning process. Two different ES scaffolds were produced 

varying the initial PCL concentration, being 7.5 and 15% w/v the two values chosen. 

Produced scaffolds were cultured with the breast cancer reference model MCF-7. 

Cell proliferation within the two scaffold models were analyzed through MTT assay. 

Lastly, a mammosphere forming assay was performed to study the effect of ES 

scaffold culture on the breast cancer stem cell (BCSC) subpopulation. 

 

Results showed that a voltage of 7 kV and a flow rate of 6 mL/h enabled a stable 

and continuous production of electrospun nanofibers. The production of the two 

scaffold models was achieved. Meshes from 7.5% PCL solution displayed lower cell 

proliferation compared with 15% scaffolds. Interestingly, MCF-7 cells cultured in 

both models presented a higher mammosphere forming index compared with 2D 

control, thus indicating a BCSC expansion. 
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Abstract 

Only a small cell population of a breast tumour presents stem cell characteristics, thus so-called breast cancer stem cells (BCSCs). BCSCs are 
tumour-initiating cells and chemoresistant and they can grow in non-adherent conditions as mammospheres. Study of BCSCs is a challenge due 
to their low representation and the inability to propagate them without inducing differentiation. Previous studies have demonstrated that three-
dimensional (3D) cell culture models such as scaffolds enhance the BCSCs population. 
In this project, scaffolds were fabricated by electrospinning technology. Specific values of voltage and flow rate were fixed to electrospun 7.5 
and 15% poly(H-caprolactone) (PCL) solutions according to process stability. Both scaffolds were seeded with MCF-7 breast cancer cells and 
7.5% meshes displayed lower cell proliferation compared with 15% scaffolds. Cells cultured in both scaffolds presented a significant 
Mammosphere Forming Index (MFI) increase, thus indicating a BCSCs enrichment. 
Results show that three-dimensional cell culture with electrospun 15% PCL scaffolds could be useful to expand BCSCs population facilitating 
the future development of new therapeutic strategies against this tumour subpopulation. 
 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 3rd CIRP Conference on BioManufacturing 2017. 

 Keywords: Electrospinning; process parameters; PCL; scaffolds; cell culture 

 
1. Introduction 

Breast cancer is the most common tumour diagnosed 
among women excluding skin cancer. It has been estimated to 
account for the 28.3% of all new female carcinomas and the 
16.8% of female cancer deaths in Europe during 2012 [1]. In 
addition, tumour relapse occurs in 30% of early-stage breast 
cancer [2] and it stands for the main cause of deaths related to 
mammary tumours [3]. 

Different studies have focused on understanding the 
heterogeneous nature of tumours, such as breast cancer. It is 
demonstrated that a small cell population is responsible for 
tumour initiation and progression. These cells posses several 
characteristics similar to mammary stem cells, thus termed 
Breast Cancer Stem Cells (BCSCs) [4,5]. This subpopulation 
has the ability to undergo self-renewal and differentiate into 
non-stem breast cancer cells. Furthermore, they are capable of 

growing in suspension and surviving as non-adherent spheres, 
termed mamospheres [6,7]. BCSCs can be identified and 
isolated due to their expression pattern of cells’ surface 
markers such as CD44 and CD24 [5], and their increased 
activity of the aldehyde dehydrogenase (ALDH) enzyme [8] . 
Different investigations revealed their radio- [9] and 
chemoresistance [10] favouring tumour recurrence and 
metastasis [11]. Thereby, their study is essential to identify 
new therapeutic targets against cancer stem cell population. 
However, it has been limited by the inability to propagate 
them without inducing their differentiation [12] and their low 
representation within the tumour [5] or cell line [13]. 

Traditionally, cancer cell culture is performed within two-
dimensional (2D) surroundings, providing a quick and cheap 
way to study their properties in vitro. In contrast, 2D systems 
differ from the in vivo environment and cells can only growth 
in monolayer. Cytoskeleton remodelling caused by cell 

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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flattening modifies the gene expression and protein [14,15]. 
Therefore, experiments performed in 2D can not be 
representative of the physiological cell behaviour leading to, 
for example, CSCs differentiation [16]. Three-dimensional 
(3D) cell models simulate the extracellular matrix and 
maintain the tissue organization. One of the 3D culture 
systems are the scaffolds, three-dimensional structures mostly 
made of biopolymeric material such as poly(H-caprolactone) 
(PCL). Cells can establish interactions with polymeric 
filaments and with adjacent cells, maintaining their in vivo 
function and increasing their intracellular signalling. Previous 
studies demonstrated that 3D culture with scaffolds produced 
a BCSCs increase [17–19]. 

Different methodologies are used to produce scaffolds. The 
Fused Filament Fabrication (FFF) offers a simple and viable 
way to manufacture these structures. This additive 
manufacturing technology, widely used by 3D printers [20] 
and prototypes [21,22], consists on the deposition of the fused 
material in successive layers. With this procedure, 
micrometric filaments can be achieved but production of 
thinner fibres is problematic. Electrospinning is a technology 
capable of producing nanometric filaments, also used as drug 
delivery systems [23]. In this technique, polymer is dissolved 
and placed in a syringe connected to a metallic needle. A high 
voltage is applied to the biopolymer fluid so the solution 
droplet becomes charged. When the electric force overcomes 
the surface tension, a stream of liquid is ejected. This charged 
structure, called Taylor cone, enables de continuous 
production of polymer filaments from the needle to the ground 
collector. When this process is done, the solvent evaporates 
and nanofibres are randomly formed in the collector. 

A preceding study of our research group showed a BCSCs 
expansion after 3D culture with FFF scaffolds [24–26] and 
other groups demonstrated this enrichment using electrospun 
scaffolds [17–19]. The present study has focused on the 
characterization of electrospinning process and produced PCL 
scaffolds. Different scaffolds and culture conditions have been 
tested to improve three-dimensional breast cancer cell 
proliferation. The final objective of this work is to evaluate the 
impact of 3D cell culture on BCSCs population. According to 
the background, three-dimensional cell culture with 
electrospun scaffolds can be a useful way to enrich BCSCs for 
developing new therapeutic strategies to target this malignant 
population. 

2. Materials and Methods 

2.1. Scaffolds Manufacture 

Poly(H-caprolactone) (PCL; Sigma-Aldrich, St. Louis, MO, 
USA) was dissolved in acetone (PanReac AppliChem, 
Gatersleben, Germany) to obtain 7.5 and 15% w/v PCL 
concentrations. An electrospinning apparatus (Spraybase, 
Dublin, Ireland) connected to a 18G needle was used to 
produce scaffolds. PCL solution was supplied to the emitter 
with a flow rate controlled by the Syringe Pump Pro software 
(New Era Pump Systems, Farmingdale, NY, USA) and 
different voltages were applied. Distance between emitter and 
collector was fixed at 15 cm. Room relative humidity and 

temperature were fixed at 55-60% and 20ºC, respectively, to 
avoid solvent evaporation. Emitter tip images were captured 
with a Chamaleon camera (Point Grey Research, Richmond, 
BC, Canada). Process was stopped when 5 mL of solution 
were ejected. Then scaffolds were cut into squares of 16 mm 
to allow their use in 12-wells cell culture microplates. 

2.2. Scaffolds Characterization 

Scaffolds weight and thickness were measured with an 
analytical balance (Sartorius, Göttingen, Germany) and a 
digital micrometer (Mahr GmbH, Göttingen, Germany), 
respectively. Six specimens from three different batches were 
evaluated to calculate the average value. 

2.3. Cell Line 

MCF-7 breast cancer cell line was obtained from the 
American Type Culture Collection (ATCC; Rockville, MD, 
USA). Cells were cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM; Gibco, Waltham, MA, USA) supplemented 
with 10% fetal bovine serum, 1% L-glutamine, 1% sodium 
pyruvate, 50 U/mL penicillin, and 50 µg/mL streptomycin 
(HyClone, Logan, UT, USA). Cells were maintained in a 5% 
CO2 humidified incubator at 37ºC. 

2.4. Three-Dimensional Cell Culture 

Scaffolds were sterilized with 70% ethanol/water 
solution overnight, washed with PBS (Gibco) and exposed 
to UV light for 30 min. Then scaffolds were placed in 12-
well non-adherent cell culture microplates (Sartstedt, 
Nümbrecht, Germany). Cell densities of 50 000, 100 000 
and 300 000 cells/well were prepared in 50 µL volume. 
Cell suspension was pipetted onto the scaffold centre. 
After 3 hours’ incubation, 1.5 mL of medium was added. 
Two-dimensional controls with same cell densities were 
performed. 

2.5. Cell Proliferation Assay 

The (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium 
bromide) (MTT) assay was used to test cell proliferation. 
MTT is a yellow tetrazolium salt which can be reduced by 
metabolically active cells resulting in water-insoluble purple 
crystals of formazan. The formazan crystals can be solubilized 
by dimethyl sulfoxide (DMSO) into a colored solution. 
Therefore, the absorbance of formazan solution is directly 
related to the initial cell amount. 

  Thus, scaffolds were washed with PBS and put into new 
wells. They were incubated with 1 mL medium and 100 µL 
MTT (Sigma-Aldrich) for 2 h 30 min. Formazan crystals were 
dissolved with 1 mL DMSO. Four 100 µL aliquots from each 
well were pipetted into a 96-well plate and placed into a 
microplate reader (Bio-Rad, Hercules, CA, USA). 
Absorbance was measured at 570 nm. 
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2.6. Mammosphere-Forming Assay 

Cells from 2D culture and scaffolds were trypsinized and 
suspended with DMEM/F12 medium (HyClone) 
supplemented with B27 (Gibco), EGF and FGF (20 ng/mL; 
Miltenyi Biotec, Bergisch Gladbach, Germany), 1% L-
glutamine and 1% sodium pyruvate. Suspended cells were 
seeded into a 6-well non-adherent cell culture microplate 
(Sarstedt) at a density of 2 000 cells/well. Cells were 
incubated for 7 days and mammospheres bigger than 50 µm 
were counted. Mammosphere Forming Index (MFI) was 
calculated using the formula described below (1). 

 
�ሺΨሻܫܨܯ ൌ � ͑�௦௦

͑�௦ௗௗ�௦
��ͳͲͲ            (1) 

2.7. Statistical Analysis 

All data are expressed as mean r standard error (SE). Data 
were analysed by Student t test. Statistical significant levels 
were p<0.05 (denoted as *), p<0.01 (**) and p<0.001 (***). 

3. Results 

Electrospinning is a technology highly influenced by 
fabrication parameters such as polymer concentration, applied 
voltage and polymer solution flow rate. Literature shows a 
wide range of electrospun specifications [17–19,27–29]. 
Therefore, different parameters values were tested to reach a 
stable Taylor cone and a steady stream (Figure 1). 

Poly(H-caprolactone) (PCL) and acetone were chosen as 
biopolymer and non-toxic solvent, respectively. Two different 
concentrations of 7.5 and 15% PCL were produced and 
voltages of 7 and 15 kV were applied to analyse Taylor cone 
formation. Polymer fluid was supplied with flow rates of 1, 3 
and 6 mL/h. Images from needle tip were taken 90 seconds 
after process beginning, shown in Table 1. 

In all conditions, the polymeric solution droplet solidified 
once exposed to air, producing a stalactite-like form. These 
structures were also produced with different room humidity 
(50-60%) and temperature values (19-25ºC) (data not shown). 
Only the stream located at the end of this structure was 
functional. The other ones, produced by the voltage, remained 
as solidified PCL filaments. Voltage of 15 kV produced 
unstable Taylor cones and a higher number of non-functional 
streams in all tested parameters instead of 7 kV. Flow rate 
was also related to droplet morphology. Higher speeds 
exhibited thicker structures with few non-functional streams, 
remaining the Taylor cone stable. Both polymer 
concentrations presented a similar trend during screening. 
However, 15% PCL solution showed thicker stalactite-like 
structures in response to the high amount of polymer. 

As the main aim is to obtain a stable Taylor cone and 
produce continuous filaments, voltage of 7 kV and flow rate 
of 6 mL/h were selected to produce scaffolds suitable for 3D 
cell culture. Both PCL concentrations (7.5 and 15%) were 
chosen to test different scaffolds. Considering electrospinning 
background, polymer concentration is directly related to fibre 
morphology [30]. Hence, two different meshes can be 
evaluated through 3D cell culture and BCSCs enrichment. 

Table 1. Taylor cone formation of PCL-acetone solutions under different 
electrospinning parameters (PCL concentration, flow rate and applied 
voltage). Emitter tip images were taken 90 seconds after electrospinning start. 

[PCL] 7.5% w/v 

 1 mL/h 3 mL/h 6 mL/h 

7 kV 

   

15 kV 

   
[PCL] 15% w/v 

 1 mL/h 3 mL/h 6 mL/h 

7 kV 

   

15 kV 

   

A 5 mL PCL solution volume was processed with 
electrospinning thus a membrane made of filaments was 
obtained. The PCL film was cut with squares shapes of 16 
mm to obtain final scaffolds (Figure 1). Specimens weight 
and thickness were measured to perform a macroscopic 
characterization. Weight and thickness values from different 
electrospinning processes did not statistically differ, with p-
values ranging from 0.16 to 0.98 (data not shown). Grouped 
data is presented in Table 2. Scaffolds of 7.5% PCL solution 
were less heavy (p= 8.86x10-28) and thinner (p= 3.94x10-7) 
than 15% ones, in agreement with the PCL amount in each 
solution. 

 
 
 
 
 

 
 

 

Table 2. Macroscopic characterization of 7.5 and 15% electrospun PCL 
scaffolds (7 kV, 6 mL/h) after cutting them into 16 mm squares. Values are 
expressed as mean r standard error. 

 
 
 

 

 7.5% PCL 15% PCL 

Weight (mg) 6.71 ± 0.17 14.11 ± 0.30 

Thickness (Pm) 147.22 ± 5.00 196 ± 4.65 

Figure 1. Electrospun scaffolds cut into squares of 16 mm 
side from 7.5% (a) and 15% w/v PCL solution (b).  

a) b) 
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Scaffolds were tested with 3D culture of MCF-7 breast 
cancer cells. Sterilized scaffolds were placed in non-adherent 
12-well microplates. Meshes were seeded with three different 
cell densities (50 000, 100 000 and 300 000 cells) and 
incubated during 3 days. After incubation, MTT cell 
proliferation assay was carried out (Figure 2). In all culture 
conditions, 15% scaffolds showed a significant increase in 
cell proliferation compared with 7.5% specimens. Scaffolds 
exhibited major cell efficiency when seeded with low cell 
density (50 000 cells) compared with 2D control. Both 
scaffolds seeded with 100 000 cells showed significant 
reductions in normalized cell proliferation (p=5.48x10-3 for 
7.5% specimens and p=5.90x10-3 for 15%) compared with 
50 000 cells. Scaffolds from 15% PCL solution incubated 
with 300 000 cells also exhibited significant decreased 
efficiency (p=5.11x10-3) compared with low cell density. 

 

 

 

 
 

 

 

 

Mammosphere forming assay was performed to study the 
effect of 3D cell culture on BCSCs population (Figure 3). 
BCSCs can survive and proliferate in non-adherent surfaces, 
forming spherical colonies called mammospheres. Therefore, 
mammospheres number is a correlate of BCSCs abundance in 
the sample [6,7]. Cells previously cultured in 2D and 3D 
models were seeded in non-adherent microplates. After 7 
days’ incubation, mammospheres were visualized and 
counted. Mammospheres from cells cultured in 2D and 3D 
did not display different morphology (Figure 3a-c). Regarding 
mammospheres number, 3D cultured cells showed a 
significant higher Mammosphere Forming Index (MFI) 
compared with 2D cultured ones (Figure 3d), indicating a 
BCSCs enrichment. Both scaffolds exhibited similar MFI 
values, with a 3-fold increase compared with the control. 

 

 

 

 

 

 

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4. Discussion 

Voltage, flow rate and PCL concentration values were 
tested to achieve a stable Taylor cone (Table 1). In all 
screening tests, PCL solution partially solidified producing a 
stalactite-like form. Apparently, acetone was evaporated due 
to its high volatility producing this lengthened formation at 
the needle tip. Some authors electrospun PCL-acetone 
solution, but solvent evaporation in the emitter tip was not 
mentioned as Taylor cone structure was not studied [27–29, 
31]. Low voltage of 7 kV and high flow rate of 6 mL/h 
produced a more stable Taylor cone. Relation between applied 
electric field and droplet morphology was superficially 
studied by Zong et al. using polylactic acid (PLA) dissolved 
in dimethyl formamide (DMF). They assumed that high 
voltage removed quickly the solution droplet from the tip. 
Thus, the droplet became smaller and the Taylor cone 
oscillated due to the high voltage. The same authors indicated 
the existence of a minimum solution volume available in the 
needle tip to reach a steady Taylor cone [32]. However, fewer 
differences were observed in droplet morphology varying 
flow rate parameter compared with voltage. 

Scaffolds weight and thickness were presented in Table 2. 
Values of scaffolds from different electrospinning processes 
did not present significant differences demonstrating 
reproducibility between batches in regard to physical 
characterization. Furthermore, macroscopic characterization 
results were in agreement with PCL amount in each solution, 
being the 7.5% scaffold weight the half than 15% specimen. 

Scaffolds from 15% PCL solution displayed a significant 
cell proliferation increase in all cell densities compared with 
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Figure 2. Cell proliferation analysis after 3 culture days of 7.5 and 15% PCL 
scaffolds seeded with three different cell densities. Adherent 2D control was 
also performed with same culture conditions. Statistical significant level was 
p<0.001 (***). 
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Figure 3. Mammosphere forming assay. (a-c) Mammosphere images 
from 2D cultured cells (a), 3D cultured with 7.5% PCL scaffolds (b) 
and 3D cultured with 15% PCL scaffolds (c). (d) Mammosphere 
Forming Index (MFI) of MCF-7 cells after 2D and 3D culture. 
Statistical significant level was p<0.001 (***). 
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7.5% meshes (Figure 2). In summary, cells showed higher 
growth kinetics in scaffolds from higher PCL concentration. 
Opposed to these results, a human cancer cell study asserted 
that higher cell proliferations can be obtained with small 
fibres diameters from low biopolymer concentration scaffolds 
[33]. Cell proliferation differences can be attributed to 
filament framework characteristics. It was demonstrated that 
low PCL concentration resulted in meshes with spherical 
structures made by non-filamented polymer, called beads. The 
presence of beads led to fibroblast proliferation decrease [28, 
31]. Moreover, other variables such as porosity and 
morphology could directly affect cell adhesion and 
proliferation. Regarding cell density, both scaffolds presented 
higher normalized cell efficiency at 50 000 seeded cells 
(Figure 2). Cell viability in scaffolds was proven to be 
influenced by initial cell amount [34]. Proliferating cells 
narrow the pores space, decreasing oxygen and nutrient 
diffusivity [35]. Thus, cell densities of 100 000 and 300 000 
cells appeared slightly larger to allow a perfect mass 
exchange. 

Cells cultured in 7.5 and 15% scaffolds exhibited a 3-fold 
increased MFI compared with cells cultured in monolayer 
(Figure 3). Both meshes showed similar MFI values while 
15% PCL scaffolds presented a significant increased cell 
proliferation. As mentioned above, differences on their 
structure can explain the contrast of cell proliferation. 
Although these characteristics, both scaffolds provide a three-
dimensional environment. This fact allows the cell to establish 
interactions with filaments in different plans of the space, 
enabling the cytoskeleton reorganization and gene expression 
regulation. 

Regarding CSCs expansion, Feng et al. published a 2-fold 
MFI increase with MCF-7 cells cultured in electrospun PCL 
scaffolds [17]. These authors also noticed that 3D culture 
enhanced EMT markers expression and cell invasion. 
Relation between scaffolds culture and EMT was previously 
reported by Saha et al. H605 mouse mammary tumour cells 
showed higher expression of EMT markers when cultured in 
electrospun PCL fibers. Authors established that H605 cells 
cultured in scaffolds underwent EMT-like transitions [18]. In 
addition, Sims-Mourtada et al. described BCSCs enrichment 
since MCF-7 cells cultured in scaffolds showed a double MFI 
than 2D cultured cells. The authors suggested that enrichment 
was on account of an inhibition of BCSCs differentiation [19]. 
The same work described that 3D cultured cells exhibited 
increased chemoresistance. Consequently, three-dimensional 
cell culture could be an alternative to perform cytotoxicity 
experiments to obtain more reliable and physiological results. 

Taking into account all data, this work proved that 
electrospinning is a potent technology useful in diverse fields. 
Controlling process parameters allowed the production of 
different meshes, demonstrating its potential for 
nanotechnology research. Produced scaffolds have been 
proven to allow cell adhesion and proliferation. Scaffolds 
mimic the extracellular matrix, allowing the cells to adopt a 
more in vivo morphology and behaviour. Finally, cell culture 
with electrospun PCL scaffolds has proven to expand BCSCs 
population. Therefore, 3D cell culture could facilitate the 

development of new therapeutic strategies against this 
malignant subpopulation. 
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Abstract 
 

Apart from the importance of the microenvironment in the stemness maintenance, 

different approaches can be performed in order to study the breast cancer stem 

cells (BCSCs). For instance, an enrichment of BCSC features is usually found in 

tumors that progressed after chemotherapy. Moreover, the lipogenic enzyme fatty 

acid synthase (FASN) also plays an important role in drug resistance and stemness 

preservation. Therefore, evaluation of FASN and BCSC role in chemoresistance 

acquisition may elucidate the relationship behind all these elements. This 

investigation can describe the potential of FASN and its pharmacological blocking 

as a novel approach for BCSC niche. 

 

Chapter 5 aims to explore the role of FASN and BCSCs in a parental triple negative 

breast cancer (TNBC) cell model and its chemoresistant derivatives. Therefore, the 

study was carried out with the mesenchymal-like TNBC cell model MDA-MB-231, 

sensitive and resistant to the chemotherapeutic agent doxorubicin (231DXR) and 

paclitaxel (231PTR). FASN expression was assessed in all cell models through 

Western blot analysis, with and without the presence of the drugs. Similarly, the 

mammosphere forming and ALDH assays were performed to determine BCSC 

subpopulation in all samples, alongside RT-PCR to evaluate the expression of some 

epithelial-to-mesenchymal (EMT)-related genes. Ultimately, the impact of FASN 

blocking was tested in the BCSC-enriched mammosphere culture, through the 

addition of the FASN inhibitors C75, EGCG, G28, G56, and G37. 

 

Results showed an increased proportion of BCSCs in the doxorubicin-resistant 

model, as well as the existence of an EMT process after the addition of the 

chemotherapeutic drugs. Among the tested FASN inhibitors, G28 exhibited a 

greater antiproliferative effect in monolayer culture and, interestingly, a high 

mammosphere-forming inhibition capacity in all cell models. Therefore, results 

highlight the importance of FASN inhibition for the treatment of TNBC patients, 
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especially those who progress after chemotherapy and possess greater stemness 

features. 
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Abstract: Recent studies showed that Fatty Acid Synthase (FASN), a lipogenic enzyme overexpressed
in several carcinomas, plays an important role in drug resistance. Furthermore, the enrichment
of Breast Cancer Stem Cell (BCSC) features has been found in breast tumors that progressed after
chemotherapy. Hence, we used the triple negative breast cancer (TNBC) cell line MDA-MB-231 (231)
to evaluate the FASN and BCSC population role in resistance acquisition to chemotherapy. For this
reason, parental cell line (231) and its derivatives resistant to doxorubicin (231DXR) and paclitaxel
(231PTR) were used. The Mammosphere-Forming Assay and aldehyde dehydrogenase (ALDH)
enzyme activity assay showed an increase in BCSCs in the doxorubicin-resistant model. Moreover,
the expression of some transcription factors involved in epithelial-mesenchymal transition (EMT),
a process that confers BCSC characteristics, was upregulated after chemotherapy treatment. FASN
inhibitors C75, (�)-Epigallocatechin 3-gallate (EGCG), and its synthetic derivatives G28, G56 and G37
were used to evaluate the effect of FASN inhibition on the BCSC-enriched population in our cell lines.
G28 showed a noticeable antiproliferative effect in adherent conditions and, interestingly, a high
mammosphere-forming inhibition capacity in all cell models. Our preliminary results highlight the
importance of studying FASN inhibitors for the treatment of TNBC patients, especially those who
progress after chemotherapy.

Keywords: FASN inhibition; triple-negative breast cancer; cancer stem cells; EGCG; G28; polyphenolic
compound; fatty acid metabolism

1. Introduction

Breast cancer is the most common cancer among women worldwide with approximately 2.1
million diagnoses estimated in 2018 according to the International Agency for Research on Cancer [1].
Triple negative breast cancer (TNBC) represents approximately 15–20% of patients with breast

Molecules 2019, 24, 1027; doi:10.3390/molecules24061027 www.mdpi.com/journal/molecules
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carcinomas and is characterized by the lack of expression of estrogen and progesterone receptors
(ER/PR) and neither expression nor amplification of the HER2 oncogene [2]. The absence of these three
biomarkers prevents the use of currently available targeted therapies for breast cancer [3,4], and leaves
systemic cytotoxic chemotherapy as the sole treatment option [5]. Despite a good initial response to
chemotherapy in neoadjuvant settings, only 30% of patients will exhibit a survival of more than five
years following diagnosis [6–8]. Compared to other BC subtypes, TNBC presents the highest recurrence
rate along with the shortest time, which is associated with a significantly poorer overall survival [2,7].
Two major molecular subtypes are represented in TNBC, basal-like (80%) and claudin-low (CL) or
mesenchymal-like (ML; 20%), this last one being enriched in cells with stem features [9]. Current
therapies failure and resistance may be explained in part by the presence of a small population of
cells that display stem properties within breast tumors known as breast cancer stem cells (BCSCs).
In vitro, BCSC-enriched populations display specific features: cell-surface specific marker pattern
(CD44high/CD24low), the ability to form mammospheres when growing in non-adherent conditions,
aldehyde dehydrogenase 1 (ALDH1) enzyme activation, and enhanced resistance to chemotherapy [10].
Additionally, the induction of epithelial-mesenchymal transition (EMT) through E-cadherin expression
decrease and upregulation of mesenchymal proteins, such as vimentin or N-cadherin, results in stem
properties [11]. Some transcription factors involved in EMT regulation are slug, zeb1, zeb2, twist and
snail [12,13].

Moreover, it has recently been demonstrated that the regulation of lipid metabolism promotes
BCSCs and cancer chemoresistance [14]. Back in 1924, Warburg made evident metabolism deregulation
in cancer cells [15,16], becoming many years later a hallmark of cancer [17]. Cell membranes are formed
by long-chain fatty acids, being also important substrates for energy cell metabolism. The Fatty Acid
Synthase (FASN) is the enzyme responsible for the de novo synthesis of palmitate, the most abundant
fatty acid [18]. Several carcinomas such as breast, colon, lung, prostate, among others, overexpress
FASN [19–22], suggesting it as a unique onco target. Blocking FASN activity causes in vitro and in vivo
anticancer activity by inhibiting tumor progression [23–28], hindering angiogenesis [29,30], overcoming
drug-resistance [31,32], and synergistically increasing the efficacy of chemotherapy [26,33,34]. A recent
study showed that FASN was expressed in 92% of tumor tissue samples coming from a cohort of
100 TNBC patients and its association with positive node status made evident its role as a possible
predictive biomarker in this aggressive BC subtype [35].

(�)-Epigallocatechin 3-gallate (EGCG) is a powerful antioxidant and the most abundant catechin
in green tea. Its apoptotic effect leads to antiproliferative activity [36–39]. Although EGCG
targets HER1-HER2, MAPK, and AKT signaling pathways among others, it has been described
that its apoptosis-inducing effect occurs through FASN inhibition [28,40,41]. Several studies have
demonstrated a weak effect of EGCG in 20 different human cancer stem cell populations when used
alone but synergistically increased in combination with different anticancer drugs [42]. We have
produced a battery of new polyphenolic derivatives structurally related to EGCG, from which G28,
G56, and G37 proved to possess enhanced FASN inhibitory activity [43–45]. These compounds
also showed cancer cell cytotoxicity in a set of human breast cancer cells. G28 displayed a potent
tumor volume reduction in vivo with no weight loss or anorexia, the main side-effects of other FASN
inhibitors like the cerulenin-derived compound C75 [28,41,43]. G28 also showed apoptosis induction
in HER2+ resistant cell lines and tumor diminishment in HER2+ breast cancer xenografts [26,46].

In the present study, we evaluated FASN and BCSC characteristics, i.e., mammosphere-forming
capacity and ALDH1 activity, in the acquisition of chemoresistance in the TNBC model MDA-MB-231
(231). Moreover, we used the natural FASN inhibitor EGCG and its synthetic derivatives G28, G56, and
G37 in comparison to C75 (Figure 1) to target FASN through these BCSC features from these TNBC
models resistant to doxorubicin (231DXR) and paclitaxel (231PTR), the most common drugs currently
used in this BC subtype devoid of a validated targeted therapy.
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Figure 1. Structure of compounds EGCG, C75, G28, G37, and G56.

2. Results

2.1. FASN Expression in MDA-MB-231 Derived Chemoresistant Cell Lines

FASN activity has demonstrated to play an important role in drug resistance through new
phospholipid synthesis for membrane renovation and plasticity. It also decreases ceramide levels,
inhibiting apoptosis via PARP activation [32,47–50].

To assess the role of FASN in chemoresistance acquisition in TNBC, we developed MDA-MB-231
(231) cells resistant to doxorubicin (231DXR) [34] and paclitaxel (231PTR) (Supplementary Figure S1).
It has been described that doxorubicin-resistant cell lines become sensitive through the inhibition of
FASN [34,51]. Therefore, we studied how FASN protein levels were modified after drug treatment of
sensitive and chemoresistant TNBC cells. Our results showed that 231DXR FASN levels experienced a
2-fold increase after 24 h of doxorubicin treatment (Figure 2A), while such effect was not observed in
parental cells. On the other hand, paclitaxel did not show any effect on FASN protein levels neither in
231 nor in 231PTR (Figure 2B). PARP cleavage, a marker for apoptosis, is increased in parental cell
lines compared to its resistant counterparts for both drugs, making evident their chemoresistance
(Figure 2).

