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Motivations and Context  

Biomics is a team of the “Large Scale Biology” research unit which research programs 

are strongly oriented towards functional genomics approaches and biomarker discovery. 

Biomics is specialized in developing RNAi-screening-based strategies with a targeted 

application in prostate cancer research. More specifically the scientists use a system biology 

approach to systematically analyze the phenotypic consequences of genetic perturbations (High 

throughput and high content RNA interfering-based screens) and microenvironmental 

perturbations (micro pattern of extracellular matrix, 3D microcultures, etc…).  

With prostate cancer as model, the strategy is to use the potential of microtechnologies 

to address the following issue: What are the genetic and microenvironmental determinants 

that control the proliferation/differentiation balance and carcinogenesis? Also, the aim is to 

investigate new candidates/targets for cancer treatment through RNAi-based screening assays.  

Microfabricated systems offer the opportunity to grow cells under conditions that 

maintain normal 3D environmental cues and to perform HT parallelized assays. The 

motivation of this PhD work was to combine 3D cell cultures with cutting-edge technologies to 

address issues in cancer research and to better understand the cell/tissue function under 

normal and pathological situations. To do so, the implementation of conventional 3D cell 

culture methodology, the development of useful models for drug discovery in oncology, and the 

development of new tools to better control and standardize 3D models were required in the lab. 
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 General Introduction 

Our understanding of the function, formation and homeostasis of tissues originates 

from two dimensional models (2D). Also 2D-based studies have greatly contributed to the 

fundamentals of cancer biology. The reason why 2D cell culture models are readily applied is 

due to the simplicity in preparation, the well-controlled culture conditions, which sustain 

proliferation for most cell types, and facile microscopic analysis. However, a plastic petri-dish 

does not recapitulate the real tissue environment which is organized in three dimensions (3D). 

The cell-cell and cell-ECM (extracellular matrix) interactions present in native tissue are very 

limited in 2D culture. Furthermore, the inadequacy of current 2D models is well reflected in 

the poor outcome of drug development and approval processes. The third dimension provides 

better external mechanical inputs, and cell adhesion, which dramatically affects integrin 

ligation, cell contraction, and as a consequence, influences intracellular signaling. Therefore, 

there is an increasing need to elaborate new 3D reductionist in vitro models that will better 

recapitulate in vivo conditions. The relevance of 3D culture strategies is further detailed in 

Chapter 2. Since most of the tumors originate in glandular tissue, Chapter 2 also introduces 

fundamental information on epithelial morphogenesis in vivo and in vitro. 

One of the well accepted forms of 3D tumor models are multicellular aggregates called 

spheroids, where a small aggregate of cells grow free of foreign materials. Spheroids have 

found extensive application in drug screening and toxicology assays by reflecting accurately the 

3D cellular organization, diffusion limits within the tissue, and necrotic core that is 

characteristic of tumors. Furthermore, from a technical point of view, spheroids are cellular 

masses that are constrained by imposed conditions to aggregate from a solution of single cells. 

Additionally aggregation occurs in the absence of ECM and thus studies on the effect of ECM 

proteins and eventual remodeling during carcinogenesis are consequently limited. In 

conclusion, spheroids can serve as a model for pharmacological assays on mature tumors but 

may not necessarily be suitable to the modeling of tumor initiation and carcinogenesis. 

The acinus, a spherically organized and polarized cellular structure containing lumen, 

is the functional unit of glandular epithelial tissues. Acini are further interconnected with 

polarized tubules through which secreted fluids are transported. As opposed to spheroid 

culture, epithelial cells are cultured within a gel composed of ECM where acini are formed. 

These functional structures are broadly used to study development of glandular tissue in vitro 

but also to model tumor initiation and progression. Spheroid models with a necrotic core in 

                                                      
 Certain proteins are locally organized within each cell. For example E-cadherins are localized 

specifically to the baso-lateral membrane while integrins, only to the basal membrane 
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general imitate properties of already formed tumors. The 3D culture of epithelial cells, which 

organize into acini, enables research on tumor formation. Cancer of epithelial tissues is indeed 

reflected in the loss of the polarity and filling up of lumens. To date, drug evaluation is often 

assessed by tumor spheroid growth and invasion. A new opportunity would be to use polarity 

and lumen formation as an output of the treatment (drugs, siRNA etc.). However to effectively 

do so, high-throughput and high-content 3D analytical tools capable of recording changes in 

cellular polarity and organization are required. In addition to these proposed screening 

approaches, 3D culture is a relevant model to study genetic and microenvironment 

determinants, which are known to play an important role in acini morphogenesis and 

homeostasis.  

With the aim of i) addressing fundamental issues in prostate cancer, and ii) performing 

RNAi (RNA interference) screens in a more physiologically relevant (as compared to 2D) 

context, I have developed innovative tools based on microsystems suited for intermediate high-

throughput analysis of a large amount of 3D objects. The objectives of this thesis are listed in 

Chapter 3. 

Coherent with the focus of BIOMICS laboratory on the prostate cancer, the RWPE1 cell 

line has been introduced to model acini formation and to study genetic determinants important 

in acini homeostasis. The results on implantation (optimization of the protocol) and 

characterization (immunofluorescence) of 3D RWPE1 culture within the ECM gel (Matrigel) 

are presented in Chapter 4. 

Conventional 3D cultures, however, often lack reproducibility, a factor critical to any 

screening approach. Considerable heterogeneity in the shape, size and developmental stage of 

3D structures during culture has been observed. Implementation of automatic analysis which 

requires the use of confocal microscopy (including time-lapse acquisitions) is further impeded 

by the tendency of structures to merge, overlap or to grow at different focal planes. 

Furthermore, recovery of cells from Matrigel is difficult as well as retrieving of proteins and 

RNA from the sample. To overcome these limitations and to provide homogenous growth of 

acini in a controlled environment, I developed a droplet microfluidic encapsulation technology. 

Microfluidics provides a high level of control over flow conditions by manipulation of liquids 

within micrometer-scale channels. As a consequence a reproducible formation of Matrigel 

droplets containing a single cell has been achieved. Moreover, each encapsulated cell has 

exactly the same environment, therefore, problems of aggregation and merging have been 

effectively eliminated. Furthermore, it is possible to study morphogenesis starting from single 

cells. Microfluidic techniques provide a solution for a high-throughput analysis by using flow-

based analysis of fluorescent biomarkers for proliferation, differentiation etc... Results that I 

have generated using a microfluidics approach concerning the optimization, characterization 
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and ultimately, the biological applications of this microfluidic approach are presented in 

Chapter 5.   

The process of glandular tissue formation is not limited only to acini formation but also 

it consist stage of tubulogenesis. The importance of studying the organization of cells into 

tubules relies on the fact that these structures transport secreted liquids, the analysis of which 

can potentially help to identify new biomarkers in prostate cancer. However, studying 

tubulogenesis in vitro has been limited to only several cell models, and access to the secretions 

has not yet been possible. Therefore, in order to study cellular tubule-like organization in 3D, I 

developed a technique to generate circular microfluidic channels to mimic the ductal 

environments. Chapter 6 describes the fabrication methods and biological characterization of 

cells grown within a constrained tubular environment.  