2.2. BCSC-Enriched Population in Sensitive and Resistant Cell Lines

Despite the fact that BCSCs are a very low-represented population within tumors, selection or
enrichment of these cells after chemotherapy treatment can result in a tumor relapse due to their
intrinsic chemoresistance and their tumorigenic ability [52–54]. Here, we aim at the evaluation of
the BCSC population in our sensitive and resistant models by means of two of these techniques,
i.e., mammospheres-forming capacity and ALDH1 activity. The influence of doxorubicin and paclitaxel
treatment was also evaluated.

To determine whether there was an enrichment of this population in our resistant models,
we used the Mammosphere-Forming Assay (MFA; Figure 3A) in 231 parental cell line and in
the chemoresistant derivatives 231DXR and 231PTR (Figure 3B). 231 and 231DXR displayed
similar Mammosphere-Forming Index (MFI), comparable to those of 231 and 231PTR. Likewise,
no morphological differences were found among the three cell models (data not shown). Since one of
the BCSC population characteristics is its inherent chemoresistance [55], we carried out doxorubicin
and paclitaxel treatments in adherent and mammosphere cell culture, in both sensitive and resistant
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cell models. Cell density, chemotherapy drug dosage (concentration that inhibited 30% (IC30) of cell
viability for doxorubicin (70 nM) or paclitaxel (5 nM) at 48 h), and treatment duration were performed
equally in both approaches. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay was carried out in adherent conditions to determine cell viability, whereas, in non-adherent
culture, the Mammosphere-Forming Inhibition (MFIn) was used. The BCSC-enriched population
showed inherent doxorubicin resistance when compared to adherent conditions for both sensitive and
resistant cell lines (Figure 3C). In adherent settings, the inhibition of viability ranged from 89.81% ±
1.65 (231) to 86.7% ± 1.85 (231DXR). Nevertheless, MFIn values exhibited lower inhibition in both cell
lines treated with doxorubicin. Furthermore, in non-adherent culture, a doxorubicin cytotoxic effect
was significantly higher in parental cells (60.66% ± 1.17) compared to the resistant model (51.29% ±
0.58, p < 0.01). Similar results were found with paclitaxel treatment (Figure 3D). The reduction in
viability in adherent condition was significantly higher in sensitive cells (90.47% ± 1.40) compared
with paclitaxel-resistant model (72.61% ± 0.94) with p < 0.001. Additionally, BCSC-enriched population
in mammospheres assay showed paclitaxel intrinsic resistance, with MFIn values of 47.82% ± 3.17
(231) and 31.24% ± 5.59 (231PTR).

We next measured the ALDH1 activity using the ALDEFLUORTM assay. Obtained data revealed a
significant increase of ALDH1 activity in the resistant counterpart 231DXR (26.52% ± 1.81) compared
to parental (10.81% ± 5.74; p < 0.05) (Figure 3E). Interestingly, ALDH-bright (ALDHbr) cells from
both sensitive and resistant cell lines were also increased, with no significance, after 12 and 24 h of
doxorubicin treatment, reaching values of 42.15% ± 10.53 and 38.10% ± 6.71, respectively. 231DXR

cells exhibited a non-significant increase of ALDH1 activity in comparison with 231 cells after 12 h
treatment (36.87% ± 3.56 vs. 17.28% ± 5.68), showing similar levels at 24 h after treatment.
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cell lines. Western blot analysis of FASN, and PARP expression after 12 h or 24 h of (A) doxorubicin
(150 nM) or (B) paclitaxel (30 nM) treatment. FASN levels are normalized by �-actin and expressed as
fold-changes relative to control at each time point. Experiments were performed four times. *(p < 0.05)
and **(p < 0.01) indicate levels of statistically significance.
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Regarding an ALDHbr population in paclitaxel-resistant 231 cell line, no significant differences
were found between sensitive and resistant cell models (Figure 3F). Paclitaxel treatment decreased
ALDHbr population after 24 h of treatment in sensitive cells (p < 0.01), whereas ALDHbr population in
231PTR cells remained similar during treatment.
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Figure 3. Mammosphere-Forming Assay and ALDH activity assay in resistant cells. (A) Representative
image of mammospheres from 231 (parental) cell line at day 5; (B) Mammosphere-Forming Index (MFI)
for 231, 231DXR and 231PTR. Cell viability inhibition and Mammosphere-Forming Inhibition (MFIn)
for (C) doxorubicin (70 nM) in 231 and 231DXR or (D) paclitaxel treatment (5 nM) in 231 and 231PTR

for five days. In the same conditions, ALDH activity quantification (%) for (E) 231DXR and (F) 231PTR

compared to 231. Results are expressed as mean ± SEM. * (p < 0.05), ** (p < 0.01) and *** (p < 0.001)
indicate levels of statistically significance or n.s. when no significance was found.

2.3. Evaluation of EMT in Drug-Resistant TNBC Models

Cell plasticity is a key process in the development of drug resistance [56]. It has been described that
induction of EMT can lead to cell dedifferentiation, acquiring BCSC features such as chemoresistance [11,39].
We wondered if the development of this phenotype was due to EMT process triggered by chemotherapy
treatment. To that purpose, RNA expression of the EMT-related transcription factors snail, slug,
twist, zeb1 and zeb2 was evaluated after doxorubicin or paclitaxel treatment. The basal levels of
snail were 2-fold higher in 231DXR compared to 231 (p < 0.05). When doxorubicin was added,
interestingly, a significant increase of snail was observed in the 231 cell line, while such a strong effect
was not observed in 231DXR (Figure 4A). Vimentin gene expression levels were analyzed since it is
an intermediate filament protein related to the mesenchymal phenotype. After 12 h of doxorubicin
treatment, vimentin expression was significantly increased in both cell lines with a higher growth in
231DXR (Figure 4A).

Concerning paclitaxel resistant cells, slug transcription factor was upregulated in 231PTR

compared with sensitive 231 cells (p < 0.05) but opposite results were observed in vimentin levels at the
same time points (Figure 4B).
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gene expression in 231 and 231DXR cells after 12 h of doxorubicin treatment (150 nM); (B) slug and
vimentin gene expression in 231 and 231PTR after 12 h of paclitaxel treatment (30 nM). Experiments
were performed at least three times. * (p < 0.05), ** (p < 0.01) and *** (p < 0.001) indicate levels of
statistically significance.

2.4. C75, EGCG and Its Derivatives G28, G56, and G37 Effect in BCSC-Enriched Populations

MFIn was performed in 231, 231DXR, and 231PTR cell lines in order to study the impact of FASN
inhibition in the BCSC-enriched population.

Five different FASN inhibitors i.e., C75, EGCG, and its synthetic derivatives G28, G56, and G37 [45],
were used to evaluate their efficacy in reducing mammosphere-forming capability. The concentration
that inhibited 30% (IC30) of cell viability at 48 h was used (Supplementary Figure S2) [34]. Then,
adherent and non-adherent cell cultures were treated with IC30 of each compound (Figure 5).
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Figure 5. Cell viability inhibition vs. Mammposphere-Forming Inhibition (MFIn) for FASN inhibitors
EGCG, C75, G28, G56 and G37. (A) 231, (B) 231DXR, and (C) 231PTR were treated for five days
with C75 (30 µM), EGCG (120 µM), G28 (50 µM), G56 (50 µM), and G37 (50 µM). Experiments were
performed at least three times in duplicate.

No differences were found with C75 treatment in adherent and non-adherent conditions in 231
or both resistant cell models (231DXR and 231PTR), with values ranging from 45.26% ± 2.94 to
21.24% ± 5.18. EGCG cytotoxic effect was significantly diminished in non-adherent settings in all cell
lines. EGCG reduced viability in adherent cells with percentages ranging from 81.54% ± 3.38 (231) to
85.43% ± 0.99 in 231PTR. Instead, MFIn values laid between 25.71% ± 4.42 (231) and 36% ± 14.70 in
231DXR.

G28 displayed a noticeable cytotoxic effect in both adherent and suspension conditions. Although
the reduction in viability ranged from 78.70% ± 2.50 (231) to 72.66% ± 6.76 (231DXR) and 83.50% ±
2.08 (231PTR) in adherent conditions, the same dose of G28 exhibited a significantly cytotoxic effect in
suspension, with values of 98.10% ± 0.72 for 231, 94.70% ± 1.55 for 231DXR and 90.67% ± 1.60 for
231PTR.
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Regarding G56 and G37 compounds, both exhibited a strong effect in adherent conditions in all
cell models. For instance, cells treated with G56 showed a reduction in viability of 88.56% ± 0.57 (231),
79.31% ± 5.18 (231DXR) and 84.66% ± 1.63 (231PTR). As a counterpart, G37 treatment resulted in
similar values, concretely 75.24% ± 5.32 for sensitive 231 cells, 81.33% ± 4.04 for doxorubicin-resistant
cells and 83.07% ± 1.93 for 231PTR cells. On the other hand, both compounds showed lower MFIn
effect, especially G56, which exhibits decreased values of 27.56% ± 7.20 (231), 28.01% ± 3.42 (231DXR),
and 28.47% ± 6.86 (231PTR), similar to those found in EGCG treatment.

3. Discussion

The two major molecular subtypes within TNBCs are the CL and ML. The last one accounts
for 20% of TNBCs (the second in incidence after basal-like in TNBC [9]), and exhibits an enrichment
of the EMT features, showing BCSC properties, and having a poor prognosis [9,57]. Furthermore,
the enrichment of CSC features has been found in tumors that progressed after therapy [52,53]. In the
present study, an ML subtype cell line MDA-MB-231 (231) and its resistant derivatives 231DXR and
231PTR were used to evaluate the BCSC population in chemotherapy resistance acquirement.

BCSCs are a low-represented population within tumors, primary and established cell lines;
therefore, different methodologies have been settled to study the BCSC-enriched population with
these cells in vitro. The 231 cell line is known to form vague mammospheres that can be passaged
for several generations that can be passed on for several generations [58–61]. While no differences
were found regarding the index formation between the three cell lines assayed, significant differences
were observed using this methodology under drug treatment. Both 231DXR and 231PTR showed
increased ability to form mammospheres under drug treatment compared to 231 showing both, drug
resistance and anchorage-independent growth. The ALDEFLUORTM assay indicated that ALDHbr

cell population was significantly increased in the 231DXR cell line, whereas ALDHbr 231PTR cell
percentage remained similar to that in the parental. Interestingly, the number of ALDHbr cells
significantly increased in the parental cell line after doxorubicin treatment. Taken together, these results
suggest that 231DXR cell line shows an increase in BCSC features, and that these features can be
induced after doxorubicin treatment. On the other hand, despite the fact that we did not observe an
obvious enrichment in BCSC characteristics in 231PTR compared to parental cells, the intrinsic BCSC
features of this ML cell line were maintained.

Cell plasticity plays a key role in tumor progression, and the plastic CSC concept defines that
bidirectional conversions between non-CSCs and CSCs may exist. Thus, the activation of the EMT
process may lead to the CSC phenotype [11,38,39]. 231DXR and 231PTR cell lines showed higher
resistance to their respective chemotherapeutic agent in comparison with 231 in adherent or suspension
condition. Additionally, and as expected, doxorubicin and paclitaxel showed more cytotoxic effects in
adherent conditions compared to non-adherent ones. Interestingly, the ALDH1 activity was enhanced
after doxorubicin treatment in both sensitive and resistant 231DXR cell models. This phenotype
is associated with chemoresistance in patients [62]. Remarkably, basal expression of snail, an EMT
inducer directly associated with tumor development and relapse [63–65], significantly increased in
231DXR compared to sensitive cells. Regarding paclitaxel resistance, no differences were observed in
the ALDHbr population. The EMT-related transcription factor slug, linked to cancer progression and
BCSC activity [66], was upregulated in 231PTR cells compared to 231 cell model with no changes in
vimentin levels.

Although doxorubicin counts with undeniable advantages as an antitumor drug, it has been
shown to promote stemness in murine cell lines [67–69]. Recent evidence showed that doxorubicin
treatment increased stem cell-related signaling pathways, explaining the inherent chemoresistance of
MDA-MB-231 (compared to another ML cell line, Hs578T) [70]. Previous studies showed the ability
of paclitaxel to increase the BCSC subpopulation in 231 TNBC cell lines [71]; however, non-obvious
enrichment was observed in our hands, but a maintenance of the intrinsic stem features of this
ML subtype.
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FASN overexpression confers many advantages to tumor cells such as the ability to preserve a
high proliferation rate, and it also plays a key role in drug resistance acquisition [32,47,49]. We have
proven that FASN inhibition overcame doxorubicin resistance in chemoresistant cell lines [34], and
FASN protein levels significantly increased in the 231DXR cell model when treated with doxorubicin.
It has been previously described in breast cancer that FASN protein levels increase as a mechanism to
become resistant [72]. Gonzalez-Guerrico and coworkers showed that the inhibition of FASN led to
the conversion of the ML phenotype to a non-malignant one by downregulating EMT markers in a
breast cancer model [73]. Additionally, the FASN inhibitor metformin blocked lipogenesis, leading to
a switch from basal- to luminal-like sphere morphologies [73]. Likewise, resveratrol, another FASN
inhibitor, precluded the growth of the CSC population both in vitro and in vivo using a breast cancer
xenograft model [74]. FASN expression has also been shown to be important in stemness preservation
in glioma [75]. In this work, we evaluated the effect of the inhibition of FASN in an CSC population
through the ability to hinder mammosphere-formation capacity compared to the cytotoxic effect
in adherent culture. No differences were found using C75 in adherent or suspension conditions.
G28 displayed a noticeably better inhibitory effect in non-adherent conditions in both sensitive and
resistant cell lines. Interestingly, this outcome was not found when using any of the chemotherapeutical
agents (doxorubicin or paclitaxel). These results set up the basis for further investigation using FASN
inhibitors in combination with chemotherapy to target BCSCs as well as the bulk of the tumor to
improve the outcome of patients with TNBC.

In conclusion, the results presented in this work suggest that chemoresistance of 231DXR and
231PTR (ML cell models) is not only a static drug-selected state, but also an acquired reversible
phenotype that can be triggered during treatment. 231DXR presented a larger BCSC population
compared to the doxorubicin sensitive 231 cell line, which was also enhanced with the presence of the
chemotherapeutical agent. This might be explained by the activation of EMT induced through snail.
Despite the preliminary nature of the obtained results, they provide a rationale to suppress FASN as a
potential strategy for a highly proliferative neoplasia such as TNBC.

4. Materials and Methods

4.1. Cell Culture and Development of Doxorubicin- and Paclitaxel-Resistant TNBC Cells

MDA-MB-231 cell line was obtained from the American Type Culture Collection (ATCC) and
was routinely grown in DMEM (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with 10% FBS (HyClone Laboratories, GE Healthcare, Chicago, IL, USA), 1% L-glutamine (Gibco),
and 1% sodium pyruvate (Gibco), 50 U/mL Pen/Strep (Linus). Cells were kept at 37 �C and 5%
CO2 atmosphere. Doxorubicin-resistant cells MDA-MB-231 (231DXR) and paclitaxel-resistant cells
(231PTR) were developed using a stepwise selection method. Increasing doses of doxorubicin
(TEDEC-Meiji Farma, Alcalá de Henares, Spain) and paclitaxel (Accord Healthcare Ltd., Thaltej,
India) were added until their corresponding IC50 was reached. Briefly, cells were initially treated with
a concentration of 0.1xIC50 of each drug. After 48 h, treatment medium was replaced for fresh medium.
When the cells were capable of growing and reached appropriate confluence, they were treated
with double the previous concentration for 48 h. The stepwise selection method was subsequently
performed until the final concentration of drug was that of the parental IC50. It took around six months
for each cell line. Resistance was confirmed by cell viability assay.

4.2. Western Blot Analysis of Cell Lysates

Cell lines were treated during 12 or 24 h with half the concentration of doxorubicin that inhibited
50% (0.5xIC50) of the MDA-MB-231 parental cells’ viability previously determined with MTT assay
after 48 h [34]. A final concentration of 3xIC50 of paclitaxel was used (Supplementary Figure S1).
After treatment, parental and resistant TNBC cells were lysed in ice-cold lysis buffer (Cell Signaling
Technology Inc., Danvers, MA, USA) with 100 µg/mL phenylmethylsulfonyl fluoride (PMSF) by
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vortexing every 5 min for 30 min. Equal amounts of protein were heated in an lithium dodecyl
sulfate (LDS) Sample Buffer with Sample Reducing Agent (Invitrogen, Carlsbad, CA, USA) for
10 min at 70 �C, electrophoresed on SDS-polyacrylamide gel (SDS-PAGE), and transferred onto
nitrocellulose membranes. Blots were incubated for 1 h in blocking buffer (5% powdered-skim milk in
Phosphate-buffered saline 0.05% Tween (PBS-T)) and incubated overnight at 4 �C with the appropriate
antibodies diluted in blocking buffer (Table 1). Specific horseradish peroxidase (HRP)-conjugated
secondary antibodies were incubated for 1 h at room temperature. The immune complexes were
detected using a chemiluminescent HPR substrate (Super Signal West Femto (Thermo Scientific Inc.)
or Immobilon Western (Merck Millipore, Burlington, MA, USA)). �-actin (Santa Cruz Biotechnology
Inc., Dallas, TX, USA) was used as a control of protein loading. Western blot analyses were repeated at
least four times and representative results are shown. Quantification analyses of Western blot data
were performed using a computer-assisted densitometer. The results are expressed as ratio of protein
levels vs. �-actin levels.

Table 1. Antibody description.

Antibody Reference Supplier Dilution Source

FASN ADI-905-069-100 EnzoLife Sciences 1:1500 rabbit

PARP 9542 Cell Signaling Technology 1:1000 rabbit

�-actin Sc-47778 Santa Cruz Inc. 1:1000 mouse

4.3. Cell Viability Assays

To elucidate inhibitory effects of chemotherapy drugs and FASN inhibitors, 231 and resistant
counterparts were seeded in 96-well microplates at a cell density of 4 ⇥ 103 cells/well in their
corresponding growth medium. After 24 h, culture medium was removed and 100 µL of fresh
medium with increasing doses of paclitaxel, or FASN inhibitors (EGCG (Sigma-Aldrich, St. Louis, MO,
USA; dissolved in PBS 5% DMSO), C75 (Sigma), EGCG-derivatives G28, G56 or G37 (dissolved in
DMSO)) were added to each well. The synthesis of FASN inhibitors G28, G56, and G37 was performed
as previously described [45]. Following 48 h treatment, a colorimetric MTT assay was used to measure
cell viability as previously described [27]. Graph plots were performed in order to elucidate paclitaxel
resistance and inhibitory concentrations.

On the other hand, cell viability inhibition experiments were performed seeding 5000 cells in
adherent 6-well cell culture microplates with DMEM. Cells were incubated for 24 h to allow cell
attachment and then chemotherapy drugs (doxorubicin or paclitaxel) or FASN inhibitors were added
at a unique specific concentration (IC30 of parental cells calculated at 48 h) for five days. Finally, cell
viability was also measured using a colorimetric MTT assay.

4.4. Mammosphere-Forming Assay

The mammosphere-forming procedure was used to evaluate an CSC population, following
previously described protocols [55,56]. After cell detachment, 2000 cells were seeded into a non-adherent
6-well cell culture microplate. Cells were cultured with DMEM/F12 medium supplemented with
B27, hEGF and hFGF (20 ng/mL), 1% L-glutamine, and 1% sodium pyruvate. Microplates were
incubated for 5 days and mammospheres bigger than 50 µm were counted using an inverted optical
microscope. Different parameters were calculated using the formulas described above: (A) the
Mammosphere-Forming Index (MFI) and (B) Mammosphere-Forming Inhibition (MFIn). For MFIn
analysis, compounds were added at the moment of seeding. An IC30 of chemotherapy drugs and
FASN inhibitors calculated at 48 h on MDA-MB-231 parental cells was used.
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4.5. Quantitative Real-Time PCR Analysis

Cells were treated with a concentration of doxorubicin or paclitaxel equal to the 0.5xIC50 and
3xIC50, respectively, obtained after 48 h of treatment. After 12 or 24 h treatment, cells were washed
with PBS, and then Qiazol (Qiagen, Hilden, Germany) was added. RNeasy mini kit (Qiagen) was
used to isolate total RNA according to manufacturer instructions. RNA was reverse-transcribed into
complementary DNA (cDNA) using High Capacity cDNA Archive Kit (Applied Biosystems, Foster
City, CA, USA). Different gene expression levels were determined using LightCycler® 480 Real-time
PCR System (Roche, Basel, Switzerland) with LightCycler® 480 SYBR Green I Master (Roche), following
manufacturer instructions. Primers used are shown in Table 2. RT-PCR analyses were performed at
least three times and each gene was run in triplicate. Gene expression levels were quantified using the
standard formula 2ˆDCT and normalized to the housekeeping gene �-actin (2ˆDDCT).

Table 2. Primer design.

FASN
Forward CAGGCACACACGATGGAC

Reverse CGGAGTGAATCTGGGTTGAT

Snail
Forward GCTGCAGGACTCTAATCCAGA

Reverse ATCTCCGGAGGTGGGATG

Vimentin
Forward TGGTCTAACGGTTTCCCCTA

Reverse GACCTCGGAGCGAGAGTG

�-actin
Forward ATTGGCAATGAGCGGTTC

Reverse CGTGGATGCCACAGGACT

4.6. Aldefluor Assay

AldefluorTM kit (STEMCELL Technologies) was used to determine ALDH enzyme activity,
following company guidelines. Briefly, ALDH reagent (BAAA) freely diffuses into viable cells and
ALDH enzyme catalyzes its conversion to BAA, which is negatively charged and retained into cells.
Intracellular BAA increases fluorescence which can be analyzed through flow cytometry. As seen before
for 12 and 24 h treatments, 0.5xIC50 and 3xIC50 (calculate at 48 h on parental cells) for doxorubicin
and paclitaxel, respectively, were used. After treatment, cells were detached and 2 ⇥ 105 cells per
sample were collected. After washing with PBS, 500 µL of the kit buffer was added to each condition.
Afterwards, 2.5 µL of the ALDH reagent was added and 250 µL of the suspension was immediately
transferred to a new Eppendorf with 2.5 µL of the ALDH inhibitor N,N-diethylaminobenzaldehyde
(DEAB), in order to consider background fluorescence (Supplementary Figure S3). All samples were
incubated at 37 �C for 40 min. Cells were then centrifuged and washed and samples were prepared to
be analyzed through cytometry (FACSCalibur II, BD Bioscience). Images were obtained with FlowJo
software (Flow Jo LLC, Ashland, OR, USA.

5. Conclusions

The study of the BCSC-enriched population in an ML TNBC cell line (MDA-MB-231) and its
doxorubicin-resistant derivative (231DXR) showed increased BCSC features in both sensitive and
resistant cell models after chemotherapy treatment. We have previously recognized FASN as a possible
co-target to resensitize chemoresistant cells to doxorubicin [34]. Moreover, its implication in drug
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resistance acquisition in breast cancer has already been identified [72]. Results derived from the present
paper showed that the newly developed FASN inhibitor EGCG-derived G28 had a strong inhibitory
effect on the mammosphere-formation capacity (a stem feature) in sensitive and both drug-resistant
models, 231DXR and 231PTR. However, these outcomes are still in initial states and more approaches
should be performed. According to recent published research, FASN would not only play an important
role in a highly proliferative neoplasia such as TNBC, but also in drug resistance acquisition and in
sustaining malignancy in cancer [73–75], being a promising (co)target for patients with TNBC that
progress to current treatments.
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plots for 231 and 231DXR after doxorubicin treatment.
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Abstract 
 

In a previous chapter, the suitability of ES PCL scaffolds for 3D culture and stemness 

expansion has been confirmed using a reference breast cancer cell model. 

Moreover, preceding section has explored the potential of FASN as a target for 

BCSC-enriched TNBC samples. 

 

Chapter 6 aims to use ES PCL scaffolds as a tool to enrich the BCSC niche of TNBC 

cell models. Hence, this malignant subpopulation can be properly studied, as well 

as the role of some underlying elements such as FASN. Therefore, previously 

optimized ES PCL scaffolds were manufactured and characterized through 

scanning electron microscopy (SEM), differential scanning calorimetry (DSC), 

thermal gravimetric analysis (TGA), and dynamic mechanic analysis (DMA). The 

TNBC cell lines MDA-MB-231 (mesenchymal-like molecular subtype) and MDA-MB-

468 (basal-like) were used in this work with the aim to have the whole molecular 

representation of the TNBC disease. Both cell lines were cultured on scaffolds and 

cell morphology and proliferation kinetics were examined along time, by 

fluorescence microscopy and MTT assay, respectively. To quantify BCSC 

subpopulation in monolayer and scaffold culture several assays were performed, 

including mammospheres, ALDH, CD44+/CD24-/low, and chemoresistance. RT-PCR 

and Western blot techniques were used to assess the expression of stemness- and 

EMT-related markers altogether with proteins involved in the main cell signaling 

pathways. Lastly, FASN expression was determined in 2D and 3D cultures using a 

radioactivity assay. To determine the impact of FASN blockade in BCSC-enriched 

samples, the inhibitors EGCG and G28 were added before performing a 

mammosphere forming assay. 

 

Results showed that ES PCL scaffolds offered a soft physical support formed by a 

network of nanofilaments. When cultured on scaffolds, TNBC cells displayed a 

more elongated cytoplasm, which was accompanied by a slower cell proliferation 
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kinetics. Interestingly, several BCSC markers were found to be upregulated in 

scaffolds, confirming a BCSC expansion due to 3D culture. Other than that, scaffold-

cultured cells display a shift from MAPK to PI3K/AKT/mTOR signaling pathways, 

alongside an enhanced EGFR and HER2 activation. Ultimately, FASN was found 

hyperactivated in BCSC-enriched samples and its pharmacological inhibition led to 

stemness diminishment, overcoming the stemness expansion achieved in 3D 

culture. 
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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Two-dimensional (2D) cell culture structures are demonstrated to differ from the in vivo environment. Therefore, cells adopt a 
flattened morphology that may lead to a non-physiological behaviour. For instance, 2D culture induces the differentiation of the 
cancer stem cells (CSCs), a tumorigenic cell niche whose study is crucial in tumors with a high relapse rate such as the triple 
negative breast cancer (TNBC). As an alternative, electrospun scaffolds which mimic the native extracellular matrix structure 
have emerged as a three-dimensional culture support. In this work, two different meshes of 7.5 and 15% of poly(ε-
caprolactone) (PCL) were fabricated, differentiating in their microstructure. Scaffolds exhibited similar DSC and TGA 
curves compared with raw PCL, indicating their purity. TNBC MDA-MB-468 cells were seeded on scaffolds and adopted a 
more elongated morphology when cultured on 15% PCL meshes. Hence, electrospinning PCL scaffolds may become a 
suitable tool to culture TNBC cells in a more physiological manner.  
 
© 2020 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 
Peer-review under responsibility of the scientific committee of the CIRP BioManufacturing Conference 2019 

 Keywords: polycaprolactone; scaffolds; electrospinning; three-dimensional cell culture; triple negative breast cancer 

 
1. Introduction 

Since some decades ago, disposable polystyrene vessels 
have been used for cell culture applications due to their 
practicability [1]. These flat plastic supports enable the 
foundation of a two-dimensional (2D) cell culture which 
represents an easy and cheap way to maintain cell division. 
However, 2D surfaces are clearly in conflict with the 
physiological surrounding that cells found in the organism. 
Inside the body, cells are naturally embedded by a three-
dimensional (3D) network constituted by fibrous proteins and 
molecules known as extracellular matrix (ECM) [2]. Actually, 
the most abundant element is the collagen, a structural protein 
which is set up in the form of nanofilaments [3]. In this 
manner, ECM offers a physical support for cells to attach and 
grow, apart from its role in cell regulation [2], [4]. Cells tend 

to adopt an elongated pattern in in vivo conditions as they are 
able to attach different filaments as well as adjacent cells. 
Nevertheless, in 2D surfaces cells can only proliferate 
forming a monolayer and they normally adopt a flattened 
morphology. Cell flatness directly modifies the membrane 
receptor polarity as well as the cytoskeleton organization, 
affecting the gene expression and protein synthesis [5]. 

 
As an alternative, research has been focused on the 

development of 3D supports for cell culture purposes, 
including scaffolds among others. Scaffolds consist on a 
network of biopolymeric filaments, mimicking the EMC 
structure [6]. Therefore, they provide a physical structure 
which enable cells to adopt a more in vivo morphology. Lastly, 
electrospinning process has gained importance in the scaffolds 
manufacturing field. The main reasons are its potential 
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1. Introduction 

Since some decades ago, disposable polystyrene vessels 
have been used for cell culture applications due to their 
practicability [1]. These flat plastic supports enable the 
foundation of a two-dimensional (2D) cell culture which 
represents an easy and cheap way to maintain cell division. 
However, 2D surfaces are clearly in conflict with the 
physiological surrounding that cells found in the organism. 
Inside the body, cells are naturally embedded by a three-
dimensional (3D) network constituted by fibrous proteins and 
molecules known as extracellular matrix (ECM) [2]. Actually, 
the most abundant element is the collagen, a structural protein 
which is set up in the form of nanofilaments [3]. In this 
manner, ECM offers a physical support for cells to attach and 
grow, apart from its role in cell regulation [2], [4]. Cells tend 

to adopt an elongated pattern in in vivo conditions as they are 
able to attach different filaments as well as adjacent cells. 
Nevertheless, in 2D surfaces cells can only proliferate 
forming a monolayer and they normally adopt a flattened 
morphology. Cell flatness directly modifies the membrane 
receptor polarity as well as the cytoskeleton organization, 
affecting the gene expression and protein synthesis [5]. 

 
As an alternative, research has been focused on the 

development of 3D supports for cell culture purposes, 
including scaffolds among others. Scaffolds consist on a 
network of biopolymeric filaments, mimicking the EMC 
structure [6]. Therefore, they provide a physical structure 
which enable cells to adopt a more in vivo morphology. Lastly, 
electrospinning process has gained importance in the scaffolds 
manufacturing field. The main reasons are its potential 
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regarding the fabrication of small diameters fibers and its 
customizability [7], [8]. A wide range of polymers can be 
electrospun to manufacture fibrous meshes, including the 
poly(ε-caprolactone) (PCL), an FDA approved polyester 
characterized by its viscoelastic and rheological properties [9]. 

Cancer research field is taking advantage of the 
development of 3D structures for cell culture applications. It 
is demonstrated that cancer cells cultured on 3D structures 
including scaffolds exhibited a more elongated shape in 
discordance with monolayer cultured cells [10], [11]. The 
closeness of 3D-cultured cells morphology to the in vivo one 
makes scaffolds an ideal alternative to study physiological 
cell behavior. For instance, scaffolds were proved to maintain 
the differentiation state of cancer cells [10], [12]. Since some 
decades ago, cancers have been studied as a heterogeneous 
mixture of different cell types: normal cancer cells and a rare 
subpopulation of cancer stem cells (CSCs) [13]. CSCs display 
a key role in cancer development and tumor relapse [14], [15]. 
Lately, 3D culture supports are used to maintain stemness 
capacity since monolayer culture induces CSCs differentiation 
[10], [11], [16], [17]. 

The main goal of this work is to assess scaffolds 
potential for three-dimensional breast cancer cell culture 
applications. For this reason, two different PCL solutions 
were electrospun since polymer concentration is proved to 
exert a strong influence on scaffolds structure [8], [18]. 
Produced meshes were characterized and seeded with a 
triple negative breast cancer (TNBC) cell line considering 
that this subtype display the highest proportion of cancer 
recurrence with a value of 34% [19],  an issue directly 
related to CSCs presence. Cell proliferation and 
morphology were determined on monolayer culture and 3D 
scaffolds. Obtained results suggest the suitability of 
electrospun PCL meshes as a novel tool for 3D breast 
cancer cell culture. Further studies must be focused on 
CSC population experimentation with the aim of 
developing a novel targeted therapy against this malignant 
niche, useful for TNBC patients. 

2. Materials and Methods 

2.1. Scaffolds manufacture 

Poly(ε-caprolactone) (PCL; 80,000 g/mol; Sigma-Aldrich, 
St. Louis, MO, USA) was dissolved in acetone (PanReac 
AppliChem, Gatersleben, Germany). Two different solutions 
of 7.5 and 15% w/v PCL were produced under 45ºC and 
agitation. Scaffolds were manufactured with an 
electrospinning machine (Spraybase, Dublin, Ireland) and an 
18 G needle emitter (inner diameter of 0.8 mm) located 15 cm 
above the stationary collector. A voltage of 7 kV was applied 
and the flow rate was determined at 6 mL/h by the Syringe 
Pump Pro software (New Era Pump Systems, Farmingdale, 
NY, USA). Electrospinning process was finished when 10 or 
5 mL of PCL-acetone solution were ejected, for 7.5 and 15% 
PCL concentrations, respectively. Once electrospinning 
process was finished, resulting scaffolds were cut into squares 
with a scalpel. 

2.2. Scanning Electron Microscopy (SEM) analysis 

Microscopic architecture of both scaffolds models was 
observed through scanning electron microscopy (SEM; Zeiss, 
Oberkochen, Germany) after carbon coating. Captured images 
were analyzed with Image J software (National Institutes of 
Health, Bethesda, MD, USA). 

2.3. Differential Scanning Calorimetry (DSC) analysis 

Differential scanning calorimetry (DSC; TA Instruments 
Q2000 V24.4, Newcastle, DE, USA) was carried out on 
commercial PCL pellets (as received) and on scaffolds from 
7.5 and 15% PCL solution. About 5 mg of each sample were 
placed in aluminum pans. Experiments were conducted from 
30ºC to 100ºC at a rate of 10ºC/min. To prevent oxidative 
degradation, analyses were performed in nitrogen with a flow 
rate of 50 mL/min. 

2.4. Thermal Gravimetric Analysis (TGA) 

The thermal degradation of samples was studied through a 
Thermal Gravimetric Analysis (TGA) using a Mettler Toledo 
TGA 1 (Columbus, OH, USA). Around 10 mg of non-
processed PCL and scaffolds from 7.5 and 15% PCL solution 
were analyzed. Measurements were performed with a 
temperature ranging from 30ºC to 700ºC with a ratio of 
10ºC/min. 

2.5. Cell line 

MDA-MB-468 triple negative breast cancer cell line was 
obtained from the American Type Culture Collection (ATCC; 
Rockville, MD, USA). MDA-MB-468 cells were routinely 
grown in Dulbecco’s Modified Eagle’s Medium (DMEM; 
Gibco, Waltham, MA, USA) supplemented with 10% fetal 
bovine serum, 1% L-glutamine, 1% sodium pyruvate, 50 
U/mL penicillin, and 50 µg/mL streptomycin (HyClone, 
Logan, UT, USA). Cells were maintained in a 5% CO2 
humidified incubator at 37ºC and culture medium was 
changed every 3 days. 

2.6. Three-dimensional cell culture 

Electrospun meshes were first sterilized with 70% 
ethanol/water solution overnight, washed with PBS (Gibco) 
and exposed to UV light for 30 min. Then, scaffolds were 
placed in a 12-well non-adherent cell culture microplate 
(Sartstedt, Nümbrecht, Germany). Cell suspension was 
prepared in a volume of 50 µL and pipetted onto the scaffold 
center. After an incubation period of 3 hours, 1 mL of 
medium per well was added. Two-dimensional controls were 
also performed. For cell proliferation assay, 2 500 cells/well 
were seeded. In contrast, for cell morphology analysis, the 
following cell densities were performed (see Table 1). Thus, 
similar cell confluence was reached among different cell 
culture supports and culture days. 
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Table 1. Cell densities performed for cell morphology analysis. 

  Cell culture support 
  2D 3D 

Cell culture days 
3 days 60 000 60 000 
6 days 20 000 30 000 
12 days 4 000 6 000 

2.7. Cell proliferation assay 

The MTT assay was used to test cell proliferation on the 
different cell culture supports. After the culture period, 
medium was removed and scaffolds were put into new wells. 
They were incubated with 1 mL of medium and 100 µL of 
MTT (Sigma-Aldrich) for 2 h and 30 min. Resulting formazan 
crystals were dissolved with 1 mL of dimethyl sulfoxide 
(DMSO; Sigma-Aldrich). Four aliquots of 100 µL from each 
sample were transferred into a 96-well plated and placed into 
a microplate reader (Bio-Rad, Hercules, CA, USA). 
Monolayer culture samples were equally processed and 
absorbance was measured at 570 nm. 

2.8. Cell morphology analysis 

MDA-MB-468 cells were seeded on adherent coverslips 
(Sarstedt) and 7.5% and 15% PCL scaffolds. After incubation, 
cells were washed with PBS and fixed with 4% 
paraformaldehyde (PFA; Sigma-Aldrich) for 20 min. Then, 
samples were washed and incubated with 0.2% Triton X-100 
(Sigma-Aldrich) for 10 min to permeabilize the cells. 
Blocking buffer (PBS with 3% bovine serum albumin [BSA; 
Sigma-Aldrich]) was added for 20 min. Later, cells were 
incubated for 20 min with rhodamine-phalloidin 
(Cytoskeleton Inc., Denver, CO, USA) (1:250) to stain actin 
cytoskeleton and then with 4,6-diamidino-2-phenylindole 
(DAPI; BD Pharmingen, Franklin Lakes, NJ, USA) (1:1000) 
for 10 min to stain nuclei. All incubations were performed at 
room temperature. Fluorescent samples were imaged with a 
confocal microscope (Nikon A1R, Nikon, Tokyo, Japan). 
Camera settings (illumination intensity, quality, resolution 
and colour) were standardized for all photographs. 
Rhodamine-phalloidin and DAPI, for red and blue 
fluorescence respectively, were captured and merged with 
Image J software (National Institutes of Health). This 
software was also used to determine nuclear and cytoplasmic 
elongation factors. Briefly, five cells of ten different pictures 
were randomly selected and their length and width of the 
nucleus and cytoplasm were measured. Finally, the following 
formula was used: 

 
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁/𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁 𝐸𝐸𝑁𝑁𝐶𝐶𝐸𝐸𝐸𝐸𝑁𝑁𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸 𝐹𝐹𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁 = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ 𝑙𝑙𝑛𝑛𝑛𝑛𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛/𝑛𝑛𝑐𝑐𝑙𝑙𝑐𝑐𝑐𝑐𝑙𝑙𝑐𝑐𝑛𝑛𝑐𝑐𝑐𝑐

𝑤𝑤𝑤𝑤𝑤𝑤𝑙𝑙ℎ 𝑙𝑙𝑛𝑛𝑛𝑛𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛/𝑛𝑛𝑐𝑐𝑙𝑙𝑐𝑐𝑐𝑐𝑙𝑙𝑐𝑐𝑛𝑛𝑐𝑐𝑐𝑐
  

2.9. Statistics analysis 

All data are expressed as mean ± standard error (SE). Data 
were analyzed using IBM SPSS (Version 21.0; SPSS Inc., 
Chicago, IL, USA) through ANOVA and post hoc tests. 
Statistical significant levels were p < 0.05 (denoted as *), p < 

0.01 (**) and p < 0.001 (***). All observations were 
confirmed by at least three independent experiments. 

3. Results and discussion 

3.1. Electrospun PCL scaffolds characterization 

Once scaffolds were produced, they were characterized 
through several approaches. Meshes from 7.5 and 15% PCL-
acetone solution were observed under a scanning electron 
microscopy (Fig. 1). 

 
Fig. 1. Microscopic characterization of 7.5 (a and b) and 15% PCL (c and d) 
electrospun scaffolds. Specimens were imaged at 500 X (a and c) and 15000 

X magnifications (b and d). 
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As previously described, both models exhibited similar 
surface porosity whereas 15% PCL specimens showed larger 
pores compared with 7.5% PCL scaffolds [11]. A previous 
study determined the fiber diameter of the different specimens, 
with an average value of 295.12 ± 148.45 nm and 701.13 ± 
401.89 nm for 7.5 and 15% PCL scaffolds, respectively [11]. 
Interestingly, meshes from 7.5% PCL solution presented 
spherical structures made by non-filamentous polymer, apart 
from the nanofibers (Fig. 1A). These formations, called beads, 
are related with low polymer concentrations [20].  

A Differential Scanning Calorimetry (DSC) analysis was 
later performed with the electrospun scaffolds in order to 
study their thermal behavior (see Fig. 2.).  

 

 

 
Fig. 2. DSC curves of PCL pellets (a) and 3D scaffolds from 7.5% (b) and 

15% PCL solution (c). 
 
The plots presented the typical DSC curves of a partially 

crystalline polymer with no impurities. The endothermic peak 
indicates the melting temperature, which displayed no 
differences among samples ranging from 59.61 to 59.79 ºC. 
According to the obtained results, the melting temperature of 
pure PCL was reported to be around 60ºC [21], [22]. These 
facts indicated the absence of impurities and, therefore, that 
manufacturing process did not affect the integrity of the 

biopolymer. The onset melting temperature of raw PCL 
pellets was 53.23ºC whereas both scaffold models displayed 
slightly higher values between 55.05 and 55.60 ºC. Non-
processed PCL exhibited a melting enthalpy of 71.90 J/g. 
Manufactured PCL scaffolds displayed moderately greater 
values of 76.95 and 73.54 J/g for 7.5 and 15% PCL meshes 
respectively, in agreement with previous analyses [23].  

Then, thermal degradation of samples was studied through 
a Thermal Gravimetric Analysis (TGA). TGA curves of non-
processed PCL pellet and electrospun 7.5 and 15% PCL 
scaffolds are presented in Fig. 3. All specimens exhibited a 
single step curve, indicating a stable degradation in a simple 
process. No differences were observed among pristine PCL 
and manufactured PCL scaffolds since their TGA curves 
appeared overlapped (Fig.  3). Moreover, degradation process 
of raw PCL and PCL meshes started around 350ºC, as 
reported by the literature [24], [25]. These data support the 
hypothesis that electrospinning manufacturing process did not 
affect the integrity of PCL on resulting scaffolds and no 
impurities were detected. 

 
Fig. 3. TGA thermographs of PCL pellets and 3D scaffolds from 7.5% and 

15% PCL solution. 
 

Fig. 4. Cell proliferation analysis for MDA-MB-468 triple negative breast 
cancer cells cultured on two-dimensional surfaces (2D) and on 7.5% and 15% 
PCL scaffolds (3D). (*), (#), and ($) symbols represent significant (p < 0.05) 

differences among groups. 

3.2. Breast cancer cell proliferation 

Electrospun PCL scaffolds could become a suitable 
physical support for 3D cell culture. Indeed, scaffold 

a) 
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microarchitecture exert a high influence on cell adhesion and 
growth [11], [26], [27]. For this reason, adherent 2D surfaces 
and 7.5 and 15% PCL meshes were seeded with MDA-MB-
468 breast cancer cells in order to evaluate cell efficiency (Fig. 
4). Differences among cell culture models were found from 8 
days of culture, when cell growth rate on 2D control and 15% 
PCL scaffolds adopted higher values compared to 7.5% PCL 
samples. Meshes from 7.5% PCL displayed the significantly 
lowest cell proliferation rate with almost a linear trend. In 
contrast, 15% PCL model served as the optimal support, with 
high absorbance values close to the monolayer ones. 

3.3. Breast cancer cell morphology 

Three-dimensional scaffolds provide a physical support 
which mimics the extracellular matrix structure. Therefore, 
cells can establish interactions with adjacent cells and with 
polymeric filaments, adopting a more in vivo morphology. For 
this reason, MDA-MB-468 cells morphology among different 
culture supports was studied through fluorescence microscopy 
during 3, 6 and 12 culture days. As can be seen in Fig. 5, 
MDA-MB-468 cells seeded on 2D surfaces exhibited a 
rounded shape since their cytoplasm remained flattened. Cells 
on 7.5% PCL scaffolds displayed a morphology similar to the 
aforementioned, with a globular appearance. In contrast, a  
fraction of cells cultured on 15% PCL meshes showed a 
higher number of cytoplasmic prolongations, adopting as a 
result a more elongated shape compared with the other culture 
supports. Regarding nuclear appearance, no qualitative 
differences were observed among conditions.  

 

 
Fig. 5. Fluorescence images of MDA-MB-468 cells cultured during 3 (a-c), 6 

(d-f), and 12 days (g-i). Cells were cultured on two-dimensional (2D) 
adherent coverslips (a, d, and g), or on three-dimensional scaffolds from 7.5% 

PCL solution (b, e, and h) and 15% PCL solution (c, f, and i). Actin 
cytoskeleton was stained with rhodamine-phalloidin (red) and nucleus was 

stained with 4,6-diamidino-2-phenylindole (DAPI; blue). Pictures were 
captured at a magnification of 400X. 

 
 

In order to analyze possible quantitative differences 
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factor were calculated (Fig. 6). As previously seen, no 
differences were observed on nuclear elongation. However, 
statistically significant differences were detected on 
cytoplasmic elongation analysis in agreement with previous 
observations. MDA-MB-468 cells when cultured on 15% 
PCL scaffolds adopted a more elongated cytoplasm along 
time in dealing with the other conditions (Fig. 6B). 
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4. Conclusion 

In this work, electrospun PCL scaffolds are presented as an 
alternative to monolayer culture regarding CSCs study. 
Presented data verify the capability of electrospinning as a 
scaffolds manufacturing process for cell culture applications. 
DSC and TGA curves of scaffolds almost overlap raw PCL 
data, indicating the absence of material modification neither 
contamination. Meshes from 7.5% PCL solution exhibited 
smaller fiber diameters and the presence of beads. In contrast, 
15% PCL scaffolds exhibited greater filament diameters and 
beads absence. These discrepancies were reflected on cell 
proliferation analysis. MDA-MB-468 cells presented a higher 
cell growth rate when cultured on 15% PCL meshes compared 
with the 7.5% PCL model, as well as a strongest cytoplasmic 
elongation. Taking all into account, electrospun PCL scaffolds 
were able to accommodate TNBC cells culture. Therefore, 
cancer research could take benefit from 3D scaffolds for 
culture and stemness studies. 
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Abstract: In vitro cell culture is traditionally performed within two-dimensional (2D) environments,
providing a quick and cheap way to study cell properties in a laboratory. However, 2D systems
differ from the in vivo environment and may not mimic the physiological cell behavior realistically.
For instance, 2D culture models are thought to induce cancer stem cells (CSCs) differentiation,
a rare cancer cell subpopulation responsible for tumor initiation and relapse. This fact hinders the
development of therapeutic strategies for tumors with a high relapse percentage, such as triple
negative breast cancer (TNBC). Thus, three-dimensional (3D) scaffolds have emerged as an attractive
alternative to monolayer culture, simulating the extracellular matrix structure and maintaining the
differentiation state of cells. In this work, scaffolds were fabricated through electrospinning different
poly("-caprolactone)-acetone solutions. Poly("-caprolactone) (PCL) meshes were seeded with triple
negative breast cancer (TNBC) cells and 15% PCL scaffolds displayed significantly (p < 0.05) higher
cell proliferation and elongation than the other culture systems. Moreover, cells cultured on PCL
scaffolds exhibited higher mammosphere forming capacity and aldehyde dehydrogenase activity than
2D-cultured cells, indicating a breast CSCs enrichment. These results prove the powerful capability
of electrospinning technology in terms of poly("-caprolactone) nanofibers fabrication. In addition,
this study has demonstrated that electrospun 15% PCL scaffolds are suitable tools to culture breast
cancer cells in a more physiological way and to expand the niche of breast CSCs. In conclusion,
three-dimensional cell culture using PCL scaffolds could be useful to study cancer stem cell behavior
and may also trigger the development of new specific targets against such malignant subpopulation.

Keywords: poly("-caprolactone); electrospinning; scaffolds; three-dimensional cell culture; triple
negative breast cancer; breast cancer stem cells; mammospheres; aldehyde dehydrogenase

1. Introduction

Presently, in vitro cell culture represents a crucial tool to study cell behavior outside the organism.
Most cell cultures are performed with a two-dimensional (2D) environment providing cheap and
easy cell maintenance. A flat plastic surface is treated, obtaining adherent features to enable cell
adhesion and proliferation. Therefore, these cells can only grow forming a monolayer, establishing
interactions with surface and contiguous cells. Cells adopt a flattened morphology, which results in a
modified membrane receptor polarity and cytoskeleton architecture. Different studies demonstrated
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that cell shape variations interfere with gene expression and protein synthesis regulation [1,2].
Consequently, the 2D cell culture model described differs from the physiological environment of
living organisms. Body cells are embedded in the extracellular matrix (ECM), a three-dimensional (3D)
complex constituted by fibrous proteins and molecules. This network structure provides a physical
support for cell growth as well as playing a major role in cell regulation [3,4]. Cells can establish
connections with their adjacent counterparts and with ECM fibrous mesh, thereby tending to adopt
a more elongated morphology. This clear 3D physiological architecture contrasts with the lack of
structure of two-dimensional cell culture. Hence, conclusions from in vitro monolayer cell culture
experiments could be not applicable in terms of in vivo cell behavior, empowering the requirement of
3D models for cell culture.

Over recent years, various three-dimensional cell culture systems have emerged, differing in their
composition, arrangement and final application. The models based on a solid, physical support are
called scaffolds and are made up of a network of filaments mostly made by synthetic materials [5].
This 3D product can be manufactured by electrospinning technology using a high electric field. The
polymer is dissolved and the solution is charged at high voltage. When electric force overcomes the
surface tension, the polymer solution is pulled onto the target plate and the solvent is evaporated,
collecting nanofibers which intersect each other [6]. The resultant architecture mimics the ECM
fibrous assemblage and cultured cells are able to adopt a more in vivo shape. Obviously, all cell
types possess distinct morphological characteristics which may lead to different cell culture support
requirements. In this regard, it is worth noting that scaffold manufacturing techniques allow product
customization, so that different process parameters, such as scaffold porosity, fiber diameter and
microstructure, may be modified on the basis of the final application [7–9]. Poly("-caprolactone)
(PCL) is a synthetic polymer that has been widely used to fabricate scaffolds, due to its viscoelastic
and malleable properties, absence of isomers and low cost [10]. PCL may be processed with many
technologies since it presents a low melting point around 60 �C and it is soluble in several solvents,
such as chloroform, dichloromethane, benzene, acetone and dimethylformamide [11]. Moreover, PCL
shows biocompatible properties, long-term biodegradability but bioresorbable [12], all these features
making it a good candidate for biomedical and cell culture applications.

As previously explained, polymeric filaments offer physical support to cells to adhere and
proliferate into the 3D structure. This fact enables cells to acquire a more elongated shape, close to
physiological morphology, in contrast with the flatness adopted in monolayer cultures. Hence, the
cancer research field is taking advantage of the three-dimensional cell culture model’s benefits. Over
the last two decades, cancers have not been studied as an abnormal growth of a single cell type,
as cells with distinct characteristics, such as normal cancer cells and, in minor proportion, cancer
stem cells (CSCs) are found in a given tumor. While the CSCs subpopulation only represents a small
percentage of tumor cells, they have been demonstrated to drive cell growth in a wide variety of cancer
types including leukemia [13], brain [14,15], myeloma [16] and breast [17]. Therefore, CSCs possess
tumorigenic features, among other specific characteristics, useful for their identification and isolation.
This subset is capable of undergoing self-renewal and differentiating into non-stem cancer cells due
to their stem properties. Moreover, CSCs are able to grow in suspension and proliferate forming
spheres [14,18], and can be isolated due to an enhanced activity of the aldehyde dehydrogenase
(ALDH) enzyme [19]. As expected, this subpopulation with stem characteristics plays a key role in
cancer development and prognosis. A link between CSCs and tumor relapse after treatment and
metastasis is proven [20] since they show relative high radio- [21] and chemoresistance [22]. This fact
becomes relevant in some specific cancer types with an appreciable recurrence percentage, such as
breast cancer. Concretely, triple negative breast cancer (TNBC) presents the highest proportion of
tumor relapse with a value around 34% and the lowest mean time to local and distant recurrence when
compared with other breast cancer types [23]. TNBC is characterized by the absence of breast cancer
molecular biomarker amplification, so therapeutic targets against TNBC do not exist and patients are
treated with general chemotherapy [24].
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Breast cancer stem cells (BCSCs) could become a potential target for future treatments
against TNBC. However, BCSCs in vitro culture encounters a number of difficulties. Cancer stem
subpopulation represents a low percentage within the tumor [17,25] and two-dimensional cell culture
induces its differentiation losing stem features [26]. Previous investigations demonstrated that
three-dimensional cell culture maintained and expanded BCSCs subset when compared with 2D
culture samples [27–30]. Therefore, the present sought to test the suitability of fabricated electrospun
PCL scaffolds to provide a more suitable niche for BCSCs to grow. Scaffolds from two different
polymer concentrations were tested to evaluate 3D culture suitability with triple negative breast
cancer cells. Cell proliferation and morphology were evaluated on different culture days and finally,
BCSCs were quantified to discern the scaffold’s culture effect. In agreement with literature, PCL
scaffolds could be a useful tool to culture breast cancer cells in a more physiological way and
expand the BCSCs subpopulation. Customizable methodologies such as electrospinning enable
the production of distinct three-dimensional meshes concerning the cell of interest requests. Moreover,
the BCSCs’ enrichment could facilitate their study and the development of specific treatments against
this malignant subpopulation. BCSCs targeted treatments could replace aggressive procedures like
chemotherapy and attack the highly recurrent tumors such as triple negative breast cancer.

2. Materials and Methods

2.1. Scaffolds Fabrication

Poly("-caprolactone) (PCL) and acetone were chosen as biopolymer and non-toxic solvent
respectively, to manufacture the scaffolds. PCL 3 mm pellets with an average molecular weight
of 80,000 g/mol (Sigma-Aldrich, St. Louis, MO, USA) were dissolved in acetone (PanReac AppliChem,
Gatersleben, Germany). Two different concentrations of 7.5 and 15% w/v PCL were achieved under
40 �C and agitation using a magnetic stirrer. Scaffolds were fabricated with an electrospinning
instrument (Spraybase, Dublin, Ireland). PCL solution was placed in a plastic syringe (BD Plastipak,
Franklin Lakes, NJ, USA) connected to an 18 G needle emitter with an inner diameter of 0.8 mm.
A fixed voltage of 7 kV was applied and a flow rate of 6 mL/h was established by the Syringe Pump
Pro software (New Era Pump Systems, Farmingdale, NY, USA). The distance between the emitter and
stationary collector was 15 cm. The electrospinning process was stopped when 10 or 5 mL of solution
were ejected, for 7.5 and 15% PCL concentrations respectively. The meshes were then cut into squares
with a scalpel.

2.2. Scanning Electron Microscopy Analysis

Microscopic characterization was performed through scanning electron microscopy (SEM; Zeiss,
Oberkochen, Germany) after carbon coating. Scaffolds were imaged on the top and bottom to confirm
fibre uniformity and Image J software (National Institutes of Health, Bethesda, MD, USA) was used
for image analysis. Fibre diameter, surface porosity and pore area were calculated from the top and
bottom sides to calculate the average value.

2.3. Cell Line

MDA–MB–231 triple negative breast cancer cell line was obtained from the American Type Culture
Collection (ATCC; Rockville, MD, USA). Cells were routinely grown in Dulbecco’s Modified Eagle’s
Medium (DMEM; Gibco, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS), 1%
L-glutamine, 1% sodium pyruvate, 50 U/mL penicillin/streptomycin (HyClone, Logan, UT, USA).
Cells were kept at 37 �C and 5% CO2 atmosphere and culture medium was changed every 3 days.

2.4. Three-Dimensional Cell Seeding

PCL meshes were sterilized by immersion into 70% ethanol/water solution overnight, washed
three times with PBS (Gibco, Waltham, MA, USA) and finally exposed to UV light for 30 min. Sterilized
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scaffolds were placed in non-adherent cell culture microplates (Sartstedt, Nümbrecht, Germany)
and soaked in culture medium for 30 min at 37 �C before cell seeding to facilitate cell attachment.
Corresponding cell density was prepared in a small volume of medium (50–100 µL). Cell suspension
was pipetted drop by drop onto the scaffold centre. Then scaffolds were incubated for three hours
at 37 �C and 5% CO2 atmosphere to allow cell attachment and after that incubation period, culture
medium was added.

2.5. Cell Proliferation Assay

A suspension of 100 MDA–MB–231 cells per cm2 were seeded on adherent microplate wells
(Sartstedt), 7.5% and 15% PCL scaffolds. Cell culture was maintained for 12 days. Every two days,
samples were collected and 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) assay
was performed to quantify cell viability. Briefly, adherent wells and scaffolds were washed with PBS
and meshes were put into new wells. Volumes of 1 mL DMEM and 100 µL MTT (Sigma-Aldrich,
St. Louis, MO, USA) were added and samples were incubated for 150 min. In this test, only viable
cells retain the ability of transforming yellow MTT into purple formazan crystals. After incubation,
formazan crystals were dissolved with 1 mL DMSO (Sigma-Aldrich, St. Louis, MO, USA) under
shaking. Four 100 µL aliquots from each well were pipetted into a 96-well plate and placed into
a microplate reader (Bio-Rad, Hercules, CA, USA). Absorbance was measured at 570 nm. Culture
medium of remaining samples was changed every two days.

2.6. Three-Dimensional Cell Culture

In order to evaluate the amount of BCSCs, MDA–MB–231 cells were cultured for 3, 6 and 12 days
on scaffolds without passaging, changing the culture medium every three days. Considering cell
growth kinetics of MDA–MD–231 cell line, 20,000, 8000 and 400 cells/cm2 were seeded for 3, 6 and
12 days of culture respectively, achieving a similar cell confluence at the end of each culturing period.
Since cell confluence affects cell behaviour and metabolism, the final cell amount was fixed to avoid
variations due to this effect. In the case of 2D samples, cells were cultured on monolayer for 3 days at a
cell seeding density of 20,000 cells/cm2 in the same way as the scaffolds. Prior to the present work, cell
line was grown routinely on two-dimensional plastics, thus only 3 days culture time was performed.
Preceding experiments showed no differences in reference of cell behaviour between 2D cultured cells
during 3, 6 and 12 days using the aforementioned initial cell densities (20,000, 8000 and 400 cells/cm2

respectively; data not shown).

2.7. Fluorescence Microscopy Analysis

Triple negative MDA–MB–231 cells were cultured on adherent coverslips (Sarstedt) and 7.5
and 15% PCL meshes, for 2D and 3D culture respectively. After the culture period, cells were
washed with PBS and fixed with 4% paraformaldehyde (PFA; Sigma, St. Louis, MO, USA) for
20 min. To permeabilize the cells, coverslips and scaffolds were washed and 0.2% Triton X-100
(Sigma) was added for 10 min. Then samples were blocked with PBS containing 3% bovine serum
albumin (BSA; Sigma) as a blocking buffer for 20 min. Cells were subsequently incubated at room
temperature for 20 min with rhodamine-phalloidin (Cytoskeleton Inc., Denver, CO, USA) (1:200) to
stain actin cytoskeleton and then with 4,6-diamidino-2-phenylindole (DAPI; BD Pharmingen, Franklin
Lakes, NJ, USA) (1:1000) also at room temperature for 10 min to stain nuclei. Fluorescence was
observed under a fluorescent microscope (Zeiss Axio Imager Microscope, Carl Zeiss, Göttingen,
Germany) and a Nikon DS-Ri1 coupled camera (Nikon, Tokyo, Japan) was used to acquire all images.
Camera settings (illumination intensity, quality, resolution and colour) were standardised for all
photographs. Rhodamine-phalloidin (red) and DAPI (blue) fluorescence were captured and merged
with Image J software (National Institutes of Health, Bethesda, MD, USA). This software was also used
to calculate nuclear and cytoplasmic elongation factors. In brief, five cells of ten different images were
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randomly selected to measure the length and width of the nucleus and cytoplasm as shown in the
following formula:

Nuclear/Cytoplasmic Elongation Factor =
length nucleus/cytoplasma

width nucleus/cytoplasma
� 1

2.8. Mammosphere-Forming Assay

Scaffolds were washed with PBS and put into new wells to collect only those cells attached to
PCL filaments. Cells from 2D culture and scaffolds were detached with trypsin-EDTA (Cultek, Madrid,
Spain) at 37 �C and 5% CO2 atmosphere. Afterwards, trypsinization cells were resuspended with
DMEM/F12 medium (HyClon) containing the following supplements: B27 (Gibco, Waltham, MA,
USA), EGF and FGF (20 ng/mL; Milteny Biotec, Bergisch Gladbach, Germany), 1% L-glutamine and
1% sodium pyruvate. A suspension of 2000 cells/well was seeded onto a 6-well, non-adherent cell
culture microplate (Sarstedt) and incubated for 7 days at 37 �C and 5% CO2. After this period, spherical
mammospheres bigger than 50 µm were counted. The equation described below was used to calculate
the Mammosphere Forming Index (MFI) of each culture condition:

MFI (%) =
no mammospheres

no seeded cells
⇥ 100

2.9. ALDEFLUOR Assay

To analyze the aldehyde dehydrogenase (ALDH) activity, an ALDEFLUOR™ kit (Stem Cell
Technologies, Durham, NC, USA) was used following the manufacturer indications. Cells were
detached from the culture plastic (2D samples) and PCL scaffolds (3D) as explained in Section 2.8,
washed with PBS and subsequently resuspended in ALDEFLUOR™ assay buffer at a concentration
of 400,000 cells/mL. ALDEFLUOR™ Reagent (BODIPY-aminoacetaldehyde; BAAA) was added to
each cell suspension. In order for the background fluorescence to be considered, a negative control
for every sample was set by adding ALDEFLUOR™ diethylaminobenzaldehyde (DEAB), an ALDH
inhibitor, to each cell suspension prior to adding BAAA in ALDEFLUOR assay buffer. All samples
were incubated for 45 min at 37 �C in the dark.