Live observations of tubulogenesis in vitro are limited by the small field of view 

(typically smaller than 1 mm2) of traditionally-used microscopic techniques. As a consequence, 

only a restricted number of structures can be observed during acquisition, thus rare events 

occurring during tubulogenesis process can be missed. Therefore, in collaboration with CEA-

Leti, we developed lens-free systems specifically with the intent to observe a large field of view, 

so as to record a more global and inclusive view of the dynamics of acini and tubule 

morphogenesis. We demonstrate that application of lens-free video microscopy to 3D culture of 

developing acini reveals never before-detected in vitro self-seeding-like collective cell migration 

during branching morphogenesis. Chapter 7 presents the results on the influence of the 

microenvironment on cell phenotype and time-lapse observations of these phenotypic changes 

during branching-like processes.  

Furthermore, due to the lack of lenses, obtained images during lens-free acquisition are 

in fact light diffraction patterns of observed objects. We have observed that spheroids in 3D 

Matrigel cell culture differ drastically from acini in obtained holographic patterns. This 

observation served to develop a lens free system to distinguish spheroids from acini containing 

lumen. Therefore, the lens-free label-free system we have developed facilitates screening for 

environmental factors that affect epithelial tubulogenesis. Development and implementation of 

the lens-free system for label-free analysis of acini is described in Chapter 7.  
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 Literature Review 

  Epithelium in vivo 

Evolutionarily, epithelia are the most representative polarized tissues in metazoa – 60 

% of mammalian cells are epithelial or epithelial-derived (Alberts et al., 2002). Also, the most 

fundamental type of cell organization in animal kingdom is that of epithelia. Although 

epithelial tissues exhibit a wide variety of morphology, they serve in general to form a coherent 

barrier and divide organism into topologically and physiologically distinct species. Epithelial 

tissues can be composed of multilayers of cells as the stratified squamous epithelium of skin or 

a one cell thick form as in the case of simple epithelia (Figure 2-1). The shape of the cell might 

differ drastically from cylindrical, through cuboidal to pavimental. Also considering the role of 

the cell one can find cells than only serve as a mechanical barrier or cells that have a specific 

biochemical function (i.e., secretion of hormones as in prostate or absorption of nutrients as in 

intestine) or serve as signal receptors (e.g., photoreceptors in eyes and ciliated cells in ears). 

 

Figure 2-1 Schematic representation of types of epithelial tissue throughout the human 
body. Source: Inc © 2009 Pearson Eduction 

Some epithelia cover the outside of the organism while others line internal organs. Despite all 

the differences, there are features shared by epithelial tissues. In general, an epithelial layer 

presents two specific surfaces i) an apical surface that is in contact with air or an aqueous 

liquid, and ii) a basal surface that is in direct contact with a very thin layer of an extracellular 

matrix (ECM; the role of ECM is further discussed in Chapters 2.3) and rests on another type 
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of tissue (in most cases connective tissue) to which it is attached. The presence of two 

chemically distinctive sites of an epithelium brings a particular and essential polarity to a 

single cell. The apico-basal polarization is responsible for the directional transportation of 

materials. The epithelium and thus also polarity are maintained mainly by presence of cell-

junctions (Datta et al., 2011).  

  

Figure 2-2 Each cell of the epithelium has a microvilli-reach apical surface, a lateral 
membrane that faces the neighboring cells, and basal membrane connected directly through 
hemidesmosomes to a basement membrane (BM). Between cells, various cell-cell junctions 
are established including desmosomes, tight junctions, adherent junctions, and gap 
junctions (not shown in here). Tight junctions play the main role in keeping tissue 
homeostasis. 

Cell junctions between epithelial cells can be classified on the basis of their function 

and are characterized by specific membrane proteins. In vertebrate epithelia, the major types 

of intercellular junctions are (Figure 2-2): 

 Gap junctions – permit transportation and passage of the small molecules and 

cytosolic molecules in between the neighboring cells 

 Tight junctions – indispensable for establishing and maintaining the physical barrier 

characteristic for epithelial tissue 

 Adherent junctions – modulate the tissue integrity through association of actin 

filaments  

 Desmosomes – similarly as adherent junctions modulate the tissue integrity but 

through organization of intermediate filaments 

 Hemidesmosomes – establish junction between cell and ECM 

While tight junctions are characteristic and exist only in epithelium, other types of 

junctions under modified forms exist in non-epithelial tissues. 

Adherent junctions and desmosomes rely on the family of transmembrane proteins 

called cadherins. A single cadherin molecule of the plasma membrane of one cell is attached 

directly with the corresponding identical molecule from the neighboring cell. Presence of Ca2+ 

in an extracellular medium is necessary for the proper establishment of cadherin junctions. On 

the level of adherent junctions, each molecule of cadherin is fixed in the cytoplasm of the cell 

and further connected to actin filaments. Due to adherent junctions the network of actin 
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filaments is interconnected through the whole epithelium. This network of actin is potentially 

contractile and it gives the epithelium flexibility to change the shape into a great extent. This 

flexibility plays a key role in embryonic development.  

  Prostatic glandular epithelium 

Analysis of development in vivo resulted in a great deal of information, concerning 

growth factors, receptors, signaling pathways and transcriptome factors that control the most 

fundamental properties as location, differentiation and shape of tubular organs (Hogan and 

Kolodziej, 2002). Significant information about the process of development was provided by 

observing of much simpler organisms like in the case of formation of trachea in Drosophila 

(Affolter et al., 2003; Lubarsky and Krasnow, 2003). Many important developmental pathways 

that were discovered in Drosophila or worms have been conserved throughout the evolution 

and found equally significant in vertebrate systems.  

The development of glandular tissue in vivo differs depending on organs type. In mouse 

model prostatic buds first arise in the endoderm anterior urogenital sinus epithelium and 

invade the underlying mesenchyme to undergo multiple rounds of branching events and 

canalization, leading to the pseudostratified structure of the prostate epithelium. In mammary 

glands lumen formation is secondary to the branching, while in lung embryonic development 

both processes are associated (Affolter et al., 2003). 

One structural and functional unit: the Acinus  

Glandular epithelial organs are typically formed of two building blocks, cysts and 

tubules (schematic representation Figure 2-3 and histological image Figure 2-4). Both cysts 

and tubules are enclosing lumens, with the former being formed by spherically organized cells 

and the latter by cylindrically organized cells. Cysts in dependence of their occurrence are 

called also acini in prostate and mammary gland, alveoli in the lung and follicles in the thyroid. 

 

 

Figure 2-3 Schematic representation of glandular epithelium in vivo. A) Glandular tissues are 
composed of polarized tubules (violet) terminated with acini. B) Acini are spherically 
organized cellular structures that enclose lumen and are situated at the end of tubules. 
These functional units of glandular tissue are responsible for secretions. 
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Apart of forming lumen, acini are also polarized. Similarly as described before for a monolayer 

of epithelium, cells of acini organize to enclose lumen, and each particular cell follows a certain 

polarity. As a consequence basal and luminal cells can be distinguished (Figure 2-4).  

The main function of prostate is to produce seminal fluid. The prostatic glandular 

epithelium is composed of three different types of cells: luminal secretory, basal and 

neuroendocrine. Compared to other glandular tissues, in prostate there are fewer basal cells 

(Figure 2-4). One of their functions is to secrete components of the basement membrane. The 

luminal cells secrete the prostate specific antigen (PSA), components of prostatic fluid, and 

beside that they express the androgen receptor. The stroma around prostatic cells contains 

fibroblast, smooth muscle cells, endothelial cells, dendritic cells and nerves. This complex 

environment affects the prostate mainly by paracrine signals (i.e., production of growth factors) 

coming from the androgen responsive stromal cells (Chung, 1995).  

 

 

Figure 2-4 Prostate histology from a normal (A) and cancer prostate tissue (B). Sections were 
stained with E-cadherin, a marker for adherent junction. Prostate cancer reflects in the 
disruption of the epithelial organization and filling lumens. Note in A that basal cells do not 
form a uniform layer. Source: (Feldman and Feldman, 2001) 

Stages of development in vivo 

Prostate gland is an endodermal structure and originates from the urogenital sinus 

(UGS). The continuous process of prostate development can be divided into four separate stages 

composed of determination, initiation or budding, branching morphogenesis, and pubertal 

maturation (Figure 2-5). Determination is the stage before any visual evidence of prostate 

formation and involves expression of molecular signals that specify the prostatic cell fate. The 

first evidence of phenotypic prostate development starts when the epithelial cells from UGS 

form outgrowths or buds that penetrate into the surrounding UGS mesenchyme. In human, the 

prostate develops during the second and third trimester and is completed at the time of birth 
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(Lowsley, 1912). Studying the processes of development in human is often technically difficult 

or impossible due to ethical reasons. We are therefore, forced to use animal models which to 

some extent are perfectly fulfilling the physiological environment, however, their development 

might differ drastically from that of humans. The prostate development in rodents takes its 

major stages after the birth. The initial outgrowth occurs between 16,5-17,5 fetal days (f16,5-

f17,5) in a 19 days gestation strain (Sugimura et al., 1986) while in the rat it occurs at 18,5-

19,5 in a 21 day gestation strain (Hayashi et al., 1991). At birth, the rodent prostate lobes are 

composed primarily of unbranched, solid elongating buds (or ducts) and subsequent stage of 

outgrowth and patterning takes place postnatally. Branching morphogenesis starts when 

elongating UGS epithelial buds contact the prostate mesenchymal pads which initiate 

establishment of secondary, tertiary and further branch points (Timms et al., 1994). 

Morphogenesis of the prostate in rodents is completed between postnatal days 15 and 30, and 

the final growth and maturation occurs during puberty with the increased levels of circulating 

androgens. Epithelial and mesenchymal cell differentiation is coordinated with branching 

morphogenesis and occurs during later days of branching (Hayward et al., 1996a; Hayward et 

al., 1996b; Prins and Birch, 1995). Differentiation relies on the formation of distinctive basal 

and luminal layers along with lumenization of the solid epithelial cords.  

 

Figure 2-5 Rat prostate developmental stages and corresponding timeline. Source: (Prins and 
Putz, 2008) 

The concept that the development of prostate depends and is regulated by androgens 

has been proven with several approaches. For example, anti-androgen administration in 

rodents during fetal period results in inhibition of prostate development (Price, 1936). 

However, the result of inhibition is highly dependent on the period of development. Organ 

cultures of UGS explants from male mice were retrieved at different time of the development; 

at day f12 before fetal testes produce testosterone (day f14) and at day f15. It has been shown 

that the extent of inhibition depends strictly on timing of androgen ablation in relation to the 

budding process. USG extracted before initiation of budding (day f12) did not produce prostatic 

buds even after 6-7 days of culture without androgens. Conversely, USG explants removed at 

day f15 initiated buds when cultured for 6 days in the absence of androgens (Cunha, 1973; 
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Lasnitzki and Mizuno, 1977). The same results were obtained in study performed on rats 

(Lasnitzki and Mizuno, 1977). Taken together these findings indicate the androgens are causal 

factor to induce the process of budding (the number of buds and their length during initiation), 

however, it can continue to a large degree in the absence of testosterone. Interestingly, as 

mentioned, branching morphogenesis can occur in the absence of androgens, the final 

organization, growth and differentiation are only followed upon addition of exogenous 

testosterone(Lipschutz et al., 1997). 

Action of Androgens 

Androgens are the main regulators of development in prostate. To simplify, androgens 

have a direct influence on the ratio of proliferating to dying cells. No wonder that the first 

stages of prostate cancer use the same pathways to induce proliferation in already 

differentiated environment.  

Testosterone is the main circulating androgen and is secreted principally by the testes. 

Testosterone circulates in blood where it is tightly bound to albumin and sex-hormone-binding 

globulin (SHBG) of human blood plasma with a small fraction of unbound form in the serum. 

Testosterone enters prostatic cells only when it is in the free form and is converted in ~90% to 

dihydrotestosterone (DHT) by the enzyme 5α-reductase (5RD5A2) (Figure 2-6). Compared to 

testosterone, DHT has the fivefold higher affinity for androgen receptor. The AR belongs to the 

family of steroid-thyroid-retinoid nuclear receptors (Quigley et al., 1995). It contains three 

major domains: an aminoterminal activating domain, a carboxy-terminal ligand and a DNA 

binding domain comprising two zinc fingers. Androgen receptor functions as other nuclear 

receptors where in the basal state it is bound to heat-shock protein that prevents DNA binding. 

Upon binding with androgen, AR undergoes conformational changes reflected in dissociation 

from the heat-shock protein and subsequent phosphorylation (ref 6 from nature review). This 

conformational change facilitates the formation of AR homodimer complexes and binding to 

androgen-response elements in the promoter regions of target genes (Brinkmann et al., 1999). 

Presence of co-activators (ARA70) facilitates or prevents, depending on the function, AR-

complex to interact with the general transcription apparatus (GTA) (McKenna et al., 1999). In 

response to activation of target genes increased growth, survival and PSA production are 

observed. As it will be described below, detection of levels of PSA is used in prostate cancer 

diagnosis. 

                                                      
 Region of steroid hormone receptors that enhances target gene transcription. 
 Protein module in which conserved cysteine or histidine residues coordinate a zinc atom. 

Some zinc-finger regions bind specific DNA sequences; others are involved in protein–protein 

interactions. 
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Figure 2-6 Path from circulating testosterone to androgen-response and PSA secretion. 
Source: (Feldman and Feldman, 2001) 

  Prostate cancer 

According to the National Institute of Cancer in the United States, prostate cancer is 

the most common form of cancer in men and after lung cancer is the second leading cause of 

death in USA (Greenlee et al., 2000). A lifetime’s risk for man to develop prostate cancer is one 

to seven. Interestingly, among all risk factors, age and race are the most important (Miller et 

al., 2006). 