Incubated samples were analyzed with a Cell Lab Quanta flow cytometer (Beckman Coulter Inc.,
Miami, FL, USA) to quantify the ALDH-positive cell population. The argon ion laser (488 nm) was
used as a light source set at a power of 22 mW. Green fluorescence was detected with fluorescent
channel 1 (FL1) optical filter (dichroic/splitter, dichroic long-pass: 550 nm, band-pass filter: 525 nm,
detection width 505 to 545 nm). Information of a minimum of 10,000 events was recorded in List-mode
Data files (LMD) and analyzed using FlowJo 10.2 software (FlowJo LLC, Ashland, OR, USA). Data
were not compensated.

First, side-scatter (SS) and electronic volume (EV; equivalent to forward scatter) dot plots were
performed and only single cells were selected, excluding debris and cells aggregates (less than 5%).
Then, SS and log FL1 dot plots from DEAB samples were created to establish background fluorescence.
The ALDH-positive cells’ gate was traced, delimiting the rightmost area and including only the 0.5%
of total cell population. BAAA samples were equally processed and ALDH-positive cells gates of
respective controls were used to discern the sample percentage of cells with high ALDH activity.

2.10. Statistical Analysis

All data are expressed as mean ± standard error of the mean (SEM). Data were analyzed using IBM
SPSS (Version 21,0; SPSS Inc., Chicago, IL, USA). First, normality and homoscedasticity were evaluated
using Shapiro-Wilks and Levene tests, respectively. As for cell proliferation and mammosphere
forming assays, data were found to present a normal distribution and variances were homogeneous,
a general linear model followed by post-hoc Sidak test was run. Factors were the treatment (i.e., 2D,
3D with 7.5% PCL, and 3D with 15% PCL and the culturing time). As far as the ALDEFLUOR assay,
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the same tests were run following transformation of data with arcsine square root (arcsin
p

x), as this
was required for correcting the heteroscedasticity. Finally, as ratios between nuclear and cytoplasmic
elongation factors (Fluorescence Microscopy Analysis in Section 3.3), did not fulfil with parametric
assumptions, even when transformed, they were tested with Kruskal-Wallis and Mann-Whitney
tests. The level of significance was set at p < 0.05. All observations were confirmed by at least three
independent experiments.

3. Results

3.1. Electrospun Scaffolds Characterization

Once the polymer solution was electrospun, 7.5% PCL meshes showed an average thickness of
147.22 ± 5.00 µm, whereas 15% scaffolds’ depth was 196.00 ± 4.65 µm. To study microscopic scaffold
architecture, both specimens were imaged by Scanning Electron Microscopy (SEM; Table 1).

Table 1. Microscopic characterization of 7.5% and 15% electrospun poly ("-caprolactone) (PCL)
scaffolds (7 kV, 6 mL/h). Top and bottom sides were visualized through scanning electron microscopy
micrographs at different magnifications. Both sides were used to calculate fiber diameter, surface
porosity and pore area. (Scale bars: 10 µm).

Side
Magnification

1500⇥ 5000⇥
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Meshes were visualized on the top and bottom sides so that fiber uniformity was certified,
presenting similar features. Scaffolds from 7.5% PCL exhibited, apart from the filaments, spherical
structures made by non-filamentous polymer. Regarding fiber diameter, 7.5% films showed an average
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diameter close to 300 nm, whereas the diameter of those containing 15% PCL increased up to 700 nm.
Both scaffolds presented similar surface porosity, but they differed in the average pore area. Scaffolds
from 15% PCL solution exhibited larger pores compared with 7.5% meshes.

3.2. Cell Proliferation

As aforementioned, scaffolds could provide a three-dimensional environment for cancer cell
culture. Architecture and porosity of filaments directly interfered with cell adhesion and growth.
As seen in the previous section, 7.5% and 15% PCL scaffolds were proven to exhibit distinct microscopic
structures. To evaluate the influence of scaffold microenvironment on cell growth, MDA–MB–231 cells
were cultured on 2D adherent surfaces and on 7.5% and 15% meshes. Cell viability was evaluated
through MTT assay on successive culture days, presented in Figure 1.
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Figure 1. Cell proliferation analysis for MDA–MB–231 cells cultured on two-dimensional surfaces
(2D) and on 7.5% and 15% PCL scaffolds (3D). (*), (#) and ($) symbols represent significant (p < 0.05)
differences between groups.

On the first assay days, few differences were observed regarding cell proliferation between
different culture models. Variations between cell culture supports took place when a minimum cell
confluence was reached, starting from day 8. MDA–MB–231 cells cultured on 2D adherent microplates
presented a higher cell proliferation ratio compared to three-dimensional scaffolds, adopting strongly
exponential kinetics. Scaffolds fabricated with 15% PCL solution also showed an exponential cell
growth, but with a smaller slope. In contrast, 7.5% PCL meshes exhibited the lowest cell proliferation
with a fairly linear trend. Since day 8, cell proliferation of 7.5% PCL scaffolds was significantly reduced
when compared with monolayer culture (p-values ranging from <0.001 to 0.014) and 15% PLC meshes
(p-values ranging from 0.002 to 0.040).

3.3. Cell Morphology

MDA–MB–231 cells were cultured on adherent two-dimensional coverslips (2D) and
three-dimensional PCL scaffolds (3D). Three different cell culture times (3, 6 and 12 days) were tested
to evaluate whether morphology differences existed. Actin cytoskeleton and nucleus were stained
to analyze possible changes in cell morphology between culture systems. MDA–MB–231 cells were
routinely cultured on plastic cell culture dishes, establishing a cell monolayer where cells appeared
to have a flattened structure. MDA–MD–231 cell line was also characterized to adopt a relatively
lengthened cytoplasm. Fluorescent microscopy images confirmed the morphology described in 2D
models (Figure 2). Some cells presented cytoplasmic prolongations, while others had a round shape
and nucleus aspect was predominantly ellipsoidal. Then, MDA–MD–231 cells displayed different
morphology when the two scaffold types, 7.5% and 15% PCL, were compared. Cells cultured on
7.5% PCL meshes (Figure 3a–c) exhibited similar aspects to 2D cultured ones, including nucleus
and cytoplasm architecture. This trend was observed along the different days of cell culture with
no noticeable differences. In contrast, a high number of MDA–MD–231 cells showed lengthened
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morphology when cultured on 15% PCL scaffolds (Figure 3d–f). Cytoplasm prolongations were longer
than the ones from 2D and 3D 7.5% PCL cultures. When cell culture days increased, prolongations
seemed to be even more extended. Moreover, some cells appeared to be unfocused on 15% PCL meshes
pictures, indicating that cell culture occurred on different scaffold depth. No qualitative differences
were observed concerning nuclear shape.
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Figure 2. MDA–MB–231 cells grown in two-dimensional (2D) adherent coverslips. Actin
cytoskeleton was stained with rhodamine-phalloidin (red) and nucleus was stained with
4,6-diamidino-2-phenylindole (DAPI; blue). Fluorescence microscopy images were captured at a
magnification of 200⇥ (Scale bar: 100 µm).
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Figure 3. MDA–MB–231 cells grown in three-dimensional (3D) PCL scaffolds. Cells were seeded on
7.5% PCL (a,c,e) and 15% PCL meshes (b,d,f). Cells were cultured for 3 (a,b), 6 (c,d) and 12 days (e,f)
without passage. Actin cytoskeleton was stained with rhodamine-phalloidin (red) and nucleus was
stained with DAPI (blue). Fluorescence microscopy images were captured at a magnification of 200⇥
(Scale bars: 100 µm).
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To quantitatively evaluate cell morphology in 2D and 3D cultures, nuclear and cytoplasmic
elongation were measured as described in Section 2.7. No significant changes in nucleus elongation
were observed between 2D and 3D cultures (Figure 4a), which agreed with the aforementioned
descriptive microscopic observation. The nuclear elongation factor of 2D cultured cells was 1.60 ± 0.12,
pointing out to the ellipsoidal form of the nucleus. All 3D cultured cells factors were similar or
slightly lower, between 1.47 ± 0.07 and 1.60 ± 0.08. Cytoplasm pattern was also studied (Figure 4b)
and, whereas MDA–MB–231 cells cultured on 7.5% PCL scaffolds presented a similar cytoplasmic
elongation factor than those cultured in 2D, with a value around 1.70, the cells on 15% PCL meshes
exhibited a significantly higher cytoplasmic length.
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Figure 4. Cell morphology analysis for MDA–MB–231 cells cultured on two-dimensional surfaces (2D)
and on 7.5% and 15% PCL scaffolds. Nuclear (a) and cytoplasmic elongation (b) were measured as
explained in Section 2.7. Scaffolds values were compared with 2D culture and levels of statistically
significance were indicated as * (p < 0.05).

As previously mentioned, SEM analysis showed that 15% PCL scaffolds were the only specimen
formed exclusively by filaments. Moreover, MDA–MB–231 cells cultured on meshes of 15% PCL
exhibited a high cell proliferation (Figure 1) and different cell morphology (Figure 3) compared with
7.5% PCL scaffolds. As the main aim of three-dimensional cell culture is to mimic the extracellular
matrix structure and provide a comfortable support to cell growth, meshes from 15% PCL solution
were chosen to conduct the further experiments of the present study. From now onwards, 3D culture
samples will exclusively refer to cells cultured on 15% PCL scaffolds. As in previous experiments, the
effects of culturing cells with those 15% PCL scaffolds were also tested at 3, 6 and 12 days of culture.

3.4. Mammoshperes Forming Assay

Breast cancer stem cells possess an anchorage-independent growth, proliferating into
mammospheres when cultured on non-adherent surfaces. Hence, Mammospheres Forming Assay was
first used to evaluate the spheres forming capacity of cells previously cultured on 2D and 3D supports.
The MDA–MB–231 triple negative cell line was seeded as described in “Materials and Methods” section.
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Mammospheres from all cell samples did not show qualitative differences regarding morphology
and size (Figure 5a–d). However, all three-dimensional cultured cells showed a significantly higher
Mammosphere Forming Index (MFI) than 2D samples, reaching the maximum value and significance
on 6 days of culture (Figure 5e).
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3.5. Aldehyde Dehydrogenase Activity

The aldehyde dehydrogenase (ALDH) family is composed by dehydrogenases enzymes
responsible for the oxidation of retinol (vitamin A) to retinoic acid [31], the latter of which is involved
in gene expression regulation [32] and embryo development [33]. Moreover, ALDH enzymes have a
detoxification role, protecting organisms against damaging aldehydes [34] and cytotoxic agents [35],
and have also been demonstrated to regulate hematopoietic stem cells differentiation via retinoic acids
production [36]. To corroborate the relative proportion of CSCs in 2D and 3D cultured cells, ALDH
activity was quantified as a measure of stem properties. Samples were assessed with ALDEFLUOR
assay and the percentage of ALDH-positive cells was determined as shown in Figure 6.

The ALDH-positive subpopulation increased when cells were cultured on PCL scaffolds,
compared to monolayer culture (Figure 7). ALDH activity enhancement was observed at 3 and
6 days of cell culture, the latter time point being the one with a significant major percentage. However,
the proportion of ALDH + cells after 12 days of culture in 15% PCL scaffolds decreased, with figures
close to those of 2D.
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4. Discussion

Polymer concentration (PCL) has been found to exert a great influence on scaffold architecture.
Indeed, 7.5% PCL scaffolds showed polymeric spheres connected to filaments. These structures,
previously described in the literature, are called beads and result from low polymer concentration [8,37].
In contrast, no beads were observed in 15% meshes, which also showed an average fiber diameter
2.4-fold higher than that of 7.5% specimens. While performing a direct comparison with values from
other studies is difficult owing to the wide range of electrospun parameters used, the significant
impact of PCL concentration in acetone on fiber morphology and diameter agrees with most previous
studies [7,8,38,39]. Furthermore, pore parameters were also evaluated and, while electrospun meshes
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presented similar surface porosity, the average pore area in 15% scaffolds was 3.5-fold larger than that
of 7.5% models.

MDA–MB–231 cells were successfully expanded on electrospun mats. Both scaffolds tested
(i.e., 7.5% and 15%) showed less cell proliferation compared with the homologous monolayer
culture, which was in agreement with previous studies [40]. When scaffolds from different polymer
concentrations were compared, microarchitecture traits seemed to influence 3D cell culture efficiency.
It is worth mentioning that low filament diameters have been revealed to facilitate cell adhesion
and growth [38,41,42] and collagen fibers (the main protein in the extracellular matrix) display small
diameters below 100 nm [43]. However, in the current study, the scaffold with the lowest fiber diameter
(i.e., 7.5%) also exhibited beads which interfered with cell proliferation. Chen et al. (2007) demonstrated
that, despite having smaller fiber diameters, meshes with beads reduce fibroblast growth [38]. In our
conditions, beaded scaffolds exhibited a lower surface area-to-volume ratio, providing less material
for cell growth. Moreover, interconnected pores with a minimum optimal area are needed to allow
cell growth and scaffold infiltration. Small pores of 7.5% scaffolds may also hinder MDA–MB–231
cells’ penetration within the mesh structure. Following this hypothesis, most cells would have adhered
to the surface and they would hardly have colonized different scaffold depths. With regard to cell
morphology, MDA–MB–231 cells seeded on 15% PCL scaffolds presented more cytoplasmic elongations
compared with round shaped cells on 7.5% PCL meshes and, specially, flat surfaces. This finding was
supported by the higher cytoplasmic elongation factor of 15% PCL mat cells. Cell elongation along
scaffold nanofilaments has also been observed in breast cancer cells [27,28], fibroblasts [44] and murine
adult neural stem cells [45]. Accordingly, meshes from 15% PCL mimic the physiological environment
better as they allow cells to set a structure that 2D monolayers are devoid of. In fact, cytoskeleton
reorganization caused by 3D cell culture may regulate gene expression [2].

Taking into account cell proliferation kinetics and morphology changes, scaffold from 15% PCL
solution was selected to further accommodate MDA–MB–231 cell culture and evaluate BCSCs niche
expansion capacity. The MDA–MB–231 cell line presents low MFI values and can only be propagated
few passages on suspension culture due to their moderate e-cadherin expression [46]. However,
scaffolds culture improved mammospheres forming ability, particularly after 6 days of culture,
resulting in an enlarged tumorigenic [47] and self-renewal potential [48]. Additionally, MDA–MB–231
cells cultured on electrospun mats over the same period showed a significant ALDH-positive
population increase in comparison of standard culture, with a conclusive 3.4-fold increase. Greater
ALDH activity indicated stem features acquisition since several studies noticed a high ALDH activity
on mammary [19], hematopoietic [49] and leukemic stem cells [50]. Taking all described stem features
assays into account, the present study has shown that 3D culture with electrospun scaffolds enhances
triple negative MDA–MB–231 tumourigenicity and ALDH activity. These rearrangements reach the
maximum significance when the culture period lasts 6 days, this time being the one that allows reaching
the greatest BCSCs expansion through 3D cell culture. In agreement with our results, different breast
cancer cell studies also demonstrated cancer stem cell amplification through PCL scaffolds fabricated
by electrospinning [27–29] and by other methods such as additive manufacturing technologies [30].

In conclusion, the current study has revealed the vast potential of poly("-caprolactone) on
the in vitro cell culture field. Electrospun PCL solutions resulted in nanofiber production with
different architecture traits, demonstrating the high versatility of polymer and technology. Moreover,
non-beaded PCL scaffolds have been proven to supply physical support for triple negative breast
cancer cell proliferation and elongation. The 3D cell culture expanded the breast cancer stem
cell subpopulation, which in turn expressed more malignancy markers and exhibited stem cell
characteristics. Therefore, 3D culture with electrospun PCL nanofibers may be useful to maintain
the in vivo structure and to culture BCSCs, making their expansion and characterization possible.
Investigation of this rare subpopulation is much warranted as it could facilitate the development of
new specific therapeutic approaches to prevent the high recurrence of tumors such as triple negative
breast cancer.
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ABSTRACT 
 
There is no targeted therapy for triple negative breast cancer (TNBC), which presents an 
aggressive profile and poor prognosis. Recent studies noticed the feasibility of breast cancer 
stem cells (BCSCs), a small population responsible for tumor initiation and relapse, to become 
a novel target for TNBC treatments. However, new cell culture supports need to be 
standardized since traditional two-dimensional (2D) surfaces do not maintain the stemness 
state of cells. Hence, three-dimensional (3D) scaffolds represent an alternative to study in vitro 
cell behavior without inducing cell differentiation. In this work, electrospun polycaprolactone 
scaffolds were used to enrich BCSC subpopulation of MDA-MB-231 and MDA-MB-468 
TNBC cells, confirmed by the upregulation of several stemness markers and the existence of 
an epithelial-to-mesenchymal transition within 3D culture. Moreover, 3D-cultured cells 
displayed a shift from MAPK to PI3K/AKT/mTOR signaling pathways, accompanied by an 
enhanced EGFR and HER2 activation, especially at early cell culture times. Lastly, the fatty 
acid synthase (FASN), a lipogenic enzyme overexpressed in several carcinomas, was found to 
be hyperactivated in stemness-enriched samples. Its pharmacological inhibition led to stemness 
diminishment, overcoming the BCSC expansion achieved in 3D culture. Therefore, FASN may 
represent a novel target for BCSC niche in TNBC samples. 
 
Keywords: triple negative breast cancer; three-dimensional cell culture; polycaprolactone; 
electrospun scaffolds; breast cancer stem cells; fatty acid synthase 
 
1. Introduction 
 

Breast cancer (BC) is the most common cancer among women worldwide, accounting 
for 2.1 million diagnoses in 2018 as stated by the International Agency for Research on Cancer 
(1). Among the different BC clinical subtypes, the Triple Negative Breast Cancer (TNBC) is 
characterized by the lack of estrogen and progesterone receptors and no overexpression of 
human epidermal growth factor receptor-2 (HER2), contrary to the other subtypes which 
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overexpress at least one of these markers (2). This fact prevents the use of targeted therapies 
and leaves systemic chemotherapy as the sole treatment option for TNBC patients (3). 
Moreover, TNBC accounts for 15-20% of the BC cases (4) and displays a very aggressive 
profile. TNBC patients are younger, present a higher relapse rate, and exhibit a greater 
incidence of metastasis and higher mortality among BC subtypes (5). Unfortunately, despite a 
very good initial treatment response, there is a 40% of relapse risk in the case tumor is not 
properly eradicated (6). Within TNBC cells, two main molecular subtypes are represented, 
basal-like (80%) and mesenchymal-like (also known as claudin-low; 20%), the latter being 
enriched in stem-like features (7). 

 
Relapse appearance and therapeutic failure are caused in part by cells within the tumor 

that display stem-like properties, thus termed breast cancer stem cells (BCSCs). Different 
studies described this subset as a tumor-initiating subpopulation which exhibits radio- (8) and 
chemoresistance, showing self-renewal capacity and favoring tumor recurrence. Since this 
malignant subpopulation shares some characteristics similar to mammary stem cells, BCSCs 
also express pluripotency, self-renewal and stemness markers such as SOX2, SOX4, NANOG, 
and CD49f (9). In vitro, BCSCs possess the capacity to grow in non-adherent conditions 
forming suspended mammospheres (10) and an enhanced aldehyde dehydrogenase 1 (ALDH1) 
enzyme activity (11). The CD44+/CD24-/low cell-surface marker pattern has also been used to 
isolate BCSCs (12). Besides, epithelial-to-mesenchymal transition (EMT) is known to confer 
stem-like traits on non-stem cells, facilitating the generation of BCSCs (13). EMT is a well-
regulated cell program during embryogenesis and is responsible for the development of many 
tissues (14). However, cancer epithelial cells can undergo EMT losing epithelial cell polarity 
and acquiring mesenchymal abilities, such as invasion and migration (15), which can ultimately 
lead to metastasis. EMT comprises different molecular alterations including the upregulation 
of several transcription factors such as SNAIL, SLUG, ZEB1, ZEB2, and TWIST. During the 
acquisition of mesenchymal properties, cells adopt a more invasive phenotype via 
downregulation of E-cadherin, as this protein is involved in the establishment of cell-cell 
adhesion (16). This fact is accompanied by the overexpression of the mesenchymal protein 
vimentin, which contributes to cytoskeleton organization and focal adhesion stability (17). 

 
Along with BCSCs presence, it is known that cancer cells also suffer from metabolism 

deregulation to deal with the high demand of the uncontrolled cell growth. In particular, the 
enzyme fatty acid synthase (FASN) is found overactivated in cancer cells in contrast with its 
low expression in normal tissue (except in lipogenic tissues such as liver, adipose tissue (18) 
and lactating mammary glands (19)), where diet regulates its expression. In cancer cells, FASN 
is responsible for the synthesis of almost all the fatty acids de novo (20), mainly phospholipids 
which can act not only as structural pieces but also as signaling molecules (21). For this reason, 
FASN has become a unique oncologic target whose inhibition has been demonstrated to hinder 
tumor progression (22–24) and overcome resistance to chemotherapeutic agents (25, 26), by 
disrupting lipid membrane synthesis, protein palmitoylation, and signaling of major oncogenic 
pathways (27). (-)-epigallocatechin-3-gallate (EGCG), the most abundant catechin in green tea, 
belongs to the early generation of FASN inhibitors (28). Despite its effect on EGFR-HER2, 
MAPK, and PI3K/AKT/mTOR signaling pathways among others, apoptosis after EGCG 
treatment occurs through FASN inhibition (23, 29). The aforementioned off-target toxicity, 
along with other bioavailability limitations, led to the production of new FASN inhibitors. For 
instance, the EGCG-analogue G28 shows more specificity and enhanced FASN inhibitory 
activity (30), even in TNBC models (31). In fact, mounting evidence supports that lipid 
metabolism disorders exert a great impact on CSC niche. Overexpression of FASN was 
detected on induced pluripotent stem cells (32) and its expression has been associated with the 
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level of stemness markers in glioma stem cells (33). Its inhibition has led to the decrease of 
several stemness features (33–36), indicating a role in stemness maintenance. Taking all this 
into account, FASN is suggested to be a more vulnerable target in CSCs than in normal cancer 
cells (37).  

 
Despite the importance of BCSCs in the oncologic research field, their investigation 

faces some limitations. They represent a low percentage within the tumor or cell line (12, 38) 
and, most importantly, in vitro two-dimensional (2D) cell culture surfaces induce their 
differentiation, losing their stem-like state (39). In 2D supports, cells can only grow by forming 
a monolayer, adopting a flattened morphology which results in cytoskeleton remodeling. Cell 
shape variations can modify gene and protein expression (40, 41) leading to, for instance, 
BCSC differentiation. Aside from the lack of three-dimensionality, stiffness also represents a 
significant gap between traditional in vitro cell culture supports and physiological 
surroundings. Mammalian cells are generally attached to soft surfaces such as another similar 
cell or the extracellular matrix (ECM), in contrast with the rigidity of 2D surfaces used for in 
vitro studies (42). It has been reported that microenvironment stiffness can have a great 
mechanical impact on the cell, including changes in morphology, motility, proliferation, 
protein expression, and spreading (43, 44). Three-dimensional (3D) cell culture supports have 
emerged as an alternative to reinstate a physiological-like structure and overcome the above-
mentioned issues. Among them, scaffolds offer a physical structure made by a network of 
polymeric filaments, which mimics ECM architecture (45). Over the past decade, 
electrospinning (ES) technology has been proposed to fit scaffolds manufacturing demands 
thanks to its customizability and the capacity to fabricate small diameter fibers (46, 47). This 
manufacturing process, combined with the use of viscoelastic and biocompatible polymers 
such as poly(ε-caprolactone) (PCL) (48), allows the production of ECM-like structures suitable 
for 3D cell culture. Interestingly, a previous investigation revealed that the use of 15% PCL ES 
scaffolds enhanced the mammospheres forming capacity and ALDH activity of the TNBC 
MDA-MB-231 cell line, indicating a BCSCs expansion (49). This fact, corroborated by more 
works which used scaffolds for expanding cancer stem features (50–52), empowers the use of 
PCL scaffolds as a 3D culture support to enrich and study BCSCs subpopulation. 

 
All things considered, the BCSC population could become a potential target for BC 

treatment, in particular for TNBC subtype. To overcome in vitro limitations, the present study 
validated the stemness-enriching capacity of 15% PCL ES scaffolds with mesenchymal-like 
MDA-MB-231 and basal-like MDA-MB-468 TNBC cells. Furthermore, alterations in common 
signaling pathways were analyzed, and FASN expression and inhibition were evaluated in 
order to be proposed as a novel biomarker for TNBC stemness-enriched samples. 
 
2. Materials and methods 
 
2.1. Scaffolds manufacture 
 

Scaffolds were manufactured through electrospinning technology, as previously 
described (107). Briefly, poly(ε-caprolactone) (PCL; 80,000 g/mol; Sigma-Aldrich, St. Louis, 
MO, USA) and acetone (PanReac AppliChem, Gatersleben, Germany) were used to create a 
15% w/v PCL solution. A solution volume of 5 ml was processed through an electrospinning 
apparatus (Spraybase, Dublin, Ireland) and an 18 G needle emitter located 10 cm above the 
stationary collector. A voltage of 7 kV was applied and the flow rate was fixed at 6 ml/h by the 
Syringe Pump Pro software (New Era Pump Systems, Farmingdale, NY, USA). Produced 
meshes were cut into squares with a scalpel. 
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2.2. Dynamic Mechanical Analysis 
 

Scaffolds mechanical profile was measured by dynamic mechanical analysis (DMA) 
employing the Mettler Toledo DMA/SDTA861e instrument (Columbus, OH, USA). Scaffolds 
were cut into 5.5 mm x 5.5 mm squares with a thickness of 0.39 mm and a large tension clamp 
was used as a sample holder. The geometry factor was 2582.89 1/m. The storage modulus (E’) 
and tan delta (Tan d) were analyzed and plotted. 

 
2.3. Three-dimensional cell culture 
 

Mesenchymal-like MDA-MB-231 and basal-like MDA-MB-468 TNBC cells were 
used in this study. For scaffolds seeding, PCL meshes were sterilized by immersion into 70% 
ethanol/water solution overnight, washed three times with phosphate-buffered saline (PBS; 
Gibco) and finally exposed to germicidal UV light for 30 min. Sterilized scaffolds were placed 
onto non-adherent cell culture microplates (Sartstedt, Nümbrecht, Germany) and soaked in 
culture medium for 30 min at 37 °C prior cell seeding to favor cell attachment. Corresponding 
cell density was prepared in a small volume of medium (see Table S1). Cell suspension was 
pipetted drop by drop onto the scaffold center. Afterwards, scaffolds were incubated for 3 h at 
37 °C and 5% CO2 atmosphere to allow cell attachment; culture medium was subsequently 
added. For cell detachment, scaffolds were once washed with PBS and transferred into new 
wells to collect only those cells that attached to PCL filaments. Cells from 2D culture and 
scaffolds were detached with trypsin-EDTA (Cultek) at 37 °C and 5% CO2 atmosphere. More 
details can be found in SI Appendix. 

 
2.4. Mammosphere forming assay 
 

After cell detachment, 2,000 cells were seeded onto a 6-well non-adherent cell culture 
microplate (Sarstedt) and incubated for 7 days at 37 °C and 5% CO2. Cells were cultured with 
DMEM/F12 medium (HyClone) supplemented with B27 (Gibco), hEGF and hFGF (20 ng/ml; 
Milteny Biotec, Bergisch Gladbach, Germany), 1% L-glutamine and 1% sodium pyruvate 
(Gibco). After incubation, spherical mammospheres with a minimum diameter of 50 µm were 
counted. The following equation was used to calculate the Mammosphere Forming Index 
(MFI) of each culture condition: 

!"#	(%) = 	)°	+,++-./ℎ121.)°	.11313	4155. 	6	100 

 
2.5. ALDEFLUORä assay 
 

ALDEFLUORä kit (STEMCELL Technologies, Vancouver, Canada) was used to 
determine the ALDH enzyme activity, following the company guidelines. Cells were detached 
from the culture plastic (2D samples) and PCL scaffolds (3D) as previously described, PBS-
rinsed and 200,000 cells were resuspended in 500 µl of ALDEFLUOR™ assay buffer. 
Afterwards, 2.5 µl of ALDEFLUOR™ Reagent (BAAA) was added to each cell suspension 
and 250 µl of the suspension was immediately transferred to a new tube with 2.5 µl of the 
ALDH inhibitor diethylaminobenzaldehyde (DEAB) to consider background fluorescence. All 
samples were incubated for 45 min at 37 °C in the dark. Cells were then centrifuged, washed, 
and analyzed with a Cell Lab Quanta flow cytometer (Bechkman Coulter Inc., Miami, FL, 
USA) to quantify the ALDH-positive cell population. More details can be found in SI 
Appendix. 
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2.6. Quantitative real-time PCR analysis 
 

Once trypsinized, 2D- and 3D-cultured cells were suspended with 750 µL of Qiazol 
(Qiagen, Hilden, Germany). Total RNA from each sample was isolated using a RNeasy Mini 
Kit (Qiagen) following the instructions provided by the manufacturer. After extraction, RNA 
amount and purity were determined by spectroscopy (NanoDropä One Microvolume UV-Vis 
spectrophotometer, Thermo Fisher Scientific, Waltham, MA, USA). RNA was reverse-
transcribed into complementary DNA using High Capacity cDNA Archive Kit (Applied 
Biosystems, Foster City, CA, USA). Gene expression levels were assessed using QuantStudio 
3 Real-Time PCR System (Applied Biosystems) with qPCRBIO SyGreen Mix Lo-ROX (PCR 
Biosystems, London, UK). Gene expression levels were quantified by double delta Ct analysis 
method and normalized to the housekeeping gene GAPDH. More details can be found in SI 
Appendix and Table S2. 