Initially grown tumor is androgen-dependent which facilitates the treatment. Already 

30 years ago, Huggins has reported androgen ablation by orchiectomy as a treatment that 

causes regression of tumors (Huggins, 1967). Recently, androgen ablation maintains as a main 

and the most effective therapeutic treatment of hormone-sensitive prostate cancer (Eisenberger 

et al., 1998). However, developed tumors eventually become androgen-independent, followed by 

progression and metastasis. It is still unknown what primarily triggers the development of 

androgen-independent prostate cancer (AIPC). What is known, as for most types of cancer, 

early diagnosis gives the highest survival rate (Figure 2-7).  

                                                      
 Orchiectomy – surgical removal of the testes 
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Figure 2-7 Percent of cases and 5-year relative survival by stage at diagnosis for prostate 
cancer. Source: SEER 18 2004-2010, All Races, Males by SEER Summary Stage 2000 

Prostate cancer diagnosis – PSA controversy 

As has been shown androgen action stimulates the cells during development of prostate 

by increased proliferation, survival and secretion of PSA. The same cell response is 

characteristic for prostate cancer which was a basis to use PSA as a diagnosis marker. 

PSA is androgen regulated serine protease which is produced primarily by luminal 

epithelial cells. Its role is to cleave semenogelin I and II in the seminal coagulum (Lilja et al., 

1987). PSA is secreted as an inactive 244-aminoacid proenzyme (proPSA) that is activated by 

cleavage of seven N-terminal amino acids. Secreted PSA is rapidly bound by protease inhibitors 

although some fraction of PSA circulates in an unbounded form, comprising around 10 % to 30 

% of total PSA. It consistently expressed in prostate cancer, although the levels of expression 

are lower than in normal prostate (Magklara et al., 2000; Pretlow et al., 1991). Studies 

performed in 1990s confirmed that tests on concentration of PSA in serum can serve for 

prostate cancer diagnosis (Catalona et al., 1991; Labrie et al., 1992) and overpower digital 

rectal examination used at that time. To increase the sensitivity of the test, later, diagnosis 

relied on calculating the ratio of free to total PSA, which is lower in many patients with 

prostate cancer. However, today, it is controversial whether the test is reliable and beneficial or 

socially harmful due to high false-positive and false-negative results. The United States 

Preventive Services Task Force has analyzed the data from two big trials on prostate cancer 

performed in the USA and Europe and revealed striking results (Figure 2-8) (Moyer, 2012).  

Based on the results there is only 0 to 1 patient among 1000 would avoid prostate 

cancer while 100 to 120 would have a false-positive result. This data illustrate the problem of 

the prostate cancer diagnosis. Therefore, new and more specific biomarkers are necessary to 

increase the survival rate.  

                                                      
 Semenogelin – proteins that mediate gel formation in semen 
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Figure 2-8 Benefits and harms of PSA screening for prostate cancer. Source: National Cancer 
Institute at the National Institutes for Health, USA; http://www.cancer.gov/ 

Hallmark of cancer - Loss of polarized organization 

 PSA as a diagnostic marker presents a high false-negative or false-positive results. 

Therefore, diagnosis further comprises prostate biopsies which are used to investigate cellular 

organization of the prostatic tissue. A hallmark of cancer is the loss of polarity which is 

reflected by the disorganization within the acini (schematic representation Figure 2-9 and 

histology observation Figure 2-4). The process can occur even from a single cell  whose 

phenotype differs drastically from differentiated epithelial cells (Leung and Brugge, 2012). 

Uncontrolled proliferation leads to filling the luminal space with cells to finally develop a 

tumor, solid aberrant masses. At this stage basal and luminal cells are undistinguishable since 

they co-express basal and luminal markers (for example Keratin 5 and Keratin 8) (Frank and 

Miranti, 2013) .  

http://www.cancer.gov/
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Figure 2-9 Process of tumor development. A) In dysplastic lesions, cells lose polarity and 
proliferate into the luminal space. B) In carcinoma in situ lesions, lumen is filled with tumor 
cells. Volume expansion and resistance from ECM leads to increased forces between tumor 
and stromal matrix. Simultaneously, remodeling of ECM occurs leading to increased ECM and 
tissue stiffness. C) In invasive lesions, tumor cells break the BM barrier and invade into the 
interstitial ECM. Source: (Yu et al., 2011) 

Conclusions 

Fighting cancer requires perfect understanding of the changes that cause uncontrolled 

proliferation, dedifferentation that in first stages is reflected by filling up of acinar lumens. 

Better understanding can be achieved by reductionist cell culture models. However, standard 

2D cultures do not recapitulate functions and the three dimensional cellular organization 

within glandular tissues. High potential lies in 3D cell culture which proved to provide more 

physiological environment for cells to develop into fully polarized acini with lumens. With 

available models discovery of new biomarkers (to overcome limitations of PSA diagnosis) is 

hampered by the analysis limitations, and thus difficulties occur when performing high-

throughput screens and drug assays in 3D. Therefore, with the advances in cell culture biology, 

3D culture is awaiting for the technology to meet the requirements for efficient high 

throughput screening tools. These needs include facilitation of analysis providing structural 

and functional information of acini but also means for high-throughput and reproducible 3D 

cell culture preparation.  
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  Epithelial cell culture in vitro 

The potential to find new strategies in cancer treatment, not only for prostate, lies in 

designing experiments based on human cell models within the well-controlled environment 

(mechanical, chemical and cell-cell signals) combined with high throughput analysis. 

Experiments performed in such a reductionist environment can bring us closer to understand 

processes that control the initial acquisition of cells polarity and epithelial organ formation. 

Also, drug or RNAi (RNA interference) screens could be successfully executed to reveal new 

important actors in cancer disease. 

  Limitations of animal models 

Animal models recapitulate only some of the aspects of human responses. A good 

example is a high number of pathogens that are specific to humans (i.e., hepatitis C) which 

causes the failure of new drugs tested clinically due to the liver toxicity that has not been 

observed in animal models (Sivaraman et al., 2005). Researchers try to overcome this problem 

by transplanting human cells into mice (Katoh et al., 2005; Kuperwasser et al., 2004), however, 

these models are challenging and expensive to be adopted for routine experiments.  

Moreover, important variances in telomerase regulation between rodents and humans 

(Rangarajan et al., 2004) raised doubts regarding the relevance of transgenic and inducible 

mouse cancer models. The uncertainty of xenografts lies in the incompatibilities of certain 

cytokines. Therefore, opportunity to develop in vitro tissue models that are based on human 

cells provides a potential bridge over the gap between animal models (but also between 2D 

cultures) and humans to better understand the basic mechanisms that govern human disease. 

  Limitations of 2D models  

Tissues and organs are multicellular structures organized three dimensionally (3D). 

However, to date our understanding of the function, formation or pathology relied on two 

dimensional models (2D). Even though the 2D culture does not recapitulate environment by 

which cell is surrounded in vivo, this model of culture has produced many important insights 

into fundamentals of cell biology.  