 
2.7. CD44+/CD24-/low analysis 
 

After detachment, cells were washed with PBS containing 10% FBS and resuspended 
at a density of 2×106 cells/mL in cold PBS with 10% FBS. Cells were stained with 
allophycocyanin(APC)-conjugated CD44 and fluorescein isothiocyanate(FITC)-conjugated 
CD24 (Abcam, Cambridge, MA, USA) for 30 min in the dark at room temperature. Samples 
were centrifuged, washed, and passed through a BD Falcon cell strainer cap tube (BD, Franklin 
Lakes, NJ, USA) for fluorescence-activated cell sorting analysis. Samples were analyzed on a 
fluorescence-activated cell sorting LSRFortessa flow cytometer (BD) and were gated on an 
unstained control. Compensation was performed with single stained cells to decrease overlaps 
of fluorophore emission spectrums. 

 
2.8. Western blot 
 

After culture, the cell pellet was PBS-rinsed and lysed in ice-cold lysis buffer (Cell 
Signaling Technology, Inc., Danvers, MA, USA) with 100 µg/mL 
phenylmethylsulfonylfluoride (PMSF; Sigma-Aldrich) by vortexing every 5 min for 30 min. 
Total protein content of each lysate was determined by Lowry-based DC Protein Assay (Bio-
Rad Laboratories, Inc., Hercules, CA, USA). Equal amounts of protein (10 µg) were heated in 
Lithium Dodecyl Sulfate (LDS) Sample Buffer with Sample Reducing Agent (Invitrogen, 
Carlsbad, CA, USA) for 10 min at 70 °C, electrophoresed on 7.5% sodium dodecyl sulphate 
polyacrylamide gels (Bio-Rad Laboratories, Inc.), and transferred onto nitrocellulose 
membranes (Thermo Fisher Scientific). Blots were incubated at room temperature for 3 h in 
blocking buffer [5% bovine serum albumin (BSA) in tris-buffered saline with 0.1% Tween 
(TBS-T)] to avoid non-specific antibody binding. Afterwards, membranes were incubated 
overnight at 4 ºC with the appropriate primary antibody diluted in blocking buffer (see Table 
S3). Specific horseradish peroxidase (HRP)-conjugated secondary antibody was incubated for 
1 h at room temperature. Immune complexes were detected using a chemiluminescent HRP 
Substrate [Clarityä Western ECL Substrate (Bio-Rad Laboratories, Inc.) or SuperSignalä 
West Femto (Thermo Fisher Scientific)] and a ChemiDocä Imaging System (Bio-Rad 
Laboratories, Inc.). Western blot analyses were repeated at least three times and representative 
results are shown. Protein bands were quantified by densitometric analysis using Image Labä 
Software (Bio-Rad Laboratories, Inc.). The expression ratios were determined after 
normalizing against individual GAPDH levels. 
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2.9. FASN activity 
 

Cells were cultured on 2D wells and 3D scaffolds for 6 days as previously described in 
4.3 section. For the last 6 h, medium was replaced by DMEM supplemented with 1% 
lipoprotein-deficient FBS (Sigma-Aldrich) and 0.5 µCi/mL (1,2-14C) acetic acid sodium salt 
(53.9 mCi/mmol; Perkin Elmer Biosciences, Waltham, MA, USA). Cells were harvested and 
washed twice with PBS (500 µL) and once with methanol:PBS (2:3; 500 µL). The pellet was 
resuspended in 0.2 M NaCl (100 µL) and lysed with freeze-thaw cycles. Lipids from cell debris 
were extracted by centrifugation (2000 G, 5 min) with chloroform:methanol (2:1; 350 µL) and 
KOH 0.1 M (25 µL). The organic phase recovered was then washed with 
chloroform:methanol:water (3:48:47; 100 µL) and evaporated in a Speed-vac Plus SC110A 
(Savant Instruments Pvt. Ltd., Hyderabad, India). The dried pellets were resuspended in 
ethanol and transferred to a vial for radioactive counting. The total protein content in cell debris 
was quantified with the Bradford assay (Thermo Fisher Scientific). 

 
2.10. Cell viability assay 
 

After 6 days of culture on 2D and 3D supports, fresh medium along with the 
corresponding concentrations of doxorubicin (TEDEC-Meiji Farma, Alcalá de Henares, 
Spain), paclitaxel (Accord Healthcare Ltd., Thaltej, India), EGCG (Sigma-Aldrich) or G28 
were added to the cultures. Following a 48-h treatment, a colorimetric MTT assay (3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide; Sigma-Aldrich) was used to 
measure cell viability. More details can be found in SI Appendix. 

 
2.11. Statistical analysis 
 

All data are expressed as mean ± standard error of the mean (SEM). Data were analyzed 
using IBM SPSS (SPSS Inc., Chicago, IL, USA). When data normality and homogeneity of 
variances were confirmed through Shapiro-Wilk and Levene tests, a linear mixed model 
followed by post-hoc Sidak test were carried out. If data did not fulfil with parametric 
assumptions, they were tested with Scheirer-Ray-Hare and Mann-Whitney tests. The level of 
significance was set at p<0.05. All observations were confirmed by at least three independent 
experiments. 
 
3. Results and discussion 
 
3.1. Stiffness characterization of electrospun PCL scaffolds 
 

Since the stiffness of the cell culture support can have a great impact on the cell, a 
dynamic mechanic analysis (DMA) was performed on the 15% PCL scaffolds to characterize 
their viscoelastic behavior. Elastic response of the material can be defined by the storage 
modulus (E’), shown in Figure 1A, which measures the capacity of the material to store elastic 
energy. Meshes showed an E’ value of approximately 6.64 MPa at room temperature (25 ºC) 
and around 5 MPa at a physiological one (37 ºC). Meanwhile, E’ values from polystyrene (PS), 
the main component of 2D culture surfaces, are reported to range from 1300 to 3000 MPa at 
room temperature in the literature (53, 54). Hence, lower E’ values of PCL meshes indicate 
that this material shows reduced solid-like properties and lower strength and mechanical 
rigidity. Consequently, produced PCL scaffolds represent a softer cell culture support, although 
they are stiffer compared with breast cancer tissue, whose E’ values vary from 10 to 40 kPa 
(55). Previous studies using fibroblasts reported that cells generate more traction force and 
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develop a broader and flatter morphology on stiff surfaces (43). In this context, cell responses 
on PCL nanofibers are likely influenced by both the stiffness and three-dimensionality of these 
fibers, where elongated morphologies have been observed for MDA-MB-231 and MDA-MB-
468 cells in previous studies (49, 56). 

 
The loss tangent (or tan delta; Tan d) is the ratio of loss modulus (E'') and storage 

modulus (E'), which indicate the viscosity of material and elastic properties, respectively. 
Interestingly, Tan d curve peak designates the polymer’s glass transition temperature (Tg), the 
critical temperature at which the transition between glassy and rubbery state occurs (57). As 
seen in Figure 1B, electrospun PCL scaffolds exhibited a glass transition point of -49.68 ºC, 
similar to the value of neat PCL (-60 ºC) (58), and other PCL structures used in the literature 
(59, 60). Consequently, when working at room or physiologically temperature, 3D PCL 
scaffolds are above their Tg, exhibiting a more elastic profile compared with PS, whose Tg 
value is around 100 ºC (61). 

 
 

    
Fig. 1. Dynamic Mechanical Analysis (DMA) for 15% PCL scaffolds. Storage modulus (A) and Tan d (B) of 
specimens were plotted against temperature. 

3.2. Impact of scaffolds culture on MDA-MB-468 BCSC subpopulation 
 

Scaffolds-induced enrichment of BCSC population was previously reported by our 
research group using mesenchymal-like TNBC MDA-MB-231 cell model, which exhibited 
greater mammosphere forming capacity and ALDH activity after 3D culture (49). Furthermore, 
basal-like TNBC MDA-MB-468 cells were proved to adopt a more elongated morphology in 
ES PCL scaffolds, in disagreement with the flattened morphology on 2D cultures (56). For this 
reason, we used the same ES scaffold model to culture MDA-MB-468 cell line and analyze the 
impact on BCSCs through mammospheres forming assay, ALDH activity and CD44+/CD24-
/low proportion. As shown in Figure 2A, cells after 3D culture displayed a significantly higher 
mammosphere forming index (MFI) when compared with the pertinent monolayer culture, 
regardless of cell culture time. Moreover, no significant differences were observed within the 
same cell culture support over time. A time-dependent trend was observed on the ALDH 
activity (Fig. 2B). At early time points (3 and 6 culture days) cells from scaffolds possessed a 
larger ALDH+ subpopulation compared to 2D control. However, after 12 days of incubation 
the trend was the opposite due to a hyperactivation of ALDH activity on monolayer cells. 
Representative dot plots are given in Table S4. While mRNA CD44 levels remained broadly 
stable, lower CD24 expression was observed in scaffolds culture compared with monolayer 
control (Fig. 2C), which is correlated with increased tumorigenicity (12, 62). To confirm these 
data, the expression of CD24 and CD44 cell surface markers was assessed through flow 
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cytometry (Fig. 2D). An increase in the CD44+/CD24-/low population was observed after 3 and 
6 days of culture compared with 2D samples. Taking all this into consideration, 3D scaffold 
culture enlarged the percentage of BCSC-like CD44+/CD24-/low cells, with decreasing CD24 
expression levels, since its basal population are mainly CD44+/CD24+. Overall, 3D culture on 
ES 15% PCL scaffolds caused an enrichment of the BCSC subpopulation in the basal-like 
MDA-MB-468 cell model, especially at early culture times, following the effect previously 
reported with the mesenchymal-like MDA-MB-231 cells (49). 

 
 

       

 

Fig. 2. MDA-MB-468 stemness features after monolayer (2D) and 15% PCL scaffolds (3D) culture. A 
mammosphere forming assay (A), ALDEFLUOR assay (B), CD24 and CD44 mRNA expression profile (C), and 
protein expression pattern of CD24/CD44 (D) are depicted. Gene expression levels were quantified by double 
delta Ct analysis method and normalized to the housekeeping gene GAPDH. Cells were incubated with CD44-
APC and CD24-FITC antibodies. Percentage of breast cancer stem-like cells (CD44+/CD24low/-) is represented in 
Q4. Data are representative of three separate experiments. Significant differences of 3D with regard to 
corresponding 2D cultures are indicated as * (p<0.05), ** (p<0.01) and *** (p<0.001). Significant differences of 
culture time within same culture support are indicated as # (p<0.05). 

3.3. Stemness markers expression and chemoresistance of TNBC models cultured on 
scaffolds 
 

More stemness features were further analyzed to confirm the expansion of the breast 
cancer stem cell population when scaffolds were used with the MDA-MB-231 and MDA-MB-
468 TNBC models. Expression of the stemness-related genes SOX2, SOX4, NANOG and 
CD49f were examined along time in 2D and 3D-cultured cells (Fig. 3). SOX2 is a transcription 
factor involved in pluripotency maintenance and self-renewal capacity [66]. In tumoral tissues, 
it plays a key role in differentiation, invasion, metastasis, and drug resistance [67]. SOX4 is 

3 days 6 days 12 days
0.0

0.5

1.0

1.5

Cell culture conditions

M
am

m
os

ph
er

e 
Fo

rm
in

g 
In

de
x

(M
FI

; %
) 2D

3D

****
**

3 days 6 days 12 days
0

10

20

30

40

Cell culture conditions

A
LD

H
 +

 s
ub

po
pu

la
tio

n 
(%

)

*
*

**

#

#

CD24 CD44
0.0

0.5

1.0

1.5

Genes

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

(3
D

/2
D

 fo
ld

 c
ha

ng
e)

3 days 6 days 12 days

*
** *

  2D 3D 

    

3 
da

ys
 

 

  

6 
da

ys
 

 

  

A B 

C D 

1.6% 

5.3% 

9.0% 

0.7% 

CD44 

C
D

24
 



Chapter 6  

 186 

 

another transcription factor related to development processes and progression of cancer [68], 
and it is used as a CSC-specific marker [52]. NANOG is a key transcription factor involved in 
self-renewal and pluripotency maintenance in embryonic stem cells. Moreover, it is thought to 
be regulated by the cooperative action of SOX2 and OCT3/4 [69]. CD49f was found to possess 
a key role in stemness maintenance through direct regulation of OCT3/4 and SOX2 [70]. 
MDA-MB-231 cells cultured on scaffolds showed an upregulation of SOX2 after 3 days of 
culture, and an overexpression of SOX4 and NANOG after 6 days (Fig. 3A). On the other hand, 
scaffold culture led to an upregulation of SOX2 and CD49f levels on MDA-MB-468 cell model 
(Fig. 3B). Interestingly, SOX2 and SOX4 have been related to mammosphere forming capacity 
[71,72]. However, long incubation periods on scaffolds did not result in the activation of any 
stemness-related gene and even a downregulation was observed in the case of the 
mesenchymal-like model (Fig. 3A). Therefore, the upregulation of several stemness-related 
markers proved the BCSC enrichment found in 3D culture at early times. 
 

 Another intrinsic characteristic of the BCSC niche is the increased resistance to 
chemotherapy (69). Concretely, it has been shown that BCSCs display resistance to 
doxorubicin and paclitaxel (70, 71), two therapeutic agents currently used against TNBC (72). 
Since the majority of stemness features were found to be upregulated after 6 days of culture in 
3D scaffolds, chemoresistance was evaluated at this time. MDA-MB-231 and MDA-MB-468 
cells were cultured in tissue culture plastic and 3D 15% PCL scaffolds for 6 days and they were 
later treated with doxorubicin and paclitaxel for 48 h. As seen in Figure 3C and 3D, both cell 
models exhibited a significant higher cell survival rate when cultured in scaffolds compared 
with monolayer culture, after treatment with the two chemoagents. Greater differences between 
2D and 3D samples were observed when higher drug concentrations were used, in agreement 
with other studies (52). SOX2, whose expression was upregulated in both cell models when 
cultured in scaffolds (Fig. 3A and 3B), was linked to drug resistance (64). More specifically, 
it was found to play a key role in paclitaxel resistance (73), explaining the greatest cell survival 
of 3D-cultured MDA-MB-468 cells after paclitaxel addition; since this model was the one 
exhibiting the highest SOX2 expression (Fig. 3B).    
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Fig. 3. Stemness features expression analysis. Fold changes in mRNA levels of stemness-related genes in 3D-
cultured cells compared to corresponding 2D control for MDA-MB-231 (A) and MDA-MB-468 (B) cell models. 
Gene expression levels were quantified by double delta Ct analysis method and normalized to the housekeeping 
gene GAPDH. Cell survival plots for MDA-MB-231 (C) and MDA-MB-468 (D) cell models are also depicted. 
Cells were cultured on monolayer (2D) or in PCL scaffolds (3D) for 6 days and then exposed to the chemoagents 
doxorubicin or paclitaxel for 48 hours. Data are expressed as percentage of untreated cells as determined by MTT 
assay. Significant differences of 3D with regard to 2D cultures are indicated as * (p<0.05), ** (p<0.01) and *** 
(p<0.001). 
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3.4. Epithelial-to-Mesenchymal Transition (EMT) in scaffolds culture of TNBC cells 
 

The induction of EMT in human mammary epithelial cells is known to increase the 
BCSC subpopulation (15). We therefore evaluated the expression of several transcription 
factors that execute EMT, such as SNAIL, SLUG, ZEB1, ZEB2, and TWIST, in 2D- and 3D-
cultured cells. Proteins involved in this process, including E-cadherin and vimentin, were also 
analysed to determine whether EMT was triggered during 3D culture and may be responsible 
of the stemness enrichment. In both cell models, SNAIL was found to be upregulated at early 
times of 3D cell culture (Fig. 4A and 4B). SNAIL is known to be a prominent EMT initiator 
since its expression was proven to be sufficient to induce EMT in primary breast cancer cells 
(74) and drug resistance (75). Moreover, SNAIL expression was also associated with self-
renewal through NANOG activation (76), which was upregulated in 3D-cultured MDA-MB-
231 cells (Fig. 3A). SNAIL is known to bind to and represses its own promoter, indicating the 
existence of an autoregulatory loop (77). This fact, along with its short half-life (78), proves 
the time-dependent trend showed in Figure 4. In the basal-like cell model, ZEB2 and TWIST 
were also overexpressed during 3D culture, with greater robustness after 6 days of incubation 
(Fig. 4B). We further measured gene and protein expression of E-cadherin (encoded by CDH1) 
and vimentin (encoded by VIM), the two major proteins involved in EMT. 3D cell culture led 
to a downregulation on CDH1 gene levels in both cell models (Fig. 4C and 4D). This fact 
resulted in a decrease of E-cadherin protein expression on the basal-like cells whereas 
expression in MDA-MB-231 model remained stable, probably because these cells are 
undergoing an early EMT. SNAIL, whose expression was upregulated in 3D culture (Fig. 4A 
and 4B), has been described as a direct repressor of E-cadherin through histone deacetylase 
activity (79). Concerning vimentin, its gene expression was found upregulated when MDA-
MB-231 cells were cultured on scaffolds for 6 days (Fig. 4C). An activation trend was 
described for protein analysis for both cell models as seen in Figure 4C and 4D. 

 
Considering these data, 3D cell culture with ES PCL scaffolds induced an EMT process 

to TNBC cells, which acquired a more invasive phenotype and led to an increase of the 
stemness features. Stiffness reported on PCL scaffolds could play a key role in this EMT 
induction, since it was proven to be an underlying mediator of TGF-β–driven processes such 
as EMT through dynamic compression and contraction of cell-matrix interaction (80). 
Although the expression of structural proteins E-cadherin and vimentin were altered during 
scaffolds culture, actin and tubulin levels, the main components of the eukaryotic cytoskeleton, 
were proven to be consistent among the different cell culture supports and incubation period 
for both cell lines (Fig. S1). 
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Fig. 4. Epithelial-to-mesenchymal transition (EMT) analysis for MDA-MB-231 (A, C) and MDA-MB-468 (B, 
D). Fold changes in mRNA levels of EMT-related genes (A, B) and in gene and protein expression of E-cadherin 
and vimentin (C, D) of cells cultured on ES PCL scaffolds (3D) compared to corresponding 2D control. Gene 
expression levels were quantified by double delta Ct analysis method. Both gene and protein expression levels 
were normalized against GAPDH values. Significant differences of 3D with regard to 2D cultures are indicated 
as * (p<0.05), ** (p<0.01) and *** (p<0.001). A representative Western Blot image for each cell culture condition 
is shown. 
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3.5. MAPK and PI3K/AKT/mTOR pathways modulation in scaffolds-cultured TNBC cells 
 

To discern whether cell metabolism is affected during 3D culture and stemness 
enrichment, MAPK and PI3K/AKT/mTOR pathways, which represent key mechanisms for 
cells to regulate cell survival, division and motility, were characterized through Western blot. 
MAPK pathway is involved in both physiological and pathological cell functions, including 
cell proliferation, differentiation, cell survival, oncogenesis and tumor progression (81). To 
evaluate the implication of the MAPK pathway in the stem-enriched 3D population, 
phosphorylated and total protein levels of MAPK, as well as the downstream phospho-S6, were 
analyzed (Fig. 5). Mesenchymal-like model MDA-MB-231 showed a pathway activation after 
3 culture days within scaffolds, in accordance with the MAPK phosphorylated levels (Fig. 5A), 
which was not maintained at further culture times. On the other hand, basal-like MDA-MB-
468 cell line displayed a clear downregulation of the MAPK pathway along time, even though 
total MAPK protein levels gradually increased during 3D culture (Fig. 5B). We hypothesized 
that increased activation level of MAPK at early times in MDA-MB-231 model was in part a 
response to cell cytoskeleton rearrangement on the PCL nanofibers. In fact, MAPK activation 
was related with cytoskeleton rearrangements in the same breast cancer model to increase the 
morphological plasticity for metastatic purposes (82). For the other cell culture conditions, 
MAPK pathway, which regulates cell proliferation, seems downregulated in both TNBC cell 
lines possibly due to their lower cell growth rate in scaffolds as previously reported in the same 
3D model (49, 56). Moreover, decreased MAPK signaling and activation of a quiescent profile 
has been related to decreased matrix stiffness, a condition found in the used ES PCL scaffolds 
compared to PS surfaces (Fig. 1) (83). Phosphorylated levels of the MAPK-downstream S6 
ribosomal protein were found not to be affected by 3D culture (Fig. 5). Therefore, differences 
on cell metabolism during scaffolds culture may be not mediated by p-S6, but probably by 
MAPK direct modulation of end-point effectors such as transcription factors. 

 
The PI3K/AKT/mTOR signaling pathways play a key role in many physiological and 

pathological conditions, including cell proliferation, angiogenesis, metabolism, differentiation 
and survival (84). Interestingly, recent studies have demonstrated its importance in self-renew 
maintenance and tumorigenicity (85), EMT and radioresistance (86), mammospheres 
formation (87) and ALDH activity (88). Therefore, the expression and activation of several 
proteins involved in the PI3K/AKT/mTOR cascade were analyzed (Fig. 5). MDA-MB-231 
cells showed an increasing activation of PI3K along 3D culture against the stable levels of total 
protein (Fig. 5A). This activation resulted in higher levels of total AKT protein and 
phosphorylated mTOR after 3 and 6 days of culture within scaffolds, respectively. Regarding 
the basal-like model MDA-MB-468, higher levels of activated PI3K and mTOR were found 
after 6 days of culture in scaffolds, accompanied by downregulation of PTEN, the negative 
regulator of the pathway (Fig. 5B). In the light of these results, 3D culture with ES PCL 
scaffolds led to a mild activation of the PI3K/AKT/mTOR pathway, as proved by the higher 
phosphorylation level of the downstream complex mTOR after 6 days of culture in both cell 
models. 

 
In addition to their independent signaling programs, MAPK and PI3K/AKT/mTOR can 

either positively or negatively intraregulate (89, 90). For instance, in glioblastoma stem-like 
cells, inactivation of either MAPK or PI3K/mTOR pathway triggered activation of the other, 
suggesting a mutually inhibitory crosstalk between these two pathways (85). Collectively, 
hyperactivation of PI3K/AKT/mTOR cascade may inhibit MAPK signaling, leading to a more 
quiescent culture. Or vice versa, cells adopted a less proliferative profile within 3D 
surroundings, leading to a MAPK inactivation and triggering PI3K/AKT/mTOR signaling due 
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to a feedback loop. Contrary to our results, previous works pointed out that 3D culture of 
HER2+ breast cancer cells in Matrigel or spheres promoted a shift from PI3K/AKT to MAPK 
signaling (91–93). Overall, this may indicate that cells can adopt different modifications upon 
3D culture depending on their molecular subtype and 3D structure type, among other variables. 

 
Not only are receptor tyrosine kinases critical regulators of several cell functions 

including proliferation, differentiation, and survival (94), but they also have a critical key role 
in cancer development and progression (95). One of the most important receptors group is the 
ErbB/HER family, which includes the Epidermal Growth Factor Receptor (EGFR, also known 
as HER1) and the Human Epidermal growth factor Receptor 2 (HER2) (96). The signal 
transduction caused by their activation promotes a diverse repertoire of cellular signaling 
pathways including MAPK or the PI3K/AKT/mTOR pathways (97). As seen in Figure 5A, 
MDA-MB-231 cells underwent a HER2 overexpression and activation after 3 days of culture 
in scaffolds. Alternatively, EGFR expression seemed stable, with a slight upregulation after 12 
days of culture. About MDA-MB-468 cells, activation of EGFR and HER2 was observed after 
6 days of culture in scaffolds (Fig. 5B). In addition, previous studies already reported 
overexpression of HER2 in HER2-negative breast and ovarian cancer cells following culture 
in 3D supports but not in 2D monolayers (91, 93). Activation of HER2 is associated with 
BCSCs and radioresistance in HER2-negative breast cancer cell models (98), as well as with 
tight junctions and cell polarity disruption (99). 

 
Considering all these findings, our hypothesis is that upregulation of HER2 alone 

(MDA-MB-231) or in combination with that of EGFR (MDA-MB-468) may promote 
PI3K/AKT/mTOR activation during 3D cell culture, in detriment of MAPK signaling. These 
signaling alterations could be behind BCSC expansion within 3D culture, as PI3K pathway 
was previously related to the acquisition of CSC-like properties in breast cancer cells (100). 
Besides, metabolism alterations were mainly found at 3 and 6 culture days, time points were 
BCSC took the greatest expansion in scaffolds. It is worth noting that HER2 is the preferred 
dimerization partner, since it possesses a conformation similar to a ligand-activated stated 
(101) and results in greater signal transduction compared with other family members (102). 
Moreover, HER2 is thought to preferentially form homodimers in 3D suspension culture (91), 
proving its important role in both cell models. High levels of HER2 are speculated to promote 
spontaneous dimerization and causing constitutive HER2 activation and signaling (103). 
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Fig. 5. Characterization of EGFR/HER2, MAPK and PI3K/AKT/mTOR pathways. Phosphorylation state and 
total protein levels were determined by Western blotting for MDA-MB-231 (A) and MDA-MB-468 (B) cells 
cultured on ES PCL scaffolds (3D) compared to corresponding 2D control. GAPDH was used as a control of 
protein loading. Results shown are representative of those obtained from 3 independent experiments. 

3.6. Role of Fatty Acid Synthase (FASN) enzyme in BCSCs-enriched TNBC samples 
 
3.6.1. FASN expression and activity on monolayer and 3D culture 
 

Apart from the relation between stemness and FASN (37), HER2 is proven to stimulate 
FASN expression and post-translational activation by phosphorylation. FASN, in turn, 
contributes to HER2 activation allowing its incorporation in lipid rafts on the plasma 
membrane (104). Therefore, gene and protein expression of FASN (encoded by FASN) was 
evaluated in 2D and 3D samples to discern a possible role of this enzyme during the acquisition 
of stemness features within scaffolds culture. As seen in Figures 6A and 6B, FASN mRNA 
levels of both cell models were found slightly upregulated after 6 days of culture within PCL 
ES scaffolds. This moderate increase resulted in significantly higher protein levels at the 
aforementioned culture time. Note, FASN expression had the same trend in both cell models 
and it was found upregulated after 6 days of culture in scaffolds, the same incubation period 
which showed the maximum expansion of stemness features. For this reason, the enzyme 
activity of FASN was also evaluated after 6 days on monolayer or scaffolds culture (Fig. 6C). 
Both cell models showed significantly greater FASN activity after their 3D culture. Therefore, 
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either protein expression or functional FASN activity were determined to be upregulated in 
MDA-MB-231 and MDA-MB-468 cells following 6 days of culture within PCL meshes. 

 

 
 
 
 
 
 
 

Fig. 6. FASN expression pattern. (A) Fold changes in gene and protein expression of FASN for MDA-MB-231 
and MDA-MB-468 cells cultured on ES PCL scaffolds (3D) compared to corresponding 2D control. Gene 
expression levels were quantified by double delta Ct analysis method. Both gene and protein expression levels 
were normalized against GAPDH values. (B) A representative Western Blot image for each cell culture condition 
is shown. C FASN activity analysis for MDA-MB-231 and MDA-MB-468 cells after 6 days of culture on 
monolayer (2D) and scaffolds (3D). Significant differences of 3D with regard to 2D cultures are indicated as * 
(p<0.05).  

 
3.6.2. Pharmacological inhibition of FASN on monolayer and 3D culture 

 
In the light of previous results, we wanted to investigate the impact of FASN inhibition 

on the BCSC-enriched population. Thus, TNBC cells were treated with the FASN inhibitors 
EGCG and G28 after 6 days of 2D or 3D culture, when both BCSC expansion and FASN 
hyperactivation took their maximum within scaffolds. Following a 48 h treatment, cell viability 
was assessed in both cell culture supports (Fig. 7A and 7B). Samples from 2D and 3D culture 
supports showed a similar behavior. There were no differences regarding inhibitory 
concentration between the tested TNBC cells cultured on 2D and 3D supports (Fig. S2). This 
data, contrary to the chemoresistance previously reported on 3D-cultured cells (Fig. 3C and 
3D), opens the door to propose FASN as a novel target to treat 3D-cultured quiescent and stem-
like TNBC populations. 
 

To evaluate the effect on the BCSC niche, cells were treated with IC30 and IC50 values 
of EGCG and G28 in 2D- and 3D-cultured samples. After 48 h treatment, the capacity of 
forming mammospheres was evaluated as a marker of stem-like population. As seen in Figure 
7C and 7D, 3D-cultured samples showed significantly higher mammosphere forming capacity 
confirming the expansion of stemness features in untreated cells. The treatment with EGCG 
and G28 decreased the MFI values of 3D samples down to similar values of 2D or even lower. 
It should be noted that G28 exerted a greater impact upon the MDA-MB-231 model, in which 
3D samples treated with IC50 dosage showed a significantly minor MFI value than the 
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corresponding 2D control (Fig. 7C). On the other hand, basal-like MDA-MB-468 cells in 
scaffolds underwent a greater MFI decrease when treated with EGCG, also exhibiting an 
inferior mammosphere forming capacity than 2D cells (Fig. 7D). Taking all these findings into 
account, the inhibition of FASN through EGCG and G28 treatment led to a stemness 
diminishment, overcoming the BCSC expansion achieved in 3D culture. In a similar fashion, 
resveratrol, a natural polyphenolic compound, has been proven to suppress tumor stem-like 
cells growth by inducing pro-apoptotic genes via downregulation of FASN expression, in vitro 
and with mice model (105). Some authors pointed out a possible role of FASN increasing fatty 
acid levels during tumor cell migration, invasion and metastasis, characteristics of the BCSC 
niche (106). Despite this report and previous links between FASN and cancer stem-like cells, 
further investigations are needed to elucidate the mechanism through which stemness 
diminishes in response to FASN inhibition. 

 

 

Fig. 7. Cell survival plots (A, B) and mammosphere forming assay (C, D) for MDA-MB-231 (A, C) and MDA-
MB-468 (B, D) cells after EGCG or G28 treatment. Cells were cultured on monolayer (2D) or in PCL scaffolds 
(3D) for 6 days and then exposed to the FASN inhibitors EGCG and G28 for 48 h. Cell survival data are expressed 
as percentage of untreated cells as determined by MTT assay. Significant differences of 3D with regard to 
corresponding 2D cultures are indicated as * (p<0.05) and ** (p<0.01). 

diminishes in response to FASN inhibition. 
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4. Conclusions 
 

ES 15% PCL scaffolds used in the present work have been proven to provide a softer 
and more elastic 3D network compared with PS surfaces. As demonstrated in previous (49, 56) 
and current research, 3D culture with this scaffold model led to an enrichment of the BCSC 
subpopulation in TNBC cells, resulting in higher mammosphere forming capacity, ALDH 
activity, CD44+/CD24-/low cell proportion, stemness-related genes expression and 
chemoresistance, specifically at early culture time points. In addition, EMT was revealed to 
occur throughout scaffolds culture, which can transform epithelial cancer cells into cancer 
stem-like cells. Aside from BCSC expansion within scaffolds surroundings, 3D-cultured cells 
displayed a strong MAPK downregulation alongside a mild PI3K/AKT/mTOR activation, 
resulting in a quiescent cell profile and the upregulation of the aforementioned stemness 
features. As hypothesized in Figure 8, this signaling switch may be modulated by the described 
activation of EGFR and HER2, which is proven to favor FASN synthesis, previously related 
to cancer cells and stemness. To the best of our knowledge, we are the first to define a FASN 
hyperactivation in stemness-enriched TNBC cells cultured on 3D structures. The addition of 
two FASN inhibitors led to a similar cell death in monolayer and scaffolds-cultured cells, 
eluding the cell growth rate dependence of the chemoagents. Moreover, the inhibition of FASN 
overcame the BCSC enrichment achieved in 3D culture in terms of mammosphere forming 
capacity, suggesting the possibility to inhibit FASN to treat the cancer stem-like cells. 
However, more BCSCs markers could be analyzed after FASN inhibition to confirm stemness 
diminishment, including ALDH activity and CD44+/CD24-/low status. 

 
Collectively, ES PCL scaffolds represent a potent tool to maintain the stemness features 

of the sample and expand the BCSC niche of TNBC cells by providing resemblance to a 
physiological structure. Nanofiber meshes may facilitate research in the cancer stem-like cells 
field, since novel biomarkers and treatments need to be developed to attack not only the bulk 
tumor, but also the quiescent and tumor-initiating cells. Notably, FASN deserves further 
investigation as a novel biomarker for BCSCs-enriched TNBC samples, specially within 3D 
surroundings. Despite the described links between FASN and stemness, more efforts would be 
needed to investigate whether BCSCs expansion and signaling switch alongside FASN 
activation are two independent events occurred in a 3D environment, or there is a causal 
relation. 



Chapter 6  

 196 

 

 
Fig.  8. Schematic representation of TNBC cell metabolism modulation within 3D ES PCL scaffold culture. 
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Supplementary Information for 
 
FATTY ACID SYNTHASE AS A NOVEL BIOMARKER FOR TRIPLE NEGATIVE BREAST CANCER STEM 
CELL SUBPOPULATION CULTURED ON ELECTROSPUN SCAFFOLDS 
 

Materials and Methods 

Three-dimensional cell culture. MDA-MB-231 and MDA-MB-468 TNBC cells were obtained 

from the American Type Culture Collection (ATCC; Rockville, MD, USA). Both cell lines were 

routinely grown in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, Waltham, MA, USA) 

supplemented with 10% fetal bovine serum (FBS; HyClone Laboratories, GE Healthcare, 

Chicago, IL, USA), 1% L-glutamine, 1% sodium pyruvate (Gibco), and 50 U/ml Pen/Strep (Linus, 

Cultek, Madrid, Spain). Cells were maintained under sterile conditions at 37 °C and 5% CO2 

atmosphere. 

ALDEFLUORä assay. Information of a minimum of 10,000 events was recorded and analyzed 

using FlowJo 10.7 software (FlowJo LLC, Ashland, OR, USA). SS and FL1 dot plots from DEAB 

samples were created to establish background fluorescence. The ALDH-positive cells’ gate was 

traced, delimiting the rightmost area and including only the 0.5% of total cell population. BAAA 

samples were equally processed and ALDH-positive cells gates of respective DEAB controls were 

used to discriminate the percentage of ALDH-positive cells in each sample. 

Quantitative real-time PCR analysis. To reverse-transcribe the RNA into complementary DNA, 

each sample was composed by 1 µg RNA, 2 µL RT Buffer (10X), 0.8 µL dNTP Mix (100 mM), 2 

µL RT Random Primers (10X) and 1 µL reverse-transcriptase enzyme (50 U/µL) with a balance 

of nuclease-free water from the kit. Reverse-transcription was performed at a specific program 

(25 ºC 10 min, 37 ºC 120 min, 85 ºC for 5 min and 4 ºC until finish) with a Veriti 96 Well Thermal 

Cycler (Applied Biosystems). Resulting cDNA was diluted at 4 ng/µL with nuclease-free water. To 

assess gene expression levels, 20 ng cDNA were mixed with 5 µL ready-to-use SYBR Green and 

0.4 µL of each forward and reverse primer (see Table S2). 

Cell viability assay. An MTT assay was performed after a 48-h treatment with doxorubicin, 

paclitaxel, EGCG, or G28. Scaffolds were transferred onto a new microplate to avoid including 

cells adhered at the bottom of the well. Medium was replaced in 2D and 3D samples by drug-free 

medium containing 10% MTT solution, and incubation was prolonged for 2 h 30 min at 37 °C. 

Only metabolically viable cells formed formazan crystals which were dissolved in DMSO (Sigma-

Aldrich) under shaking. Four 100 µL aliquots for each well were transferred to a 96 well microplate 

and absorbance was determined at 570 nm using a Benchmark Plus Microplate 

Spectrophotometer System (Bio-Rad Laboratories, Inc.). Using treated (T) and control (C) 

average absorbance values, the percentage of cell survival (CS) at each concentration was 

calculated from the formula CS = 100(T/C). 
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Supplementary Tables and Figures 
 
Table S1. Cell densities used for cell seeding experiments. Different cell densities were used in 

order to achieve a similar confluence after the culture. Since cell adopted a lower cell growth rate 

within 3D surroundings, higher cell densities were generally used for scaffolds culture. 

Nº CELLS / CM2 MDA-MB-231 MDA-MB-468 

2D 3D 2D 3D 

3 days 16,000 16,000 24,000 24,000 

6 days 2,400 4,800 8,000 12,000 

12 days 120 320 1,600 3,200 

8 days 

(6 culture days + 48h treatment) 
1,200 3,000 5,000 8,000 
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Table S2. List of primers. 

Gene Forward sequence (5’-3’) Reverse sequence (5’-3’) 

CD24 CCTCCCAGAGTACTTCCAACT AGTGAGACCACGAAGAGACT 

CD44 TGTGGAGGACAGAAAGCCAAG TCCCAGCTCCCTGTAATGGTT 

SOX2 AACCCCAAGATGCACAACTC GCTTAGCCTCGTCGATGAAC 

SOX4 CCGGAATTCATGGTGCAGCAAACCAAC  CCGGAATTCTCAGTAGGTGAAAACCAG  

NANOG AATACCTCAGCCTCCAGCAGATG TGCGTCACACCATTGCTATTCTTC 

CD49f ATG GAG GAA ACC CTG TGG CT ACG AGA GCT TGG CTC TTG GA 

SNAIL GCTGCAGGACTCTAATCCAGA ATCTCCGGAGGTGGGATG 

SLUG GCGATGCCCAGTCTAGAAAA GCAGTGAGGGCAAGAAAAAG 

ZEB1 GCCAATAAGCAAACGATTCTG TTTGGCTGGATCACTTTCAAG 

ZEB2 CCCTTCTGCGACATAAATACG TGTGATTCATGTGCTGCGAGT 

TWIST AGCTACGCCTTCTCGGTCT CCTTCTCTGGAAACAATGACATC 

CDH1 TGGAGGAATTCTTGCTTTGC CGCTCTCCTCCGAAGAAAC 

VIM AGTCCACTGAGTACCGGAGAC  CATTTCACGCATCTGGCGTTC 

ACTB ATTGGCAATGAGCGGTTC CGTGGATGCCACAGGACT 

TUBB AGGCTACGTGGGAGACTCG GCCCTGGGCACATATTTCT 

FASN CAGGCACACACGATGGAC CGGAGTGAATCTGGGTTGAT 

GAPDH TCTTCCAGGAGCGAGATC CAGAGATGATGACCCTTTTG 
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Table S3. List of antibodies. 

Protein Molecuar 
Weight (kDa) Reference Supplier Dilution Source 

      

E-Cadherin 135 3195 

Cell Signaling 
Technology 1:1,000 

Rabbit 

Vimentin 57 5741 

Phospho-p44/42 MAPK (Thr202/Tyr204) 42, 44 9101 

p44/42 MAPK 42, 44 9102 

Phospho-S6 ribosomal protein (Ser235/236) 32 2211 

Phospho-PI3 Kinase 
p85(Tyr458)/p55(Tyr199) 60, 85 4228 

PI3 Kinase p100α 110 4249 

Phospho-Akt (Ser473) 60 4058 

Akt 60 9272 

PTEN 54 5384 

Phospho-mTOR (Ser2448) 289 2971 

mTOR 289 2983 

Phospho-EGFR (Tyr1068) 175 2234 

EGFR 175 4267 

Phospho-HER2 (Tyr1196) 185 6942 

HER2 185 2165 

FASN 273 3180 

    

beta-Actin 45 3700 

Mouse 
alpha-Tubulin 55 3873 

     

GAPDH 36 60004-1-
Ig Proteintech 1:50,000 

      

Anti-rabbit IgG, HRP-linked - 7074 Cell Signaling 
Technology 1:4,000 

Goat      

Anti-mouse IgG, H&L Chain Specific 
Peroxidase Conjugate - 401215 Calbiochem 1:5,000 



Chapter 6  

 204 

 

 

Table S4. ALDEFLUOR assay plots of MDA-MB-468 cells cultured on tissue microplates (2D) 

and on 15% PCL ES scaffolds (3D). Aldehyde dehydrogenase (ALDH) inhibitor 

(diethylaminobenzaldehyde; DEAB) was processed to determine background fluorescence. 

 2D 3D 

 DEAB ALDH DEAB ALDH 

3 days 

    

6 days 

    

12 
days 
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Fig. S1. Fold changes in gene and protein expression of b-actin and b-tubulin for MDA-MB-231 

(A) and MDA-MB-468 (B) cells cultured on ES PCL scaffolds (3D) compared to corresponding 2D 

control. Gene expression levels were quantified by double delta Ct analysis method. Both gene 

and protein expression levels were normalized against GAPDH values. A representative Western 

Blot image for each cell culture condition is shown. A slight increase of tubulin expression was 

found after 3 scaffolds culture days, which may respond to a higher demand of microtubules in 

scaffolds culture. The polymerization of tubulin results in the formation of microtubules, that form 

part of the eukaryotic cytoskeleton. This fact might be related to the cytoskeleton remodeling that 

cells undergo in 3D culture, adopting a more elongated morphology.  
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Fig. S2. Average of IC30 and IC50 values (drug concentration that inhibited 30 or 50% of cell 

viability, respectively) for MDA-MB-231 (A) and MDA-MB-468 (B). Cells were cultured on 

monolayer (2D) or in PCL scaffolds (3D) for 6 days and then exposed to the FASN inhibitors 

EGCG and G28 for 48 h. 
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Discussion 
 

There is no targeted therapy for triple negative breast cancer (TNBC) (19), which 

presents an aggressive profile and a high recurrence rate (110). These facts 

highlight the feasibility of breast cancer stem cells (BCSCs), a small subpopulation 

responsible for tumor initiation and relapse (151), to become a novel target for 

TNBC. However, BCSC experimentation is hindered by traditional in vitro 

monolayer culture (372). Plastic three-dimensional (3D) supports such as scaffolds 

have emerged as novel tools for in vitro cell culture since they are proven to 

maintain the stemness features of the sample (330). Therefore, current efforts in 

the field are focused on the use of biocompatible scaffolds to study the BCSC niche. 

Present work aims to explore the feasibility of poly(e-caprolactone) (PCL) scaffolds 

to culture breast cancer cell lines, with particular interest in TNBC models. Hence, 

the final purpose is to enrich the BCSC subpopulation and properly study its 

behavior and identify possible targets. 

 

CHAPTER 3 Use and optimization of the fused filament 

fabrication technology to manufacture PCL scaffolds for 3D 

cell culture and stemness expansion 

 

Different technologies are available for the manufacture of plastic biocompatible 

scaffolds. Fused filament fabrication (FFF) technique, which is an additive 

manufacturing (AM) process, stands for one of the most accessible and simplest 

options (332). Briefly, the thermoplastic material is melted and deposited in 

successive layers through a moving, heated printer extruder head, which is moved 

under computer control to define the printed shape. Final product is usually 

composed by micrometric fibers. This technology is used by the vast majority of 3D 

printers (331, 332), representing an open-source and low-cost option that can be 

easily modified to optimize the quality of the printing (339). Among all the available 
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polymers, PCL excels due to its biocompatible features, a relatively long-term 

biodegradability, a lower melting point of 60°C, and the absence of isomers (374). 

It is therefore not surprising that its use is increasing in tissue engineering (TE), 

drug delivery, and cell culture (176, 364, 366, 375). 

 

Considering the previous information, RepRap BCN3D+ 3D printer and PCL were 

chosen to perform the first attempts to manufacture scaffolds for 3D cell culture. 

Fabrication process usually needs to be optimized depending on the chosen 

apparatus and polymer, as well as the scaffold design since each cell type requires 

different scaffold features. Therefore, a novel scaffold parameter selection system 

was first developed in the form of a sequential flowchart. Several fabrication 

parameters were gradually optimized step by step: extruder temperature of 85°C, 

bed temperature of 35°C, deposition velocity of 10 mm/s, and 0.3 mm of layer 

height. In the case of the design parameters, the following optimal values were 

determined: filament diameter of 0.3 mm, distance between filaments of 0.7 mm, 

and three scaffold designs were produced varying the deposition angle between 

layers (45°, 60°, and 90°). Among the distinct versions, 60° scaffolds 

accommodated the highest cell growth for breast cancer MCF-7 cells, and 90° 

version was the optimal for the murine fibroblasts NIH/3T3. The found optimal 

values are closely related to those defined in other studies that use similar 

technologies and materials (331, 340). This fact supports the idea of using a single, 

common methodology to optimize the processing parameters, such as the 

developed flowchart. Besides, this system makes it easier to adjust scaffold design 

features according to cell line characteristics. For instance, a tumor and a non-

tumor cell line were tested, which resulted in different optimal scaffold design, 

showing the flexibility of the flowchart described in the present work. 

 

FFF PCL scaffolds adequacy for breast cancer MCF-7 cells was further analyzed. As 

previously seen, deposition angle design parameter showed a strong influence on 

cell adhesion and proliferation. Our data pointed out that 60° scaffold exhibited 

the greatest cell proliferation rate, followed by 45° and 90° model, this last one 
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showing almost no cell attachment at all probably due to their big pores. In 

contrast, a previous work using human mesenchymal stem cells (HMSCs) 

demonstrated that a higher deposition angle provides more space for cells to 

attach and proliferate (340). This apparent contradiction underlines the fact that 

specific cells require a different pore size and architecture for optimal attachment, 

growth, and motility (376). In addition, higher cell proliferation was observed on 

the scaffolds placed on non-adherent surfaces compared to the ones 

accommodated in adherent wells. In a non-adherent well, cells only have the 

possibility of attaching to the PCL filaments of the scaffolds and they are not 

attracted to the bottom. Besides, MCF-7 cultured in FFF PCL scaffolds displayed a 

significantly higher capacity to form mammospheres compared to 2D control, 

revealing a BCSC enrichment. The use of adherent and non-adherent wells did not 

affect the mammosphere forming index (MFI). Our data agree with prior 

investigations in which 3D-cultured breast cancer cells exhibited an increased MFI 

(176, 364), although they used electrospinning scaffolds with thinner filaments. 

 

Taken together, a conventional RepRap 3D printer using FFF has been proved to be 

suitable to manufacture PCL scaffolds for biomedical applications. A flowchart to 

optimize the parameters of the whole process has been proposed. This 

methodology may be further used to set up scaffold manufacturing (both design 

features and fabrication parameters) when using a 3D printer or any other AM 

technology and/or materials. Moreover, our results suggest that FFF PCL scaffolds, 

although they are mostly used for TE applications due to their micrometric fibers 

and mechanical features (331, 333–335), are also feasible for in vitro cell culture 

and stemness maintenance when using the breast cancer reference model MCF-7. 
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CHAPTER 4 Use and optimization of electrospinning 

technology to manufacture PCL scaffolds for 3D cell culture 

and stemness expansion 

 
Despite the good response of FFF PCL scaffolds in terms of breast cancer cell 

culture, the use of a new technology to fabricate PLC scaffolds was explored. The 

goal was to fabricate meshes with smaller porosity and thinner diameters, similar 

to the native fibrous proteins contained in the physiological extracellular matrix 

(ECM) (341). The use of a physiological-like scaffold may enhance cell proliferation, 

maintaining or empowering the stemness-enriching potential previously seen. For 

this reason, electrospinning (ES) technology was used to manufacture PCL scaffolds 

due to its capacity of producing nanofibers and its use in the cancer stem cell 

culture field (176, 364, 373). In fact, there are approximately twice as many 

publications using ES than FFF for scaffold fabrication (source Pubmed), probably 

due to the aforementioned differences. In ES, polymer is dissolved and placed in a 

syringe connected to a metallic needle. A high voltage is applied so the solution 

becomes charged. When the electric force overcomes the fluid surface tension, a 

stream of liquid is ejected, which results in the formation of a charged structure 

called Taylor cone. This formation enables the continuous production of polymer 

fibers from the needle to the ground collector. When the process is done, the 

solvent evaporates and nanofibers are randomly formed in the collector. 

Therefore, the use of voltage in this technique allows the formation of thinner 

filaments compared with FFF scaffolds. Although a design scaffold step is not 

possible here, different fabrication parameters lead to distinct scaffolds 

microarchitectures. 

 

In Chapter 4, a solution of PCL and acetone was electrospun to produce scaffolds 

that were cut to allow their use in regular 12-well cell culture microplates. ES is a 

technology highly influenced by fabrication parameters including polymer 

concentration, applied voltage, and polymer solution flow rate (377–379). 



  Discussion 

 213 

Therefore, different parameters values were tested to reach a stable Taylor cone 

and a steady stream. In all screening tests, PCL-acetone solution partially solidified 

in the emitter tip, producing a stalactite-like form, regardless of the different tested 

room humidity (50-60%) and temperature (19-25°C) values. Acetone was 

presumably evaporated due to its high volatility producing this lengthened 

formation at the needle tip. Some authors have electrospun PCL-acetone solutions, 

but solvent evaporation in the emitter tip was not mentioned since Taylor cone 

structure was not examined (377–380). A voltage of 7 kV and flow rate of 6 mL/h 

were found to produce the most stable Taylor cone and manufacturing process. 

Relation between applied electric field and droplet morphology was superficially 

studied by Zong et al. using polylactic acid (PLA) dissolved in dimethyl formamide 

(DMF). They pointed out that a too high voltage quickly removes the solution 

droplet from the tip. Hence, droplet becomes smaller and Taylor cone oscillated 

due to high voltage and remains unstable (381), a phenomenon observed in our 

work when using higher voltages. However, fewer differences were observed in 

droplet morphology varying flow rate parameter compared with voltage.  

 

Regarding the polymer solution, two different concentrations of 7.5 and 15% PCL 

were processed, producing two distinct scaffold models whose weight and 

thickness were analyzed. Interestingly, values of scaffolds from different ES process 

batches did not present significant differences, demonstrating reproducibility 

among distinct processes in regard to macroscopic characterization. The physical 

analysis results agreed with the PCL amount in each solution, being the 7.5% 

scaffold weight the half than 15% model. Both scaffold exemplars were tested with 

the reference breast cancer model MCF-7 cells. Meshes form 15% PCL solution 

exhibited a significant cell proliferation increase compared with 7.5% scaffolds. 

Opposed to these data, a human cancer cell study asserted that higher cell 

proliferation values can be obtained with small fibers diameters from low 

biopolymer concentration scaffolds (367). Cell growth differences may be 

attributed to the mesh microarchitecture. It has been demonstrated that low PCL 

concentration resulted in scaffolds with spherical structures made by non-
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filamented polymer, called beads, which were proven to hinder fibroblast 

proliferation (377, 380). Cells cultured in both scaffold designs displayed a 3-fold 

increased MFI compared with monolayer control. These similar values between 

scaffolds may seem conflicting with the differences previously seen in terms of cell 

proliferation. It is worth mentioning that, despite their differences on their cell 

proliferation and structure, both scaffolds provide a 3D environment. This fact 

allows cells to establish interactions with filaments in different plans of the space, 

enabling the cytoskeleton reorganization and gene expression regulation. 

 

Compared with the data obtained in the previous chapter, electrospun PCL meshes 

showed a higher cell proliferation rate than FFF PCL scaffolds using the same cell 

model. Besides, ES PCL scaffolds led to a 3-fold increased MFI, whereas MCF-7 cells 

cultured in FFF meshes showed a double MFI increase. In context with literature, 

Feng et al. published a 2-fold MFI increment with MCF-7 cells cultured in 

electrospun PCL scaffolds (176), the same trend observed by Sims-Mourtada group 

(364). Therefore, ES PCL scaffolds manufactured in this thesis represent a suitable 

tool to accommodate breast cancer MCF-7 cells and expand BCSC niche, greater 

than their FFF counterparts or even ES scaffolds from other literature works. 

 

Some previous works explored the impact of random and aligned ES PCL fibers on 

cell-substrate response. In fact, ES is a versatile technique with which, with the 

installation of a special rotating mandrel as a ground collector, aligned fibers can 

be collected. When using breast cancer cells, a study claimed that cells adopted 

more elongated morphology in aligned cells compared with random counterparts, 

as well as a more EMT-like phenotype. Therefore, these data are in agreement with 

a previous investigation that observed a parallel fiber alignment as a characteristic 

of ECM produced by primary carcinoma associated fibroblasts of the skin (382). In 

a similar fashion, Provenzano and colleagues identified parallel collagen fibers 

perpendicular to the advancing edge of the tumors in a mouse mammary tumor 

model (383). However, results provided in this work clearly emphasize the use of 
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random ES PCL fibers in terms of sustaining both breast cancer cell proliferation 

and BCSC expansion. 

 

Taking into account all data, ES has been proved to be a potent technology useful 

in diverse fields. Controlling process parameters allows the production of different 

meshes, demonstrating its potential for nanotechnology research. Moreover, the 

BCSC-enriching capacity of ES scaffolds may facilitate the development of new 

therapeutic strategies against this malignant subpopulation.  

 

CHAPTER 5 Evaluation of BCSC and fatty acid synthase 

(FASN) role in chemosensitive and chemoresistant MDA-

MB-231 TNBC cells 

 

Distinct approaches can be done to properly study the BCSC subpopulation in TNBC 

samples. In previous chapters, the impact of microenvironment on stemness 

preservation has been described, concluding that ES PCL scaffolds can be used to 

expand and characterize this malignant subpopulation in breast cancer cells. In 

other settings, tumors that progress after chemotherapy usually display an 

enrichment of BCSC features (384, 385). Besides, fatty acid synthase (FASN), the 

key enzyme for de novo lipogenesis, also plays an important role in drug resistance 

(282, 386, 387) and stemness regulation. Hence, chapter 5 has been focused on 

the use of the TNBC MDA-MB-231 cells and its resistant derivates 231DXR 

(resistant to doxorubicin) and 231PTR (resistant to paclitaxel) to evaluate BCSC 

population and FASN role in resistance to chemotherapy acquisition. This cell line 

was chosen since it belongs to the mesenchymal-like (ML) molecular subtype, 

which represents the 30% of TNBC cases and shows BCSC and  epithelial-to-

mesenchymal transition (EMT) properties, as well as a poor prognosis (23, 29). 

Present investigation may elucidate the relationship behind all these elements and 

describe the potential of FASN and its pharmacological blocking as a novel 

approach for BCSC niche in TNBC samples. 
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Results obtained indicated that both 231DXR and 231PTR showed increased ability 

to form mammospheres under drug treatment compared to chemosensitive cells. 

ALDH1 activity, a BCSC feature related with chemoresistance in patients (388), was 

significantly increased in 231DXR cells but the percentage of ALDH-positive cells in 

231PTR model remained similar to that in the parental. Overall, 231DXR showed 

an enlargement of the BCSC niche while intrinsic stemness features of the 231PTR 

cells were, at least, maintained. 

 

It has been described that induction of EMT can lead to cell dedifferentiation, so 

cells can acquire BCSC characteristics including chemoresistance (389, 390). 

Therefore, the expression of some EMT markers was analyzed to know whether 

the development of this phenotype was due to an EMT process triggered by the 

addition of chemotherapy drugs. SNAIL, an EMT inducer associated with tumor 

development and relapse (391–393), was found upregulated in 231DXR derivate 

compared to sensitive cells. In the case of 231PTR model, the expression of SLUG 

was increased, an EMT transcription factor linked to cancer progression and BCSC 

activity (394). Therefore, resistant cells may have acquired stemness features 

through an EMT process. 

 

The use of chemotherapeutic drugs counts with undeniable advantages as an 

antitumor medicine. However, doxorubicin has been showed to promote stemness 

in murine cell lines (395–397) and increase stemness-related signaling pathways 

(398), in agreement with our results. Concerning paclitaxel, it has been proved to 

increase the BCSC population in head and neck cancer cell lines (399); however, 

non-obvious enrichment was observed after paclitaxel addition in our hands, but a 

maintenance of the intrinsic stem features of this ML subtype. 

 

FASN overexpression confers many advantages to tumor cells such as the ability to 

preserve a high proliferation rate and partially regulate drug resistance acquisition 

(282, 386, 387). In this work, the addition of doxorubicin led to a significantly 

increase of FASN protein levels in the 231DXR model, which was described to be a 
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resistance mechanism in breast cancer (400). Gonzalez-Guerrico et al. showed that 

FASN inhibition resulted in the conversion of ML phenotype to a non-malignant 

one by downregulating EMT markers in a breast cancer model (401). Besides, the 

FASN inhibitor resveratrol precluded the growth of the CSC population both in vitro 

and in vivo using a breast cancer xenograft model (402). FASN expression has also 

been determined to be crucial in stemness maintenance in glioma (403). In this 

chapter, the effect of FASN inhibition in a BCSC population was evaluated through 

the ability to hinder the mammosphere-forming capacity compared to the 

cytotoxic effect in the non-enriched adherent culture. Among the tested FASN 

inhibitors, G28 displayed a greater inhibitory effect in the BCSC-enriched spheres 

culture in both sensitive and resistant cell lines, which was not found when using 

the chemotherapeutical agents. Interestingly, this proliferation inhibition was 

equally found in the adherent monolayer culture, which can be considered 

homologous of the bulk tumor. These results set up the basis for further 

investigation using FASN inhibitors in combination with chemotherapy to target 

BCSCs as well as the bulk of the tumor to improve the prognosis of the TNBC 

patients. 

 

CHAPTER 6 Enrichment of BCSCs in the TNBC cell models 

MDA-MB-231 (mesenchymal-like) and MDA-MB-468 

(basal-like) within 3D ES PCL scaffold culture 

 

The first chapters have been focused on the use and optimization of biocompatible 

meshes, concluding that PCL scaffolds made by ES technology may serve as an in 

vitro tool to expand the BCSC subpopulation of breast cancer cells. Moreover, the 

previous chapter pointed out the potential of FASN to target the sphere-forming 

BCSC niche of TNBC cells. On this account, this chapter aimed to use ES PCL 

scaffolds to expand and characterize the BCSC portion of TNBC cell models and, 

eventually, evaluate the potential of FASN to become a target for BCSC-enriched 

TNBC samples. 



Chapter 7  

 218 

Firstly, 7.5 and 15% PCL scaffolds were produced following the ES optimization 

presented in Chapter 4 and subsequently characterized through several 

mechanical analyses. Scaffold curves obtained in differential scanning calorimetry 

(DSC) and thermal gravimetric analysis (TGA) almost overlap raw PCL data, 

indicating the absence of material modification neither contamination after 

fabrication process. Moreover, dynamic mechanical analysis (DMA) determined 

that PCL scaffolds offered a softer and more elastic 3D network compared with 

traditional polystyrene (PS) in vitro surfaces. These differences might be of a value 

since cells are proven to generate more traction force and develop a broader and 

flatter morphology on stiff surfaces (321). Finally, scanning electron microscopy 

(SEM) images were taken to analyze the microstructure of ES PCL scaffolds. 

Polymer concentration has been found to exert a strong influence on scaffold 

architecture. Indeed, 7.5% PCL meshes exhibited, apart from filaments with an 

average diameter of 300 nm, spherical structures made by non-filamentous 

polymer. These structures, already described in the literature, are known as beads 

and are resulted from low polymer concentration (380, 404). In contrast, no beads 

were observed in 15% PCL meshes, which showed an average fiber diameter of 

700 nm. While performing a direct comparison with values from other studies is 

difficult owing to the wide range of ES parameters used, the significant impact of 

PCL concentration in acetone on fiber morphology and diameter agrees with most 

previous studies (377, 379, 380, 405). Then, porosity was also evaluated and, 

although ES scaffolds presented similar surface porosity (22-28%), the average 

pore area in 15% PCL model was 3.5-fold larger than that of 7.5% PCL specimens. 