The interest to use cell culture techniques relies on the simplicity of such models where 

cells are exposed to a far more limited number of cues compared to in vivo. Epithelial cells 

when cultured on flat plastic dishes recapitulates to some point polarized monolayers of 

epithelial sheets and can be used for toxicology assays (Suuronen et al., 2005) as they mimic 

the responses of real tissues to drugs and certain toxins. However, the polarity (which will be 

                                                      
 Telomerase – an enzyme in a eukaryote that adds DNA sequence to the 3’ end of DNA 

strands. Its role is to repairs the telomeres of the chromosomes so that they do not become 

progressively shorter during successive rounds of chromosome replication. 
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discussed later) and cell orientation is forced by the artificial support, which brings a powerful 

external cue for placement of the basal membrane. When mammary epithelial cells are 

cultured in traditional 2D conditions, they fail to differentiate, even in the presence of 

prolactogenic hormones (Barcelloshoff et al., 1989). After development of techniques and 

biomaterials which serve to incorporate cells in 3D, now we know that morphology, cell-cell, 

cell matrix interactions and finally differentiation differ drastically from those growing on flat 

plastic substrates (Cukierman et al., 2002; Nelson and Bissell, 2006). 

  Transition from 2D into 3D 

Most cells, though, require cues from a truly 3D environment. In vivo, this environment 

is a bundled meshwork of extracellular collagens, proteoglycans, adhesion proteins, and at the 

same time, it contains soluble signals like growth factors cytokines and chemokines. By 

definition Extracellular matrix (ECM) encompasses these components (Aumailley and 

Gayraud, 1998; Streuli, 1999) and by alterations governs basic processes of i.e., morphogenesis, 

development, and regeneration. In a simplified way, a biological response of cells to the ECM is 

based on multiple cell interactions with different components of the ECM that induce signals 

trough surface receptors, which are further integrated through intracellular pathways to 

finally regulate gene expression and influence the phenotype. Therefore, the cell fate and 

function depends on several biophysical and biochemical factors that can be divided into i) 

physical signals originating from the ECM structure-building components (collagens, laminins, 

fibronectins etc.), ii) soluble signals (growth factors, cytokines etc.), and iii) signals that 

originate from cell-cell interactions (Figure 2-10). The interaction between the cell and ECM is 

mediated by two types of integrin-dependent junctions – focal adhesions, which are linked to 

actin cytoskeleton and hemidesmosomes, which are linked to intermediate filaments of the cell. 

The large family of integrin receptors (18 alpha and 8 beta subunits) plays a crucial role in 

physical linkage to the ECM and signal transduction (Campbell and Humphries, 2011).  

The complexity of ECM and the interaction between particular components defines 

unique matrices (Czyz and Wobus, 2001). Within one organism, different tissues are 

surrounded by ECM that vary considerably in the amount and type of specific components 

(Streuli, 1999). Therefore, importance of ECM has been studied extensively in vivo on mice 

using gene targeting approach (Gustafsson and Fassler, 2000). In certain cases, when a 

particular ECM component gene was missing, mice died or presented phenotype changed by 

inappropriate signaling during early development. For example, mice lacking gene that 

encodes laminin gamma1 failed to synthetize and organize a basement membrane (BM) and 

died at embryonic stage (Gustafsson and Fassler, 2000). 

                                                      
 Laminin gamma 1 – necessary in initial matrix scaffolding processes 
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Figure 2-10 Cell fate in vivo is governed by multiple cues including soluble signals, physical 
and mechanicals signals and signals resulting from the cell-cell interaction. Source: (Lutolf 
and Hubbell, 2005) 

In conclusion strengths of 3D culture include: 

 More physiological (than in 2D culture) cell morphology and signaling,  

 Ability to rapidly verify hypotheses without need to use animal models, 

 Facile observations and image acquisitions compared to animal models, 

 Relatively low total cost  

However, among the drawbacks one have to include: 

 ability to mimic in vivo tissue conditions varies upon the cell model and culture 

conditions (small differences in culture media composition my drastically change the 

phenotype and cell fate, i.e., additions of Human Growth Factor (HGF) induces 

branching morphogenesis (Zegers et al., 2003) 

 lack of vasculature and signals that in vivo originate from surrounding cells short-

term cell culture conditions (usually samples are maintained no longer than 3 

weeks) limits observation of long-term processes that occur in vivo  
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  Recapitulating glandular-like structures in 

3D cultures 

  Matrigel, a magic mixture 

As has been shown above, the ECM sends various signals to cells to control their 

function, proliferation and survival. The complexity of ECM has hampered for years 3D 

cultures in vitro due to the lack of appropriate matrices that would recreate the natural 

environment. The discovery, (Orkin et al., 1977), that a particular type of mouse tumor forms 

rapidly abundant ECM, brought the possibility to obtain large quantities of natural basement 

membrane (BM). Today, known as EHS extract (after J.Engelbreth-Holm and R. Swarm who 

highly contributed to the discovery) or under commercial name Matrigel, it is irreplaceable and 

indispensable product in 3D culture experiments. Matrigel is composed of laminin, collagen IV, 

perlecan (heparin sulfate proteoglycan) and nidogen (known also as entactin). Because it is 

naturally obtained it consists also of proteases, growth factors (i.e., Tgf β, FGF, EGF, PDGF, 

IGF) and other proteins. The assembly of BM proceeds by polymerization of two separate 

networks. The first, of collagen IV, is covalently stabilized (Timpl et al., 1981; Yurchenco and 

Ruben, 1988), while the second of laminin, forms a non-covalent, calcium-dependent network 

(Yurchenco and Cheng, 1993). This complex, but necessary composition of Matrigel, promotes 

in vitro differentiation of cell lines and primary cells and also of tissue explants (Kleinman and 

Martin, 2005). 

Recent studies based on mass spectrometry revealed that apart the main listed 

components, signals for over 1000 other proteins were detected (Hughes et al., 2010). Since 

Matrigel is naturally derived, lot-to-lot variations appear and bring controversy weather the 

results obtained within this ECM can be reliable and well reproducible (Vukicevic et al., 1992). 

To limit these variations, it is generally advised to perform all experiments within the scientific 

project on the same lot of Matrigel. 

  Cell culture on Matrigel 

Matrigel forms a hydrogel upon particular conditions; it is in a liquid, pre-polymerized 

form below 8°C and polymerizes at temperature higher than 10°C and maintains a form of a 

gel at physiological temperature of 37°C. These properties force special precaution in 

preparation of a BM substrate for cell culture; during manipulation Matrigel has to be kept on 

ice and pipette tips need to be cooled down. 
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Figure 2-11 3D epithelial cell culture can be performed according to two different protocol; 
embedded when cells are fully surrounded by Matrigel and top-coat (or overlay) when cells 
are seeded on the compliant layer of Matrigel. Source: (Debnath and Brugge, 2005) 

In 3D cultures epithelial cells proliferate to form growth-arrested acini that are 

characterized by polarized cells enclosing the hollow lumen (Debnath et al., 2003; Petersen et 

al., 1992). Typically to induce growth of acini, 3D culture of epithelial cells relies on either 

mixing single cells with the gel before the polymerization (Embedded conditions) so that the 

cells are fully surrounded, or on seeding the cells on the layer of polymerized gel and addition 

of diluted Matrigel into the culture media (top-coat conditions) (Figure 2-11). While the first 

protocol enables homogenous conditions in the ECM-cell interactions the second facilitates the 

microscopic analysis as all structures are cultivated on the same plane.  