In these settings, cell responses to PCL nanofibers are likely influenced by both the 

stiffness and three-dimensionality features provided by these scaffolds. 

 

Two TNBC models from distinct molecular subtypes, MDA-MB-231 (mesenchymal-

like) and MDA-MB-468 (basal-like), were successfully expanded on the 7.5 and 15% 

PCL electrospun mats. Both tested scaffolds showed less cell proliferation 

compared with the homologous monolayer culture, in agreement with previous 

studies (406). When scaffolds from different polymer concentrations are 
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compared, microarchitecture traits seem to influence 3D cell culture efficiency. 

Both cell lines exhibited a higher cell growth rate on 2D control and 15% PCL 

scaffolds in comparison with the 7.5% PCL samples. It is worth mentioning that low 

filament diameters facilitates cell adhesion and growth (367, 377, 378) and, in fact, 

collagen fibers (the main protein in the extracellular matrix) display small 

diameters below 100 nm (341). However, in the current study, the scaffold model 

with the lowest fiber diameter (i.e., 7.5% PCL) also exhibited beads which 

interfered with cell proliferation. Chen et al. demonstrated that, despite having 

smaller fiber diameters, meshes with beads hindered fibroblast growth (377). In 

our conditions, beaded scaffolds exhibited a lower surface area-to-volume ratio, 

providing less material for cell growth. Besides, interconnected pores with a 

minimum optimal area are needed to allow cell growth and scaffold infiltration. 

Small pores of 7.5% scaffolds may also hinder TNBC cells’ penetration within the 

mesh structure. Following this hypothesis, most cells would have adhered to the 

surface and they would hardly have colonized different scaffold depths. With 

regard to cell morphology, both cell lines seeded on 15% PCL scaffolds presented 

more cytoplasmic elongations compared with the round shape seen on 7.5% PCL 

meshes and, especially, 2D monolayer culture. This finding is supported by the 

higher cytoplasmic elongation factor of 15% PCL mat cells. Cell elongation along 

scaffold nanofilaments has also been observed in other breast cancer cells (176, 

373), fibroblasts (407), and murine adult neural stem cells (408). 

 

Considering cell proliferation kinetics and morphology changes, scaffold from 15% 

PCL solution was selected to further accommodate MDA-MB-231 and MDA-MB-

468 cell culture. This scaffold model was the only that provided a suitable 3D 

environment for TNBC cells to adopt an in vivo-like elongated shape, in contrast 

with the round flattened shape of 2D-cultured cells which has been proved to 

induce BCSC differentiation (316, 317, 372). 15% PCL scaffold culture led to an 

enrichment of the BCSC subpopulation at early culture times in both TNBC cells, 

resulting in higher mammosphere-forming capacity, ALDH1 activity, stemness-

related genes expression, and resistance to the chemotherapeutic drugs 
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doxorubicin and paclitaxel. In the case of the basal-like MDA-MB-468 cell line, a 

higher CD44+/CD24-/low BCSC-like cell proportion was also found in 3D culture. This 

analysis was not performed with the mesenchymal-like MDA-MB-231 cell model 

since up to 95% of these cells are CD44+/CD24-/low in basal conditions (own data 

and (409–411)). These arrangements reached the maximum significance when the 

culture period lasted 6 days, this time being the one that allows the greatest BCSC 

expansion through 3D cell culture. Overall, when incubation was extended at 12 

days, the expression of several stemness markers remained stable or were even 

downregulated. In addition, EMT was revealed to occur throughout scaffold 

culture, which can transform epithelial cancer cells to cancer stem-like cells. 

Softness reported on PCL scaffolds could play a key role in this EMT induction, since 

it was proven to be an underlying mediator of TFG-b-driven processes such as EMT 

through dynamic compression and contraction of cell-matrix interaction (412). 

 

Aside from BCSC expansion within ES PCL scaffold surroundings, a metabolic 

alteration was also found in 3D-cultured TNBC cells. MDA-MB-231 cells underwent 

a HER2 overexpression and activation in 3D culture, whereas MDA-MB-468 model 

displayed activation of both EGFR and HER2. The signal transduction caused by the 

activation of these receptor tyrosine kinases promotes a diverse repertoire of 

cellular signaling pathways including MAPK and the PI3K/AKT/mTOR pathways 

(413). Overall, 3D-cultured TNBC cells displayed a strong MAPK downregulation 

alongside a mild PI3K/AKT/mTOR pathway activation. Considering all these 

findings, our hypothesis is that upregulation of HER2 alone (MDA-MB-231) or in 

combination with that of EGFR (MDA-MB-468) may promote PI3K/AKT/mTOR 

activation during 3D cell culture, in detriment of MAPK signaling (Figure 15). 

Decreased MAPK signaling and activation of a quiescent profile has also been 

related to decreased matrix stiffness, a condition found in the used ES PCL scaffolds 

compared with polystyrene surfaces (414). These signaling alterations could be 

behind BCSC expansion within 3D culture, as PI3K pathway was previously related 

to the acquisition of CSC-like properties in breast cancer cells (415). Due to their 

crosstalk (416, 417), hyperactivation of PI3K/AKT/mTOR cascade may inhibit MAPK 
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signaling, leading to a more quiescent culture since MAPK regulates cell 

proliferation (53). Or vice versa, cells adopted a less proliferative profile within 3D 

surroundings, leading to a MAPK inactivation and triggering PI3K/AKT/mTOR 

signaling due to a feedback loop. Contrary to our results, previous works pointed 

out that 3D culture of HER2+ breast cancer cells in Matrigel or spheres promoted 

a shift from PI3K/AKT to MAPK signaling (418–420). However, these investigations 

also revealed a HER2 hyperactivation within 3D surroundings. This may indicate 

that cells can adopt different modifications upon 3D culture depending on their 

molecular subtype and 3D structure type, among other variables.  

 

Apart from the relation between stemness and FASN, seen in the previous chapter 

and reported by others (402, 403, 421, 422), HER2 is proven to stimulate FASN 

expression and post-translational activation by phosphorylation. FASN, in turn, 

contributes to HER2 activation allowing its incorporation in lipid rafts on the plasma 

membrane (268). According to our results, both TNBC cell models exhibited 

significantly higher FASN protein and activity levels after 6 days of culture in ES PCL 

scaffolds, the same incubation period which showed the maximum expansion of 

stemness features. When TNBC cells were treated with the FASN inhibitors EGCG 

and G28, similar cell death values were found in monolayer and scaffolds-cultured 

cells, eluding the cell growth rate dependence of the chemoagents. Finally, the 

effect of FASN blocking was evaluated on the BCSC niche through the capacity of 

forming mammospheres. In basal conditions, the mammosphere forming index 

(MFI) of 3D samples was significantly increased compared with 2D control, in 

accordance with previous results and BCSC expansion in scaffolds. However, the 

treatment with EGCG and G28 decreased the MFI values of 3D-cultured cells down 

to similar values of 2D or even lower. Concretely, G28 exerted a greater impact 

upon the MDA-MB-231 cells, whereas MDA-MB-468 cells in scaffolds underwent a 

greater MFI decrease when treated with EGCG. Taking all these findings into 

account, the inhibition of FASN through EGCG and G28 treatment led to a stemness 

diminishment, overcoming the BCSC expansion achieved in 3D culture. In a similar 

fashion, resveratrol, a natural polyphenolic compound, has been proven to 
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suppress tumor stem-like cells growth by inducing pro-apoptotic genes via 

downregulation of FASN expression, in vitro and in mice model (402). Some authors 

pointed out a possible role of FASN increasing fatty acid levels during tumor cell 

migration, invasion, and metastasis, features of the BCSC niche (423). Overall, 

pharmacological blocking of FASN hindered both the cell growth of the bulk sample 

and the stemness capacity of the BCSC-enriched cells. 

 

 
Figure 15. Schematic representation of triple negative breast cancer (TNBC) cell metabolism modulation 
within three-dimensional (3D) electrospinning (ES) poly(e-caprolactone) (PCL) scaffold culture. 
Schematic representation of our hypothesis in which 3D cell culture with ES 15% PCL scaffolds causes 
an activation of the human epidermal growth factor receptor 2 (HER2) alone (MDA-MB-231 cells, 
mesenchymal-like) or combined with that of the epidermal growth factor receptor (EGFR; MDA-MB-
468 cells, basal-like). This activation trend may stimulate PI3K/AKT/mTOR signaling pathway in 
detriment of MAPK cascade, leading to a quiescent profile and BCSC features expansion. Due to their 
crosstalk, hyperactivation of PI3K/AKT/mTOR pathway could inhibit MAPK signaling. Moreover, HER2 is 
proven to stimulate fatty acid synthase (FASN) expression and post-translational activation by 
phosphorylation. FASN, in turn, contributes to HER2 activation allowing its incorporation in lipid rafts 
on the plasma membrane. Abbreviations: AKT (protein kinase B), ALDH (aldehyde dehydrogenase), EMT 
(epithelial-to-mesenchymal transition), MAPK (mitogen activated protein kinase), MEK (MAPK/ERK 
kinase), mTOR (mammalian target of rapamycin), PI3K (phosphoionositide-3-kinase), PTEN 
(phosphatase and tensin homolog), RAF (rapidly accelerated fibrosarcoma), RAS (rat sarcoma). Own 
elaboration based on observed data. 
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As a conclusion, 15% PCL ES scaffolds offered a suitable environment to 

accommodate TNBC cells and, more importantly, to expand their BCSC niche. Our 

findings open the door to further study FASN as a novel target to treat 3D-cultured 

quiescent and stem-like TNBC populations. However, further investigations are 

needed to elucidate the mechanisms through which stemness diminishes in 

response to FASN inhibition. 

 

Concluding remarks 

 

Collectively, PCL scaffolds represent a potent tool to maintain the stemness 

features of the sample and expand the BCSC niche of TNBC cells by providing 

resemblance to a physiological structure. In particular, meshes produced with ES 

technology displayed the greatest potential to accommodate breast cancer cell 

culture alongside a BCSC expansion. Therefore, the use of micro- and nanofibers 

may facilitate research in the cancer stem-like cell field, since novel biomarkers and 

treatments need to be developed to attack not only the bulk tumor, but also the 

quiescent and tumor-initiating cells. Notably, FASN deserves further investigation 

as a novel biomarker for BCSC-enriched TNBC samples, especially within 3D 

surroundings. Despite the described links between FASN and stemness, more 

efforts would be needed to investigate whether BCSC expansion and signaling 

switch alongside FASN activation are two independent events occurred in a 3D 

environment, or there is a causal relation. 
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Limitations of the study 
 

At the conclusion of the present research, it is necessary to point out some 

limitations that have not been possible to control in the presented thesis due to 

available amount of time, resources, and intrinsic nature of the investigation. 

 

As in most biomedical investigations, the choice of the used cell models is a critical 

step. In our case, the non-TNBC reference breast cancer cell line MCF-7 was chosen 

for the initial studies due to its presence in a wide range of 3D culture studies. 

Therefore, once a 3D cell culture protocol was optimized, two different TNBC 

models were selected: MDA-MB-231 and MDA-MB-468. Each of them belongs to 

one TNBC molecular subtype (mesenchymal-like and basal-like, respectively) with 

the aim to have the whole molecular representation of the TNBC disease. Some 

differences were observed between these two cell models, e.g., upregulation of 

different stemness and EMT markers, EGFR activation state of 3D-cultured cells, 

and distinct impact of EGCG and G28 on mammospheres-forming cells. However, 

since only one cell line of each molecular subtype was tested, aforementioned 

differences cannot be directly associated to each category. The use of more cell 

lines of each subtype would improve the understanding, such as DU4475 and 

HCC1806 for mesenchymal-like group, and BT549 and HCC1395 for the basal-like 

one. However, more biological details including critical cell mutations should be 

considered. 

 

Another significant limitation of our study is the number of scaffold designs tested, 

especially in the electrospinning section. Only two different ES scaffold models 

were tested, varying the concentration of PCL (i.e., 7.5 and 15% PCL). Low polymer 

concentration meshes exhibited reduced cell proliferation and elongation even 

though they displayed the thinnest filaments, which is preferred for cell growth. 

However, non-filamented beads that hinder cell growth were also present in the 

7.5% PCL scaffolds structure. Since beads formation is related to the use of a low 
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polymer concentration solution, an intermediate PCL concentration (between 7.5 

and 15%) may have been explored to manufacture fibers thinner than the ones 

present in 15% PCL model but without the appearance of beads. By doing so, we 

may have been able to produce a scaffold model that enable a higher cell 

proliferation rate maintaining the cell elongation factor. Despite this limitation, ES 

15% PCL scaffold successfully accommodates the culture of TNBC cells, as well as 

a significant expansion of the BCSC niche. 

 

Finally, the mechanism with which scaffolds increased the BCSC subset could not 

be fully analyzed. As discussed before, changes in cytoplasm and nucleus shape are 

thought to be behind stemness upregulation, since cells undergo a complex 

cytoskeleton reorganization that leads to gene and protein regulation (316, 317). 

However, increases in BCSC population in 3D culture could result from either 

increased proliferation of BCSCs or inhibition of their differentiation. To 

comprehend this matter, further studies can be performed to determine the 

proliferation rates of BCSC and non-BCSC subpopulation in the sample using, for 

example, flow cytometry. The combination of 5-ethynyl-2’-deoxyuridine (EdU) 

incorporation assay with CD44+/CD24-/low or ALDH+ staining would determine the 

proliferation rate of both cell subpopulations. This is an approach already 

performed by another group that cultured breast cancer cells in ES PCL scaffolds. 

Authors determined that, in their conditions, BCSC and non-BCSC cell niches 

showed similar cell growth kinetics and, therefore, stemness enrichment was likely 

due to a differentiation reduction (364). 
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The general conclusion of this thesis is that fused filament fabrication (FFF) and 

electrospinning (ES) apparatus have been successfully optimized to manufacture 

poly(e-caprolactone) (PCL) scaffolds suitable for in vitro three-dimensional (3D) 

breast cancer cell culture and stemness maintenance. Among them, the use of 15% 

PCL ES scaffold shows the highest potential to expand the breast cancer stem cell 

(BCSC) subpopulation of the triple negative breast cancer (TNBC) cells MDA-MB-

231 (mesenchymal-like subtype) and MDA-MB-468 (basal-like). Additionally, the 

fatty acid synthase (FASN) enzyme, involved in the de novo lipogenesis and drug 

resistance acquisition, is overexpressed and hyperactivated in the stemness-

enriched 3D TNBC samples, and its blocking overcome the BCSC expansion 

achieved in scaffold culture in terms of mammosphere forming capacity. Our 

findings encourage the use of PCL scaffolds to maintain the in vivo structure and 

culture BCSCs, making their expansion and characterization possible. Investigation 

of this rare cancer subpopulation is much warranted as it could facilitate the 

development of new specific therapeutic approaches to attack malignant and 

recurrent tumors such as TNBC. FASN has been postulated as a feasible target for 

BCSC-enriched TNBC samples, however, further studies should be performed to 

elucidate the potential of its inhibition. The specific conclusions for each objective 

are listed below: 

 

I. Use and optimization of fused filament fabrication (FFF) technology to 

manufacture polycaprolactone (PCL) scaffolds for 3D cell culture and stemness 

expansion 

a. Design and fabrication parameters of the FFF RepRap 3D printer were 

optimized to produce PCL scaffolds suitable for 3D cell culture, 

following a detailed and unidirectional flowchart. 

b. Produced FFF PCL scaffolds were suitable for 3D cell growth of the 

tumoral breast cancer cell model MCF-7 and non-tumoral murine 

fibroblasts NIH/3T3. 
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c. FFF PCL scaffolds with a deposition angle between layers of 60° and 

placed in non-adherent wells resulted in the MCF-7 highest cell 

proliferation rate. 

d. MCF-7 cells cultured on FFF PCL scaffolds exhibited a greater 

mammosphere forming capacity that monolayer-cultured cells, 

revealing a possible BCSC enrichment. 

 

II. Use and optimization of electrospinning (ES) technology to manufacture PCL 

scaffolds for 3D cell culture and stemness expansion 

a. The manufacture of two different ES scaffolds (7.5 and 15% PCL) was 

achieved after optimization of the ES process and using acetone as a 

solvent. 

b. Scaffolds of 7.5% PCL solution were less heavy and thinner than 15% 

ones, in agreement with the PCL amount in each solution. 

c. In all culture conditions, 15% PCL scaffolds showed a significant 

higher MCF-7 cell proliferation compared with 7.5% specimens. 

d. ES PCL scaffold culture of MCF-7 cells led to a 3-fold increased 

mammosphere forming index (MFI) compared with 2D-cultured cells, 

indicating a BCSC enrichment. 

e. MCF-7 cells cultured in ES PCL scaffolds, especially 15% PCL model, 

showed higher cell proliferation rate and greater BCSC expansion 

than the ones seeded on FFF PCL counterparts. 

 

III. Evaluation of BCSC and fatty acid synthase (FASN) role in chemosensitive and 

chemoresistant MDA-MB-231 TNBC cells 

a. Doxorubicin-resistant MDA-MB-231 (231DXR) cells showed an 

expansion of BCSC attributes whereas paclitaxel-resistant derivate 

(231PTR) maintained the stemness features of the parental cell line. 

FASN protein levels were significantly increased in the 231DXR model 

when treated with doxorubicin. 
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b. The epithelial-to-mesenchymal (EMT) transcription factors SNAIL and 

SLUG were upregulated in the 231DXR and 231PTR model, 

respectively. 

c. FASN inhibitor G28 displayed a greater inhibitory effect in BCSC-

enriched spheres culture in both sensitive and resistant cell lines. 

d. Data from this chapter provide a rationale to suppress FASN as a 

potential strategy to target BCSCs to improve the prognosis of TNBC 

patients. 

 

IV. Enrichment of BCSCs in the TNBC cell models MDA-MB-231 (mesenchymal-

like) and MDA-MB-468 (basal-like) within 3D ES PCL scaffold culture 

a. ES PCL scaffolds provided a softer and more elastic 3D network 

compared with polystyrene surfaces. Meshes from 7.5% PCL solution 

exhibited filaments with an average diameter of 300 nm alongside 

the presence of beads, whereas 15% PCL scaffolds uniquely showed 

700 nm average diameter fibers. 

b. TNBC MDA-MB-231 and MDA-MB-468 cells showed a higher cell 

growth rate when cultured on 15% PCL scaffolds compared with the 

7.5% PCL model, as well as a strongest cytoplasmic elongation. 

c. 3D cell culture with 15% PCL scaffolds led to a BCSC enrichment at 

early culture times in both TNBC cell models, resulting in higher MFI, 

ALDH1 activity, stemness markers expression, and resistance to the 

chemotherapeutic drugs doxorubicin and paclitaxel. EMT was 

revealed to occur throughout scaffold culture, transforming 

epithelial cancer cells to cancer stem-like cells. 

d. 3D-cultured cells displayed a HER2 activation, accompanied by an 

EGFR overexpression in the MDA-MB-468 model, which resulted in 

MAPK to PI3K/AKT/mTOR switching. 

e. FASN was found overexpressed and hyperactivated in stemness-

enriched TNBC cells cultured on 3D structures. 
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f. The addition of the FASN inhibitors EGCG and G28 led to a similar cell 

death in monolayer and scaffold-cultured TNBC cells. FASN inhibition 

also overcame the BCSC enrichment achieved in 3D culture in terms 

of mammosphere forming capacity. 
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Results presented in this work clearly empower the use of PCL scaffolds as a tool 

to expand and study the BCSC niche of TNBC samples. Hence, PCL meshes, 

especially the ones produced with ES technology, would allow researchers to 

further investigate the BCSC niche and provide a more detailed understanding of 

their behavior. This upgrade would ultimately enable the development of targeted 

therapies against this malignant subpopulation. 

 

In a more specific sense, our data pointed out the importance of FASN in the stem-

like cells. Regarding its potential as a therapeutical target for BCSC niche in TNBC 

disease, more efforts should be done to corroborate this hypothesis. In tested 

conditions, TNBC cells enriched in BCSCs showed both a strong overexpression and 

a hyperactivation of FASN. Future studies can be focused on discerning whether its 

upregulation is directly linked to the activation of HER2 downstream signaling 

determined in 3D conditions, which has been previously related to FASN 

stimulation (268).  

 

What is more interesting about FASN role is that its pharmacological inhibition 

hindered the cell growth of both the bulk sample and the BCSC niche. The impact 

of FASN blockade upon BCSC-like population has been evaluated through the 

mammospheres forming assay. Nonetheless, the expression of more stem markers 

after FASN inhibition can be assessed to confirm the BCSC reduction, such as 

ALDH1 activity, CD44+/CD24-/low proportion, and expression of stemness- and EMT-

related genes. Following up, the combinatorial use of systemic chemotherapy 

drugs and FASN inhibitors should be explored, since it may provide therapeutic 

benefit. 

 

Lastly, it is worth noting the versatility displayed by the FFF and ES technologies 

and their produced scaffolds, which exhibited very different fiber and pore 

architectures. Besides, different breast cancer cell lines were cultured on them, 

along with a non-tumoral fibroblast cell model. All things considered, presented 

scaffolds may be further customized and used for a wide range of applications and 
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cell types, including stemness maintenance, tissue engineering, coculture, and 

drug screening. Optimization flowchart presented in Chapter 3 is a good example 

of standardized processes that can be useful for people from diverse research 

fields. For instance, and close to our scope, the use of PCL scaffolds to culture 

breast cancer cells resistant to some of the current drugs can be helpful to discern 

the role of BCSC niche in the resistance acquisition process. Moreover, samples 

from patients’ biopsies might be cultured on PCL scaffolds to better characterize 

the tumor and perform a personalized drug screening. 
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Abstract: Breast Cancer (BC) is the most common cancer among women and the second cause of fe-
male death for cancer. When the tumor is not correctly eradicated, there is a high relapse risk and inci-
dence of metastasis. Breast Cancer Stem Cells (BCSCs) are responsible for initiating tumors and are 
resistant to current anticancer therapies being in part responsible for tumor relapse and metastasis. The 
study of BCSCs is limited due to their low percentage within both tumors and established cell models. 
Hence, three-dimensional (3D) supports are presented as an interesting tool to keep the stem-like fea-
tures in 3D cell culture. In this review, several 3D culture systems are discussed. Moreover, scaffolds 
are presented as a tool to enrich in BCSCs in order to find new specific therapeutic strategies against 
this malignant subpopulation. Anticancer treatments focused on BCSCs could be useful for BC pa-
tients, with particular interest in those that progress to current therapies. 

Keywords: Breast cancer, cancer stem cells, breast cancer stem cells biomarkers, three-dimensional cell culture, scaffolds, 
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1. BREAST CANCER 

 Breast Cancer (BC) is the most commonly diagnosed 
cancer among women with 30% of new cases in USA during 
2017. Besides, it is the second cause of cancer death in 
women after lung cancer [1]. BC is a very heterogeneous 
disease organized in different molecular subtypes with dif-
ferent clinical behaviors [2]. Hence, it is habitually classified 
depending on the presence or absence of estrogen receptor 
(ER), progesterone receptor (PR) and the human epidermal 
growth factor receptor 2 (HER2 or erb-b2) [3, 4], resulting in 
three subtypes.  
 ER/PR Positive BC is characterized by the overexpres-
sion of ER and/or PR in their cell membranes. This subtype 
is the most common, representing approximately 75% of the 
total cases in BC [5]. Some examples of the current hormone 
therapy used are the selective estrogen receptor modulator 
tamoxifen and the aromatase inhibitors anastrozole and le-
trozole that block the signaling pathways related to these 
receptors [6-8].  
 HER2 Positive BC accounts for 15% of BCs [5]. These 
tumors present an overexpression of HER2 in its cell 
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membrane because of ERBB2 gene amplification [3], or an 
hyperactivation of the signaling pathway caused by mutations 
in the receptor [9]. Different targeted therapies have been de-
veloped against the HER2 receptor, for example, the mono-
clonal antibody trastuzumab or the small tyrosine-kinase in-
hibitor lapatinib [10]. However, the appearance of resistance 
to these treatments reduces the efficacy of these therapies [11]. 
To overcome this, new HER2 targeted therapies have 
emerged, for example, the monoclonal antibody pertuzumab. 
This antibody has significant antitumor activity alone or in 
combination with other monoclonal antibodies [12]. 
 Triple Negative BC (TNBC) is characterized by the lack 
of hormone receptors and no overexpression of HER2 [3], 
accounting for 10-15% of all cases of BC [5, 13]. It has been 
observed that, by comparison with the two other subtypes, 
TNBC patients are younger, present a higher relapse rate, the 
death risk is higher during the first five years after diagnosis, 
the lifetime is shorter when relapse has been diagnosed and 
there is a high incidence of metastasis. Therefore, TNBC is 
very aggressive and it has a poor prognosis [13]. Patients are 
mainly treated with cytotoxic chemotherapy, for example, 
anthracyclines or taxanes [14], since there is no validated 
targeted therapy [15, 16]. TNBC involves the majority of 
BRCA1 mutated tumors, which are more sensitive to the 
platinum salt carboplatin [17-19]. Although this subtype has 
a very good initial response to the treatment, there is a 40% 
of relapse risk if the tumor is not properly eradicated [20, 
21].  
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2. CANCER STEM CELLS 

 Cancer Stem Cells (CSCs) are a small subpopulation 
within a tumor that exhibits some characteristics similar to 
the mammary stem cells. They have the capability to self-
renew, giving rise to the heterogeneous progeny of differen-
tiated cancer cells that constitutes the bulk of the tumor [22]. 
These cells have different properties as the ability to initiate 
tumors [23], resistance to current anticancer therapies, a 
higher rate of progression and metastasis [24, 25], conse-
quently, being responsible for tumor recurrence [26-28]. 
They also have the ability to grow in suspension forming 
non-adherent spheres also called mammospheres [29]. Re-
lated to this, mammosphere inhibition assay is used to ana-
lyze drug efficiency over cancer stem-like population [30]. 
Thus, an interesting possible target for BC treatments could 
be the CSC niche, since it is related to current therapies re-
sistance and metastasis. Anti-BCSC therapies, alone or in 
combination with present-day treatments, would reduce tu-
mor recurrence and therefore, represent a novel targeted 
therapy for BC patients. 

2.1. Cancer Stem Cell Theory 

 The cancer stem cell theory reveals the existence of dif-
ferent cancer cell types within a tumor. One of these types is 
CSCs, undifferentiated cells that are capable of maintaining 
all the heterogeneity of the tumor population. Thus, these 
cells are responsible for recurrence, resistance to radio- and 
chemotherapy, and metastases [31-33]. 
 Traditionally, tumor heterogeneity is explained by two 
models (Fig. 1A and 1B). The stochastic model proposes 
that certain external and internal factors are acting on a ho-
mogenous population of cells, triggering the stem capacity in 
some of them. On the other hand, the hierarchy model pro-
poses that the tumor shows a similar heterogeneity to that 
found in a normal tissue, where there are CSCs, progenitor 
cells, and differentiated cells. Both models are compatible 
with the CSC theory [31].  
 Recently, the clonal evolution model (Fig. 1C) has be-
come more popular. This model proposes that all cancer cells 
divide constantly acquiring new genetic modifications that 
allow cancer cells to adapt to changing conditions. Besides, 
new cells with stem-like properties are created, leading to 
tumor reappearance after treatment [25]. 

2.2. First Experiments with Cancer Stem Cells 

 In 1937, Furth and Kahn demonstrated that approxi-
mately 5% of cells derived from leukemia were favorably 
transplanted into inbred mice and initiated leukemia [34]. 
During 1950’s, solid tumor experimentation was performed, 
confirming that few cancer cells were capable of initiating a 
malignant tumor [35, 36]. Bonnet et al. identified the first 
CSCs describing that the inoculation of CD34+/CD38- leu-
kemia cells was able to give rise to acute myeloid leukemia 
(AML) [37]. Consequently, CSCs were identified in differ-
ent types of cancer, becoming an important hotspot in cancer 
research nowadays.  

2.3. Breast Cancer Stem Cells Identification 

 Since its discovery, breast CSC (BCSC) population has 
been identified and isolated through its expression of some 

cell surface markers. One of the first discerned cell surface 
expression patterns was based on the lack (or low expres-
sion) of cell adhesion molecule cluster of differentiation 24 
(CD24) and the expression of cluster of differentiation 44 
(CD44) [38]. In a 2003 study, Al-Hajj et al. pointed out the 
presence of tumorigenic CD44+/CD24-/low cells (or cancer-
initiating cells) within solid tumors. This population had the 
ability to form tumors inside NOD/SCID mice whereas other 
cancer cell types were unable. Authors distinguished this 
cancer cell population with specific cell surface markers 
[38]. 
 

 
Fig. (1). Cancer stem cell theory explained by two traditional mod-
els (A and B) and clonal evolution model (C). A. The stochastic 
model explains that some internal and/or external factors have the 
capability to convert a cancer cell in a cancer stem cell. B. The 
hierarchy model proposes that the heterogeneity of a normal tissue 
can be extrapolated in a tumor where different type of cancer cells 
can be found. C. The clonal evolution model explains that the can-
cer cell population is always adapting with the objective to tumors 
needs. 

 CD44 is the hyaluronic acid receptor, a multifunctional 
class I transmembrane glycoprotein. In normal cells, CD44 is 
involved in cell adhesion, proliferation, migration, angio-
genesis, and differentiation [39, 40]. Although it is expressed 
in every cancer cell, its presence is significantly enhanced in 
stem-like cells from most tumors, representing a good sur-
face marker for CSCs in BC. CD44 possesses a key role in 
tumor initiation [41] and metastasis [42] in some type of 
cancer, thus CD44+ cancer cells display tumorigenic proper-
ties. However, some authors pointed out opposite functions 
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in some tumors [43, 44] including breast cancer [45], ques-
tioning its utility as a CSC marker. 
 CD24 is known as a heat-stable antigen and consists of a 
small cell surface protein. It is involved in cell interaction 
[46] and it is also present in a variety of tumors [47] includ-
ing BC [48]. Its functions are related to metastasis in cancer 
cells [46]. Concretely, CD24 facilitates the adhesion to fi-
bronectin, collagen and laminin [47], and it was found to be 
less expressed in stem-like cells compared to differentiated 
cells [49]. 
 CD44+/CD24-/low cells have been found to possess a mes-
enchymal phenotype and a potent tumorigenic ability [38]. 
Interestingly, TNBC tumors present a high percentage of 
CD44+/CD24-/low stem cells compared to other BC types [50]. 
Park et al. observed that all TNBC tumor samples showed 
CD44+/CD24-/low cells whereas between 50 and 70% of the 
other BC subtypes samples contained cells that exhibited this 
phenotype [51]. 
 Previous studies obtained contradictory results concern-
ing the role of CD44 and CD24 in tumorigenesis, invasion, 
and metastasis [52-55]. For instance, some studies demon-
strated great variation of CD44 and CD24 levels among dif-
ferent cell lines, reflected in the great heterogeneity found in 
established cell lines from the same tumor type [49, 55]. 
Other works showed no relation between CD44+/CD24-/low 
abundance and metastatic capacity [45, 56, 57]. In conclu-
sion, regarding the identification of BCSCs, these biomark-
ers raised controversy since they are not expressed in all 
breast tumors types, highlighting the need for the identifica-
tion of new BCSC markers [54, 58]. 
 Another common biomarker for CSC subset is the ex-
pression and activity of aldehyde dehydrogenase 1 
(ALDH1). ALDH1 is an enzyme with a detoxifying activity 
needed for the oxidation of retinol (vitamin A) to retinoic 
acid. This last one is essential for early differentiation of 
stem cells [59]. ALDH1 is used as a poor prognosis indicator 
since increased activity is found in normal and malignant 
breast stem cells [60]. BCSCs with high ALDH1 activity 
have the ability of self-renewal, tumorigenesis and are highly 
proliferative [60, 61]. As in the case of CD44+/CD24-/low, 
ALDH1+ cells are more abundant in TNBC compared with 
other breast cancer types [62].  
 Concerning the aforementioned biomarkers, there is little 
overlap between ALDH1 activity and CD44+/CD24-/low, 
probably due to the presence of two different BCSC popula-
tions. Moreover, both markers are differently expressed in 
distinct subtypes of BC, proving their ambiguity. 

2.3.1. Novel Breast Cancer Stem Cell Markers 

 Apart from the aforementioned classical biomarkers, 
more genes or proteins are thought to become possible stem 
cell markers. One of them would be the protein C receptor 
(PROCR) which consists of a single-pass transmembrane 
receptor mainly expressed in vascular cells with an anti-
coagulation activity [63]. PROCR has been reported to pro-
mote tumor growth [64] and it is also used as a surface stem 
cell marker in some normal tissues such as the mammary 
gland [65]. Remarkably, PROCR expression is more preva-
lent in TNBC cells compared with other subtypes, showing 

activation of ERK, PI3K-Akt-mTOR, and RhoA-ROCK sig-
nalling pathways in PROCR-high expression TNBC cells. 
The blockage of PROCR intracellular signaling also impedes 
clonogenicity of BC cells, suggesting its importance for 
BCSC activities [66]. Taking into account all previous data, 
PROCR could become a novel BCSC maker and a useful 
target for the development of anti-PROCR therapeutic agents 
for BC treatment. Another stem cell marker candidate would 
be nodal, an embryonic morphogen which belongs to the 
transforming growth factor β (TGFβ) family. Nodal is also 
involved in the activation of Epithelial-to-Mesenchymal 
Transition (vide infra) [67] and in the maintenance of the 
pluripotency of human embryonic stem cells (hESCs) [68]. 
Nodal protein is highly expressed in TNBC compared with 
other BC types and, interestingly, sequential treatment of 
TNBC cells with nodal inhibitors and doxorubicin resulted in 
a significant decrease in cell viability compared to chemo-
therapy as a single agent [69]. 

2.4. Breast Cancer Stem Cells and Epithelial-to-
Mesenchymal Transition 

 Epithelial-to-Mesenchymal Transition (EMT) is a proc-
ess by which adherent epithelial cells acquire a mesenchymal 
phenotype with migration and invasion abilities. This proc-
ess allows them to detach from the primary tumor and metas-
tasize to distant tissues [70]. EMT is a process with multiple 
steps that begins with the loss of cell junctions and cy-
toskeleton reorganization. These facts lead to the loss of 
epithelial polarity and the gain of a mesenchymal phenotype 
[71]. 
 EMT comprises different molecular alterations including 
the upregulation of several transcription factors such as Snail 
(zinc finger protein SNAI1), Slug (zinc finger protein 
SNAI2), Zeb1 (zinc finger E-box-binding homeobox 1), 
Zeb2 (zinc finger E-box-binding homeobox 2), and Twist 
(class A basic helix-loop-helix protein 38). These transcrip-
tion factors modulate mesenchymal proteins like vimentin 
(Vim) and downregulate epithelial proteins such as E-
cadherin (E-cadh) [72]. 
 EMT is demonstrated to confer stem traits on non-stem 
cells suggesting its key role in development and BCSC 
maintenance [70]. Concretely, induction of EMT in human 
mammary epithelial cells is enough to provoke the upregula-
tion of stem cell markers [73]. 

2.4.1. Breast Cancer Stem Cells Plasticity Between Epithe-
lial-to-Mesenchymal and Mesenchymal-to-Epithelial Tran-
sitions 

 When invasive cells reach the metastatic site, the EMT 
process should be suppressed. The reciprocal program - 
Mesenchymal-to-Epithelial Transition (MET) - is induced in 
order to return to the epithelial phenotype. Altogether, con-
versions from EMT to MET and vice versa may drive the 
metastatic process [74]. 
 The most-used biomarkers for BCSCs are the afore-
described CD44+/CD24-/low and ALDH1+. Only a small frac-
tion of CD44+/CD24-/low BC cells has a high ALDH1 activity 
[75], suggesting the presence of two different BCSC 
subpopulations. Recent studies demonstrated their plasticity 
and capacity to exchange between these two conditions [61]. 
It has been found that CD44+/CD24-/low cells present EMT 
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has been found that CD44+/CD24-/low cells present EMT fea-
tures, including low E-cadh expression and a quiescent phe-
notype. Hence, they are so-called EMT-CSCs. In contrast, 
ALDH1+ cell population exhibits higher expression of E-
cadh and they are much more proliferative. All these charac-
teristics are close to a more epithelial signature and for this 
reason, they are considered MET-CSCs. These facts revealed 
the great plasticity of BCSCs [74]. 

3. NOVEL THERAPIES AGAINST BREAST CANCER 
STEM CELLS 

 It has been observed that some drugs used in current can-
cer treatments targeted the population of CSCs. Some exam-
ples are the EGFR inhibitor cetuximab alone or in combina-
tion with the chemotherapeutic drug ixabepiole (TNBC) 
[76], the acetyl CoA carboxylase inhibitor soraphen A 
(ER/PR+) [77] or the monoclonal antibody trastuzumab con-
jugated with cytotoxic agent emtansine (TNBC, HER2+ and 
ER/PR+) [78]. Present-day research is focused on the devel-
opment of novel specific therapies against BCSCs. 

3.1. Antibiotics 

 It has been shown that antibiotics have antitumor ability 
and affect CSCs. Salinomycin is the most studied antibiotic 
and it has been largely proven to reduce BCSC population by 
blocking Wnt/β-catenin pathway [79, 80], an embryonic 
pathway also related to adult homeostasis and with special 
importance in CSCs.  
 Recently, Lamb et al. tested 4-to-5 different classes of 
FDA-approved antibiotics (azithromycin, doxycycline, tige-
cycline, pyrvinium pamoate and chloramphenicol), whose 
mechanism of action was the inhibition of mitochondrial 
biogenesis in ER/PR+ and TNBC cell lines. Authors ob-
served that treatment with antibiotics inhibited mammos-
phere formation, thus affecting the cancer stem-like popula-
tion [81]. Another example is thiostrepton, which is used in 
veterinary medicine to treat mastitis. It showed a cytotoxic 
effect and cell cycle arrest against BC cells due to downregu-
lation of FOXM1 expression [82]. Yang et al. observed that 
thiostrepton treatment of TNBC cells affected CD44+/CD24-

/low population increasing the CD24+ phenotype. Thiostrepton 
also inhibited mammosphere formation by reducing both 
their number and size. Authors suggested that the inhibition 
of Sonic Hedgehog (SHH) signaling pathway, which has an 
important role in BCSC self-renewal, is one of the mecha-
nisms of action of thiostrepton against BC stem-like popula-
tion [83].  

3.2. Nanoparticles 

 Nanotechnology has recently become an important tool 
in cancer treatment. Researchers have started using it to im-
prove treatment efficacy and reduce toxicity.  
 Li et al. developed salinomycin-loaded polymer-lipid 
hybrid nanoparticles conjugated with anti-HER2 antibod-
ies. They affected both BCSCs and non-stem tumor cells in 
ER/PR+ and TNBC cell lines. The treatment was more effec-
tive than salinomycin alone since drug delivery was im-
proved due to the presence of antibodies in nanoparticles 
[84]. Another example is disulfiram, an anti-alcoholism drug 

and NFκB inhibitor, that showed cytotoxic activity against 
BCSCs and overcame chemoresistance [85-87]. Liu et al. 
developed a liposome-encapsulated disulfiram in order to 
improve the drug’s half-life in the bloodstream. The treat-
ment inhibited mammosphere formation and clonogenicity in 
ER/PR+ and TNBC cells and induced ROS activity in 
mammospheres. It induced Bax protein expression and the 
main ERK pathway elements. Moreover, Bcl2 protein ex-
pression and NFκB p65 and AKT phosphorylation were in-
hibited in BC stem-like population [88]. 
 Researchers have reported that the use of hyaluronic 
acid (HA) improves the efficacy of cancer therapy owing to 
the enhancement delivery system [89-91]. HA is one of the 
ligands for CD44 receptor which is, as mentioned before, 
overexpressed in BCSCs [38]. Han et al. developed nanopar-
ticles conjugated with HA and loaded with the chemothera-
peutic drug gemcitabine [92]. Nanoparticles showed greater 
inhibition of tumor growth and higher prevention of ER/PR+ 
BCSC migration. Moreover, HA-gemcitabine displayed 
fewer side effects than gemcitabine alone [92]. 

3.3. Natural Products 

 It has been demonstrated that different natural products 
have anticancer activity, for instance, curcumin or epigallo-
catechin gallate (EGCG) [93-95]. Charpentier et al. ob-
served that curcumin inhibited the HER2+ and TNBC stem-
like population growth, and reattachment efficiency [96]. 
Chung and Vadgama studied the anti-BCSC effect of the 
curcumin and EGCG. Their results suggested that combined 
treatment inhibited mammosphere formation and cell inva-
sion ability in ER/PR+ and TNBC cell lines. This drug com-
bination also inhibited STAT3 phosphorylation, a fact re-
lated to the downregulation of CD44 expression. Hence, cur-
cumin and EGCG treatment had the capability to convert the 
CSCs to the non-stem population [97].  

3.4. C1, A Novel Drug 

 Fani et al. synthesized and characterized the monoben-
zyltin complex C1 which showed cell death against MCF-7 
BC cells [98]. The compound induced apoptosis and cell 
cycle arrest in treated cells due to upregulation of p21 and 
p27 proteins [98, 99]. Moreover, C1 affected BCSCs through 
the reduction of the expression levels of β-catenin and cyclin 
D1 and increasing the phosphorylation levels of β-catenin 
(Ser33/Ser37/Thr4) in MCF-7 treated cells. The authors de-
scribed the proteasome degradation as a possible mechanism 
of the complex C1 to target cancer stem population [99].  
 Despite the promising results obtained in vitro, all these 
novel targeted therapies need to be validated in vivo.  

4. THREE-DIMENSIONAL CELL CULTURE TO EN-
RICH BREAST CANCER STEM CELL POPULATION 

4.1. Cell Culture Origin and Expansion 

 In the last decades, in vitro cell culture has become an essen-
tial part of the cell biology research field. This methodology is 
based on cell maintenance after tissues are removed from the 
living organisms and under established conditions. It is largely 
used in laboratories worldwide since it allows researchers to 
investigate cell behavior and biological mechanisms.  
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 Its origin dates back to the end of the 19th century when 
scientists performed the first attempts to maintain living tis-
sues and cells after organism death (Fig. 2). For instance, in 
1882, Sydney Ringer performed the first recorded in vitro 
culture of an animal tissue [100]. He managed to preserve the 
beat of frogs’ hearts outside the body using an established salt 
mixture, the so-called Ringer’s solution [100, 101]. After-
wards, in 1885, Wilhelm Roux maintained living cells of 
chick embryos neural plate for few days in a warm saline solu-
tion [102]. In these previous experiments, researchers suc-
ceeded in sustaining tissues and cells outside the organism but 
unfortunately, they were only maintained for short periods. 
Therefore, efforts were focused on cell culture extension to 
reach an in vitro cell growth which includes cell division 
rather than a simply outside preservation [103, 104]. 
 In 1907, Ross G. Harrison cultured frog nerve fibers in 
lymph fluid and observed cell growth for several weeks, be-
ginning the animal cell cultivation period [105]. This impor-
tant step was the origin and expansion of modern cell culture 
led by a series of key events. In 1943, Earle et al. developed 
the first permanent cell line, consisting of immortal mouse 
fibroblasts designated as L strain [106].  
 A few years later, in 1951, HeLa cells were created by 
George O. Gey and coworkers, becoming the first human 
immortal cell line [107]. It is therefore not surprising that the 
creation of these two established cell lines promoted the use 
and expansion of in vitro cell culture as well as the definition 
of cell culture media. 

4.2. Cell Culture Supports 

 In the first described attempts, cells were grown on flat sur-
faces made of glass leading to a monolayer culture. However, 
some primary cells poorly attached to glass, hindering their suit-
able cultivation. For this reason, in 1956 George O. Gey, to-
gether with Robert L. Ehrmann, coated the glass vessels with rat 
tail collagen to facilitate cell adhesion [108]. Despite this im-
provement, investigators started to handle disposable plastic 
devices due to their ease of use and practicability. Polystyrene, 
which offers optical clarity and a good molding ability, was the 
most used polymer to manufacture single-use flasks. Polysty-
rene possesses very hydrophobic features and therefore it has to 
be treated in order to achieve more hydrophilic characteristics 

which enable cell attachment [109]. Since the ’70s treated poly-
styrene flasks have been used in worldwide laboratories thanks 
to their aforementioned advantages [110]. 
 This expansion allowed the in vitro cell culture to become 
a crucial tool to study cell behavior outside the organism. In 
spite of its relevance, this flat plastic surface only allows the 
development of two-dimensional (2D) cell culture. In these 
conditions, cells can only grow in monolayer, adopting a flat-
tened morphology which clearly differs from the in vivo pat-
tern. Inside the organism, cells are embedded in the extracellu-
lar matrix (ECM) which is a three-dimensional (3D) network 
composed by fibrous proteins and molecules. ECM plays a 
major role in cell regulation [111, 112]. Cells can establish 
interactions with ECM fibrous mesh and with adjacent cells, 
taking a more elongated morphology. The 2D shape caused by 
flat supports modifies the membrane receptor polarity and 
cytoskeleton architecture affecting the gene expression and 
protein synthesis regulation [113, 114]. Therefore, experi-
ments performed with monolayer culture models can induce a 
cell behavior different from the physiological one. Some stud-
ies demonstrated that this key difference in cellular surround-
ings may influence CSC properties as well as their differentia-
tion state [115, 116]. 
 For this reason, over the past few decades, researchers 
focused their efforts on developing new cell culture techniques 
more similar to the in vivo cell environment (Table 1).  
 Firstly, some researchers found out that neural cells could 
be grown in non-adherent surfaces, only allowing the growth 
of the cells that possessed the ability to survive in suspen-
sion. In non-adherent conditions, surviving cells adopted a 
rounded morphology and proliferated forming suspension 
spheres so-called neurospheres (spheres in general terms). 
These neurospheres were formed by a population of undif-
ferentiated multipotent neural cells [117, 118]. Therefore, 
since this discovery spheres culture technique has become an 
assay to quantify stem cell activity in a variety of cancers, 
such as BC [29, 119]. 
 Following efforts were focused on the development of 
physical structures which mimic the architecture of ECM. 
Therefore, in 1960, Wichterle & Lím developed a biocom-
patible material to be used in permanent contact lens. This 
material was composed of a cross-linked network of 

 
Fig. (2). Chronology of the first key events of cell culture origin period. 
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Table 1. Comparison of different cell culture supports used in worldwide laboratories. 

 2D 3D 

  Monolayer Spheres Hydrogels Scaffolds 

  

MCF-7 cells in 2D adherent 
culture [124] 

MDA-MB-231 cell sphere (scale 
bar= 50 µm) [125] 

Scanning electron microscopy of 
Matrigel (scale bar= 1 µm) [126] 

 Scanning electron microscopy of 
PCL electrospinning scaffold 

(scale bar = 10 µm) [125] 

C
om

po
sit

io
n 

Polystyrene adherent flat sur-
faces 

Suspension culture in non-adherent 
surfaces 

Biological material (water, aga-
rose, fibrine, collagen, hyaluronic 

acid) 
Biocompatible polymers 

C
el

l m
or

ph
ol

og
y 

Flat morphology 
Rounded morphology, forming 

suspension aggregates 
Elongated shape Elongated shape 

Cheap and fast technique 3D culture easy to perform 
They mimic the extracellular 

matrix (ECM) structure 
They mimic the extracellular 

matrix (ECM) structure 

  
Useful to quantify stem activity and 
to perform anticancer drug screen-

ing 

They contain ECM proteins and 
growth factors 

ECM proteins can be added A
dv

an
ta

ge
s 

      
Proved to enrich CSC subpopula-

tion 

Environment differs from the 
physiological one 

Sphere cells morphology does not 
mimic the in vivo shape 

Non-optimal nutrient diffusion 
Different cell lines may need 
different scaffold architecture 

Monolayer cells display less 
aggressivenes than in vivo 

Some cancer cells do not form 
compact spheres but loosely ad-

hered clumps of cells 
Possible inaccurate composition Trypsinization may be required 

D
is

av
an

ta
ge

s 

2D culture leads to cancer stem 
cells differentiation 

      

 
polyhydroxyethylmethacrylate (pHEMA) with high water 
affinity, so-called hydrogel [120]. Over time, this initial 
hydrogel was modified in order to be used for 3D cell culture 
applications. Nowadays, hydrogels are matrices normally 
composed of biological materials such as agarose, fibrin, 
collagen, and hyaluronic acid with a high water content 

[121]. For this reason, hydrogels share some aspects of the 
architecture and mechanics of the native ECM, such as the 
hydrated structure [122]. The most well-known and common 
hydrogel is the Matrigel, a gelatinous protein mixture se-
creted by Engelbreth-Holm-Swarm mouse sarcoma cells 
[123]. 
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 It contains ECM elements and certain growth factors. 
Despite the advantages, hydrogels also show some limita-
tions including a possible non-optimal nutrient diffusion. 
Moreover, some of them come from cancer cell secretions 
leading to inaccurate composition and variation between 
batches. 
 Finally, scaffolds have emerged as another option of 3D 
cell culture. These are 3D structures mostly made of bio-
polymeric material. They are physical support made up of a 
filaments network simulating the ECM structure [127]. In 
this mesh, cells can establish interactions with adjacent cells 
and also with polymeric filaments, adopting a more elon-
gated shape similar to the in vivo morphology. There are 
several methodologies to manufacture scaffolds. One of 
them is the additive mananufacturing (AM) technique called 
Fused Filament Fabrication (FFF) (Table 2) used by 3D 
printers [128, 129]. This AM technology means simple and 
viable methodology in which the polymer is melted and de-
posited in successive layers in order to print the final prod-
uct. With FFF technique, micrometric fibres can be pro-
duced, however, the manufacture of thinner filaments can be 
challenging.  
 For this reason, FFF scaffolds are mostly used for tissue 
engineering (TE) applications since they offer a physical 
support for tissue regeneration with specific mechanical fea-
tures [128, 130-132]. Moreover, pore architecture should be 
carefully chosen, depending on the tissue to be healed. With 
FFF technique researchers can design and customize the ex-
ternal profile and internal spatial distribution making them 
ideal for TE applications. 
 Another of the most used technologies to produce scaf-
folds for cell culture purposes is electrospinning (Table 2). In 
this technique, the synthetic polymer is dissolved and forced 
through a metallic needle by a high voltage. A stream of po-
lymeric solution travels from the needle to the ground collec-
tor where the solvent evaporates and nanofibers are ran-
domly formed. Therefore, this methodology can produce 
filaments with small diameters even close to the collagen 
fibers size [133]. Hence, electrospinning scaffolds possess a 
great potential regarding mimicking the structure of native 
ECM. 
 Comparing these two technologies, there are approxi-
mately twice as many publications using electrospinning 
than FFF for scaffolds fabrication (source Pubmed). This 
difference may be due to the potential of electrospinning to 
produce nanofibers with small diameters similar to the 
physiological ECM. The produced structure mimics the na-
tive microenvironment, which has plenty of fibrous proteins 
including collagen and elastin among others. For this reason, 
many authors use electrospun meshes to study cell behaviour 
within in vivo-like surroundings. 
 Plastic filaments define a network which offers physical 
support to cells to divide into the 3D building. Cells can es-
tablish interactions with different filaments and with adja-
cent cells. Consequently, cells acquire a more elongated 
shape similar to the physiological morphology. For this rea-
son, 3D cell culture systems are gaining more importance in 
cancer research. For instance, electrospun scaffolds represent 
a good tool for drug screening assays. They can be placed in 

multiwell cell culture microplates in order to test a set of 
new drugs [134, 135]. In addition, drug screening can be 
developed with fresh tumor samples from patients biopsies, 
achieving more personalized and reliable treatments. 
 Moreover, scaffolds can also be used in drug delivery 
assays [136, 137]. Drug-loaded nanofibers are placed in spe-
cific sites within the organism near the tumor in order to 
achieve greater treatment efficiency. Moreover, drug release 
can be controlled by adjusting scaffolds features, depending 
on the desired in situ treatment. Interestingly, scaffolds have 
been already tested using doxorubicin with promising out-
comes [138]. 

4.3. Breast Cancer Stem Cell Population in Three-
dimensional Cultures 

 As explained in previous sections, in vitro culture of 
BCSCs is challenging because of their low presence within 
the tumor [38] or cell line [139]. Besides, 2D cell culture is 
proven to induce BCSC differentiation process, losing their 
stem features and transforming them into non-stem cancer 
cells [140]. It is hardly surprising that some researchers have 
focused on the 3D culture of BC cells in order to maintain 
the multipotential state of CSCs. In this setting, several re-
searchers have recently published that cells culture using 
scaffolds increased the BC stem-like cell subpopulation 
[124, 125, 141-144]. 
 In 2012, Saha et al. manufactured electrospun scaffolds 
made by 15% polycaprolactone (PCL) to mimic the ECM 
structure. Authors cultured human BC cells from MCF-7 cell 
line in random and aligned fiber scaffolds with diameters of 
approximately 2 µm. In both scaffold architectures, MCF-7 
cells were found to adopt elongated and stellar morphology 
in contrast with the flat shape of monolayer-cultured cells. 
Moreover, mouse mammary tumor H605 cells were proven 
to overexpress several mesenchymal biomarkers when cul-
tured on scaffolds. Therefore, EMT-inducers such as Snail 
and TGFβ-1 were up-regulated. In addition, cytokeratin 14 
(Ck14) which is known to enhance migratory and invasive 
features on basal BC cells, was also found overexpressed in 
3D cultured H605 cells compared with 2D culture. Thus, 
results from Saha et al. pointed out that 3D culture with elec-
trospun PCL fibers induced EMT in BC cells attributing 
them with some stem features such as invasion and malig-
nancy [143]. 
 One year later, the team led by Hexin Chen and Qian 
Wang published a work focused on CSC behavior in scaf-
folds. Researchers also manufactured 15% PCL electrospun 
random scaffolds with an average diameter of 1.63 ± 0.36 
µm. In this case, several human BC cell lines from the three 
described BC subtypes were tested [141]. Regarding genetic 
analysis, 3D-cultured cells expressed numerous EMT mark-
ers such as Slug, Snail, Twist, Zeb and FOXC2 as well as 
more invasive capacity. Proliferative cells in PCL fibers also 
upregulated specific stem markers including SOX2, SOX4 
and OCT3/4. Concerning metabolic assays after being cul-
tured on fibrous scaffolds, it is interesting how cells showed 
higher ALDH activity and mammosphere-forming efficiency 
compared with cells on monolayer. Aforementioned results 
suggested that BC cells cultured on PCL filaments were un-
dergoing EMT which might induce the conversion of 
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Table 2. Comparison of different technologies used to manufacture scaffolds for 3D cell culture. 

 

 
 
non-stem cancer cells to CSCs. This transformation is re-
flected in the increased stem features including invasion, 
ALDH activity, and sphere formation [141]. 

 In 2014, Sims-Mourtada team published a work also fo-
cused on the enrichment of BC stem-like cells. Authors 
reached very small diameters of aligned PCL-chitosan nano- 
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fibers, with an average value of 430 nm. BC cell lines T47-D 
and MCF-7 were cultured on electrospun nanofilaments. In 
this work, 3D-cultured cells displayed a large number of 
cells with CD44+/CD24-/low phenotype, as well as an im-
proved sphere-formation efficiency compared with 2D-
cultured counterparts. Moreover, stem features acquisition 
was related to a higher chemoresistance to docetaxel and 
doxorubicin. 
 They demonstrated an increase of stem features when 
cultured using nanofibers. This expansion was due to an in-
hibition of the BCSC differentiation rather than a prolifera-
tion increase of stem cell population [142]. 
 In 2016, we achieved BCSC enrichment using PCL scaf-
folds produced by a different methodology. In this case, a 3D 
printer based on FFF technique was used to manufacture 
different scaffold designs. The proliferation of MCF-7 BC 
cells was higher in 60º scaffolds compared to the other de-
signs. In addition, MCF-7 cells cultured on scaffolds showed 
a greater mammosphere-forming capacity than 2D-cultured 
cells [124]. 
 Furthermore, in 2017 we demonstrated an expansion of 
BCSC population after culture in electrospun PCL nanofi-
bers. We cultured TNBC cells (MDA-MB-231 cell line) on 
700 nm diameter nanofibers. 3D-cultured cells showed more 
cytoplasmic elongations, higher mammosphere-forming ca-
pacity, and increased ALDH activity compared with 2D-
cultured cells [125]. 
 As previously commented, the vast majority of works 
focused on 3D expansion of BCSCs used electrospun scaf-
folds. This fact can be explained by the ability of electro-
spinning meshes to resemble the fibrous structure of native 
ECM [133]. Electrospinning nanofilaments offer a physical 
support for cells to adhere and grow in an in vivo-like envi-
ronment. Moreover, a good pseudophysiological model can 
be achieved with the addition of ECM components such as 
proteoglycans [145], hyaluronan [146], and tropoelastin 
[147] which also play a key role as biochemical signals. The 
aforementioned two ECM features, including physical sup-
port and cell signaling regulators, are related to stemness 
maintenance leading to a stem-like cell enrichment. For all 
these reasons, electrospinning scaffolds have been pointed 
out as an ideal support for stem cell culture [148].  
 In addition, electrospun meshes were also widely used in 
a variety of in vivo tissue engineering studies, including ex-
perimentation with mice [149-151], rats [152-154], rabbits 
[155-157], and pigs [158, 159]. Interestingly, in some of 
these previous works, scaffolds were seeded with different 
type of stem cells, such as human bone marrow-derived 
mesenchymal stem cells (hMSCs) [149, 158] and dental pulp 
stem cells [150], proving the optimal feasibility as a stem 
cell culture support. 

CONCLUSION 

 Although there are some treatments against BC, there is 
still high tumor recurrence and metastasis rate. This fact may 
be due to the presence of a malignant subpopulation in the 
tumor which shares characteristics similar to the mammary 
stem cells, thus so-called BCSCs. Hence, BCSCs have be-
come an important hotspot in research because of their role 

in chemoresistance and tumor relapse. However, there are 
some obstacles in their study as their low representation in 
the tumor and the difficulties associated with their culture.  
 Over recent years, several studies have emerged using 3D 
culture, defining it as an important improvement of the con-
ventional culture since cells can adopt a physiological mor-
phology. In a future perspective, this type of support could 
be adopted worldwide with the aim of obtaining more reli-
able in vitro experimental results. Scaffolds can also repre-
sent a good tool for drug screening with established cell lines 
or even with fresh tumor samples, making them a good de-
vice to develop personalized treatments. 
 Interestingly, some studies have observed that the use of 
scaffolds produces an enrichment of BCSC population over-
coming their culture problems, a fact that opens the door to 
the optimization of their investigation. For this reason, the 
research of new materials and scaffold architectures is cru-
cial to develop optimal 3D supports for the proliferation and 
enrichment of CSCs of every cell type. More efforts are 
needed to improve current technologies used to manufacture 
scaffolds. Thus, investigators would achieve nanofibers ar-
chitectures more similar to the ECM by adding natural prod-
ucts of this matrix, such as collagen and fibronectin. 
 BCSCs could represent a novel target for BC treatment, 
leading to the development of an alternative therapy for 
those patients when current therapies fail. 
 The current technique mainly used for experimentation 
related to drugs against this malignant population is mam-
mosphere assay. However, BCSC experimentation using 
scaffolds would lead to the identification of novel biomark-
ers as well as the development of new therapeutic strategies.  
 In conclusion, the culture improvement using 3D sup-
ports will contribute to widen the knowledge of CSCs, al-
lowing the development of specific CSC-targeted therapy 
from which not only BC patients, but also many other cancer 
patients could benefit.  

LIST OF ABBREVIATIONS 

2D = Two-Dimensional 
3D = Three-Dimensional 
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BC = Breast Cancer 
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CD24 = Cluster of Differentiation 24 
CD44 = Cluster of Differentiation 44 
CSCs = Cancer Stem Cells 
ECM = Extracellular Matrix 
EGCG = Epigallocatechin Gallate 
EMT = Epithelial-to-Mesenchymal Tran-
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ER = Estrogen Receptor 
FFF = Fused Filament Fabrication 
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PR = Progesterone Receptor 
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