  Acini morphogenesis and lumen formation 

3D culture techniques described above brought insights into development and 

homeostasis of epithelial tissue. Established cell lines (i.e., MCF10-A as a breast cell model, 

MDCK as a kidney model, RWPE1 as a prostate model) when cultured in Matrigel or collagen I 

form acini through different stages (Figure 2-12). Initially, cells seeded in 3D culture are 

isolated. They proliferate and form clusters surrounded by ECM. Depending on the origin and 

polarity of the initial aggregate, lumen formation can occur by cavitation or hollowing. In the 

cavitation model, two distinctive cell populations occur; i) polarized outer layer of cells that 

maintains ECM-cell contacts, and ii) non-polarized cells that fill up the inner space of 3D 

structures. Another step is based on apoptosis of these inner cells that leads to lumen 

formation (Debnath et al., 2002). The hollowing process is based on the vacuolar exocytosis and 

does not require any apoptosis for the lumen formation.  

For many models in vitro, but also observed in vivo (Mailleux et al., 2008), apoptosis is 

a key step in the lumen formation process. It has been shown that this process is significantly 

delayed, both in vivo and in vitro, when overexpressed BCL-2 (anti-apoptotic protein) (Debnath 

et al., 2002; Humphreys et al., 1996). Additionally, growth and survival of epithelial cells is 

regulated by integrin-mediated contact with ECM and cells that detach from ECM undergo 

apoptosis (specifically called anoiksis) (Frisch and Francis, 1994). It is suspected that 
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resistance to this apoptotic process can play a role in the early stage of cancer which is reflected 

by luminal filling.  

Besides ECM-cell interactions, also cell-cell signaling (mainly through cadherins) 

governs lumen formation. Experiments, on CEACAM 1, (cell-cell adhesion protein; 

carcinoembryonic antigen-related cell adhesion molecule) identified it as a lumen formation 

regulator. Inhibition in non-malignant epithelial cells in vitro prevents lumen formation, while 

expression in malignant cells induces luminal development (Kirshner et al., 2003). 

 

Figure 2-12 The process of acinus formation occurs either by cavitation which is associated 
with apoptosis of luminal cells or by hollowing by vacuolar exocytosis. Source: (Bryant and 
Mostov, 2008) 

These results together indicate that lumen formation is a complex process governed by 

signals that originate from the environment. Because, cells are surrounded by ECM, and are in 

direct contact with neighboring cells, the signaling that induces lumen formation has to be 

considered as a complex signaling that originates from different cues. For example inhibition of 

anoiksis that is responsible for lumen clearing only delays the lumen formation but finally does 

not prevent it.  

Epithelial cells need apical and basal polarity to carry out crucial vectorial transport 

functions. Each cell in fully developed acini has three distinctive surfaces: apical directed 

towards lumen, basal that adheres to ECM, and lateral that adheres to neighboring cells. Work 

in Drosophila and other systems indicated that formation of these three surfaces depends on 
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particular groups of proteins that work in hierarchy (Lecuit and Wieschaus, 2002). These 

conserved protein complexes distribute asymmetrically in cells and promote the expansion of 

the membrane they are associated with. First, the Par complex (Par3/Par6/aPKC) defines the 

apical surface. Subsequently, downstream of Par complex, the Crumbs complex (Crumbs/Std1 

also known as PALS1/PATJ) (Bilder et al., 2003; Tepass, 2012) promotes further development 

of apical membrane. The Scribble complex (Scribble/DLG a discs large homolog/LGL a Lethal 

giant larvae) (Bilder et al., 2000) plays role in establishing the basolateral identity.  

Orientation of polarity 

Formation of epithelial tissue requires cells to organize themselves in 3D into acini or 

tubules to enclose lumens. It is necessary that each single cell of this multicellular construct 

establishes the three surfaces. In 3D, as mentioned before, cells define and develop the apical 

surface that is directed towards the lumen. In the artificial environment of 2D culture, where 

cells are seeded on plastic flat surfaces, this orientation is provided and forced by the external 

cue that specifies the basal membrane. Moreover, intriguing questions remain without answer; 

what links stages of lumen formation and polarity establishment? Is lumen formation process 

dependent on polarity, or inverse? Can lumen exist without polarity? The distinction between 

polarization and its orientation has been studied in simple models of chemotactism, but has not 

been addressed in epithelial cell culture extensively yet. Though, it has been shown that the 

establishment of polarity can be separated from the orientation of that polarity (O'Brien et al., 

2002). 

  Tubulogenesis in vitro 

The development of metazoan organs begins with a single epithelial layer. As has been 

described in chapter 2, epithelial cells form sheets or layer of cells which are characterized by 

tight connections between cells, maintained by various cell-cell junctions with particular 

importance of adherens junctions (Yap et al., 1997). Such configuration along with established 

apico-basal polarity ensures that epithelial cells can only migrate within the epithelial-layer 

(along the basal surface) and not into an extracellular matrix (ECM). The presence of 

mesenchymal cells along with epithelial cells in early embryos has been observed for a long 

time, but the distinct program of the conversion of epithelial cells into mesenchymal cells has 

been introduced in 80s under the name “epithelial-to-mesenchymal” (EMT) transition 

(Greenburg and Hay, 1982; Greenburg and Hay, 1986). It is accepted that epithelial branching 

morphogenesis presents characteristic properties of EMT process described by migrative cells, 

which lose their polarity and cell-cell junctions. During embryonic development the EMT 

program has been observed for instance in mesoderm formation (Viebahn et al., 1995), neural 

crest development (Duband and Thiery, 1987), and cardiac valve formation (Bolender and 

Markwald, 1979). Interestingly the EMT process can be reversible by mesenchymal-to-

epithelial (MET) transition, for instance, in developing kidney (Davies, 1996). The resulting 
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cellular motility recognized in EMT presents common properties with carcinoma progression 

and metastasis except that these processes in general do not undergo MET as compared to 

development. Attributing EMT as a mechanism of metastasis is still controversial due to 

limitations of human tumors observation in time and space.   

Despite, much has been discovered in the field of epithelial development and branching 

morphogenesis, little is known about i) what controls branching process initiation, ii) what is 

the role of the ECM, iii) how tubes are formed, iv) what controls their diameter and remodeling 

, and v) what are cues that control ending of the development program.  

The ECM has long been recognized as providing morphogenetic signals during 

glandular tissue morphogenesis (Wicha et al., 1980). For example, composition of ECM changes 

during morphogenesis of the gland and is different within the duct as compared to the terminal 

end buds (Silberstein and Daniel, 1982). Moreover, branching morphogenesis is dependent not 

only on the presence of the specific components of ECM but also on their amount (Silberstein et 

al., 1990; Wicha et al., 1980). Adhesion to the basal lamina controls, through integrin signaling, 

apical secretion, proliferation and apoptosis (Parry et al., 1987). Invading cancers appear to 

reactivate pathways of development and, as observed, tissues that apply collective cell 

migration during morphogenesis will organize similarly during neoplastic progression 

(Christiansen and Rajasekaran, 2006; Friedl et al., 2004). Therefore, better understanding of 

morphogenesis can lead to a progress in development of new cancer therapies. A major 

challenge today is to distinguish the relative contributions of specific genetic and 

microenvironmental changes during branching morphogenesis in vivo and in vitro.  

The 3D MDCK system is to date the best characterized in vitro tubulogenesis model. 

MDCK cells in 3D culture on collagen I form polarized cysts (acini) but upon treatment with 

HGF (hepatocyte growth factor) they generate tubules (Pollack et al., 1998). Process of tubule 

formation in this model can be described by following stages. First, some cells from the 

polarized cyst form long extensions (similar to pseudopodia) to the environment. Second, cells 

undergo division and subsequently migrate to the ECM to form “chains” of cells still connected 

to the initial cyst. At this stage, cells lose their apico-basal polarity. Moreover, cells at the end 

of the chain highly resemble form of migrating fibroblasts or mesenchymal cells (Yu et al., 

2003). After formation of a cellular chain, cells undergo further division to form cords which are 

2-3 cells thick. The apico-basal polarity is re-established through formation of small lumens 

which further enlarge and merge to form a continuous lumen between the polarized cyst and 

tubule. These observations suggest that branching morphogenesis progresses through EMT 

process (O'Brien et al., 2002), which is followed by the polarity re-establishment. 
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Figure 2-13 Hepatocyte growth factor (HGF) induces the formation of branched tubules in MDCK 
cells grown in collagen I gels 

  Loss of polarity in cancer 

3D cultures provide a context in which cellular genes that induce phenotypic alteration 

can be identified and mechanism responsible for these phenotypic changes can be studied. 

Phenotypic alterations similar to those associated with tumor progression are reflected for 

instance, in cellular organization, proliferation, and apoptosis. Similarly as in vivo, a hallmark 

of most glandular epithelial tumors is the absence of a hollow lumen associated with the loss of 

polarity. To date, answer to questions on how cells generate lumens during morphogenesis and 

what mechanisms are used during tumorigenesis require further investigation. Studies in 3D 

cultures have defined a number of mechanisms and molecular regulators that contribute to 

these processes. Phenotypic changes include for example outgrowth of the structures, high 

affinity for aggregation, and transformation into spheroids (tumor-like solid aberrant masses) 

(Figure 2-14). 

 

Figure 2-14 The examination of oncogenes and activated growth factor receptors in MCF-10A cells grown 
in 3D culture. Source: (Debnath and Brugge, 2005) 
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  Limitations of current 3D approaches for 

screening approaches 

Insofar as the relative formation of acini versus spheroids can be used as a cancer 

model, today researchers are blocked by technical limitations of Matrigel culture in identifying 

new oncogenes or biomarkers. These are related to analysis, which aims in discrimination 

between acini and spheroids. In details the limitations will be simply explained on the example 

of Figure 2-15. 

 

Figure 2-15 Growth of RWPE1 prostatic epithelial cells in Matrigel. Cells are stained with 
Hoechst to indicate nuclei. On the left an overview of the 3D culture with low magnification 
objective. Image on right presents higher magnification of the regions of interest (in the red 
frame) taken with Z-stack module. It reveals the presence of lumen.  

 Environmental limitations 

3D cell culture is based on using Matrigel or Collagen (in dependence of the cell line) to 

grow cells into acini. The gel itself constitutes a physical (and possibly a chemical) barrier that 

limits diffusion and thus prevents using standard laboratory techniques practiced daily on 2D 

cultures (e.g., limited efficiency in transfection has been observed in BIOMICS laboratory). 

Cells, when grown in Matrigel, are immobilized and are difficult to recover (for RNA or protein 

extraction) without interfering the 3D organization of acini or spheroids.  

Furthermore, Matrigel and the protocol itself limit also the control over environment 

conditions. The distance between growing structures, the size of the environment, possible 

constraint and the rigidity cannot be controlled in standard 3D cell culture. Still, little is 

known how force can regulate the cell fate and tissue phenotype. Recent reports indicate the 

importance of mechanical cues by showing that cancer is associated with tissue stiffening (up 

to several kPa’s). Unfortunately, Matrigel has a very limited range of rigidity (expressed in Pa) 
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and can be controlled only by the concentration of proteins, and thus its rigidity falls around 

400 Pa when in undiluted form. 

 Analysis limitations 

Cells when seed are randomly positioned on the gel which results in merging or 

overlapping of the structures (Figure 2-15), which limits application of an automatized 

acquisition. Because the most important information is weather 3D structures contain lumen, 

which indicates the correct phenotype of acini, or form filled solid spheroids, it is necessary to 

perform labeling of cells and to use confocal microscopy to retrieve details of the cellular 

organization in 3D. Furthermore, for quantitative data analysis and hence statistical analysis, 

a large amount images of objects need to be collected which is further more difficult with the 

relatively small field of view of traditional microscopes. Similarly, small field of view during 

time-lapse microscopy combined with a Z-stack acquisition (4D) can be a limitation since rare 

events might not be detected. Such types of acquisitions are also time consuming, need human 

assistance and are difficult to be automated (properties of Z-acquisition need to be adjusted 

manually) due to the environmental limitation listed above. Therefore, available today 

analytical tools are not sufficiently powerful for high-throughput and high-content analysis. 

Additionally, the population of acini is heterogeneous and structures develop at different pace. 

Therefore, analysis of development stages can be hampered. 
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  Conclusions 

Studies on development, morphogenesis and carcinogenesis were performed for years 

on animal models, which only to some extent recapitulate physiology of humans. Because most 

human cancers arise from a highly organized and polarized epithelial tissue, new and relevant 

models are required to further study cues that initiate formation and metastasis of cancers. As 

well, in the general interest, is to identify new biomarkers for early diagnosis which in most 

cases promise a high rate of survival. Of particular is prostate cancer which to date lacks 

appropriate and non-invasive diagnostic tests. Recently used is a blood test of PSA marker that 

rises up the questions whether it is more beneficial or harmful due to the high false-negative 

and false-positive results.  

A primary approach to study cellular processes is to culture cells in vitro. 3D epithelial 

cell culture recapitulates numerous features of epithelial glandular tissues in vivo, including 

development of acini with hollow lumen that form a basement membrane and maintain apico-

basal polarity. Acini formation in 3D culture serves as a model to study morphogenesis, but 

also carcinogenesis by observation of proliferation of cells within the lumen which can be 

directly correlated with the first stage of cancer observed in vivo. Known cancer genes give 

changes in the phenotypes observed in 3D culture that resemble well the histopathology 

observed in cancers in vivo. Therefore, with the development of methods to knock-out 

particular genes of human genome (for example using siRNA approach or viral transfections) 

3D cell culture can contribute to identification of new oncogenes.  

However, epithelial 3D cell culture in Matrigel raises difficulties in performing studies 

with a high throughput analysis. These are associated with the limitation of confocal 

microscopy, including time-consuming acquisitions, need for human assistance and small field 

of view. Development of new approach for high-throughput and high-content analysis promises 

to bring new insights in in vitro epithelial development and carcinogenesis. 
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 Thesis objectives  

This thesis aims to find the technological improvement for 3D cell culture. There are 

two main areas of particular interest that in future can bring more fundamental information 

about epithelial development and carcinogenesis.  

The main two questions are as follows: 

1) How to bring high-throughput and high-content analysis into 

the 3D cell culture?  

Since filling up of lumen of acinar structures is a hallmark of cancer, in vitro 

studies are based on manipulation of genes and environmental cues in order to 

determine factors responsible for the transformation of acini into spheroids. Therefore, 

a high-throughput preparation and analysis of 3D culture is required to perform those 

studies efficiently.  

Chapter 5 introduces droplet microfluidic systems used for cell encapsulation in 

a controlled Matrigel environment. This approach allows using high-throughput flow-

based methods (large-particle Fluorescently Activated Cell Sorter) to study phenotypes 

in 3D culture. The analysis is based on the detection of fluorescent markers which can 

serve to determine the phenotypic alterations (proliferation, apoptosis, differentiation 

etc.).  

In order to go further in 3D analysis and to determine presence of lumen within 

the structures without need for labeling, lens free imaging systems were applied to 3D 

epithelial cell culture (collaboration with Dr. Cedric Allier, CEA-Leci). Chapter 7.2 

presents development of the lens-free imaging system for automatic high-throughput 

imagining and analysis of population of acini and spheroid within the 3D epithelial cell 

culture. Furthermore, these lens free imaging systems have been successfully used for 

time-lapse observation (Chapter 7.3). With the advantageous large field of view a rare 

dynamic phenotypes were detected.  

2) How to bring higher control over the environment? 

Requirements for higher control over environment include i) control over cell 

number, ii) spatial constraint by controlling the shape and the size of the environment, 

and iii) control over rigidity of the environment. 
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The fine control provided by the microfluidics approach makes it possible to 

regulate both the microenvironment and bead size such that morphogenetic analysis at 

the single cell level can be applied with greater reproducibility than has been 

previously possible in standard 3D culture systems. Since the formation of acini can 

proceed through two different mechanisms (hollowing or cavitation), encapsulation of a 

single cell per bead leads to a homogenous acini formation. Furthermore, microfluidic 

technology described in Chapter 5, allows isolating a single bead with a single cell to 

show that an acinus can be initiated without signals from neighboring cells.  

Chapter 6 presents the development of a microfluidic circular-shape channels 

fabrication process in order to observe tubule-like organization of epithelial cells within 

these channels. These results served as a preliminary concept for the on-chip analysis 

of epithelial secretions. 

Additionally, a change in the composition of the Matrigel has been observed 

upon modification of the standard 3D cell culture protocol. A heterogeneous transfer of 

proteins from Matrigel into solution has been observed. Alteration of the environment 

cause repeatable occurrence of branching-like process of normally non-migrative 

epithelial cells. Results on the effect of the Matrigel composition on the epithelial 

phenotype are presented in Chapter 7.3. 

Preliminary results on the control of the rigidity of the environment are presented in 

Chapter 9.1 (Supplementary results).   
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 Implementation and optimization 

of prostate 3D cell culture 

As described in the introduction, various epithelial cells types when cultured in 

Matrigel recapitulate their form and function in 3D culture. This chapter describes culture 

requirements of the model RWPE1 cells, which undergo acinar morphogenesis when culture on 

Matrigel. The aim of these experiments was to determine conditions upon which a homogenous 

culture of acini was obtained. My work relied on implementation and optimization of RWPE1 

cell culture in Matrigel environment by i) establishing a protocol of Matrigel deposition, ii) 

studying influence of Matrigel concentration and culture media composition on development, 

and iii) characterizing growth and assessment of acini polarity. 
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  Introduction 

In vitro epithelial cell models have provided valuable insights into development and 

tissue homeostasis. Among numerous non-transformed cells lines which undergo acinar 

morphogenesis, two have received much attention. The breast epithelial cell line MCF10-A 

when grown in Matrigel serves to recapitulate some aspects of mammary morphogenesis in 

vivo. It has been used to understand the mechanism of lumen formation based on cavitation 

(Debnath et al., 2002) or to understand the purpose of dynamic rotational movement during 

acinus formation (Wang et al., 2013). The second MDCK (Madin-Darby canine kidney) cell line, 

has been broadly used to study polarity, membrane trafficking and cell adhesion, but most of 

all it serves as a model of tubulogenesis and branching upon stimulation with HGF (hepatocyte 

growth factor) (Zegers et al., 2003). There are similarities between these two models but there 

are also differences. One of many, but very important, is the difference in the extracellular 

matrix that is used to cultivate cells. MCF10-A grow successfully in laminin-rich Matrigel 

cultures, while MDCK cells are cultured within the collagen-1 matrices, which suggests 

different type of ECM-cell signaling for these two cell lines.  

3D epithelial cell culture of prostatic cells received much less attention in literature. The 

reason might be a result of important difficulties to establish prostatic cell lines (van Bokhoven 

et al., 2003). Currently various cell lines exist which differ considerably in the 2D and 3D 

phenotype and the level of malignancy and the site of the metastasis (Harma et al., 2010). For 

fundamental research on cancer formation in prostate, three in vitro model cell lines were used 

extensively: i) LnCap, androgen responsive cells, from the lymph node metastasis (Horoszewicz 

et al., 1983), ii) DU-145, insensitive for hormone stimulation, from the brain metastasis (Stone 

et al., 1978), and iii) PC3, initiated from a bone metastasis of a grade IV prostatic 

adenocarcinoma (Kaighn et al., 1979). Interestingly, some of the cancerous cell lines when 

plated in 3D culture recapitulate the proper organization and expression of specific luminal 

markers (Harma et al., 2010). Such unexpected phenotype in 3D culture on Matrigel shows 

how important is the context, the environment that directly influences the phenotype.  

In 1991, another prostate immortalized cell line has been introduced under the name 

RWPE-1 (Bello et al., 1997; Webber et al., 1997). RWPE1 were immortalized with Human 

Papilloma Virus (HPV) in order to retain growth and differentiation of characteristic for their 

normal cells of origin. As a cell line, it presents characteristic for luminal cells markers of 

cytokeratin 8 and 18. Furthermore, when plated in 3D culture, they form acinar structures 

enclosing lumen. RWPE1 cells are interesting as a model to study development and eventually 

transformation into cancer upon genetic alterations due to the androgen responsiveness and 

PSA secretion (Bello et al., 1997). In parallel, a family of RWPE1-originated cell line has been 

created. RWPE2 cells which are the result of transformation of RWPE1 with vi-K-Ras, were 

developed to obtain malignant characteristics. Later RWPE1 derivatives with the increasing 
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properties of invasiveness were created (WPE-NA22, WPE-NB14, WPE-NB11, and WPE-

NB26). Availability of prostatic cell lines with normal phenotypes and as a reference cancerous 

phenotypes can serve to study changes in gene expression upon environment alteration or 

various treatments.  

 

Figure 4-1 The organization of RWPE1 cells grown in 3D culture in Matrigel indicates the 
heterogeneity of phenotypes. Source: modified from reports indicated within the Figure 

In this study we have used RWPE1 cells to observe acinar development. However, 

available protocols presented complex 3D phenotype of acini associated with branches or 

amorphous structures (Bello et al., 1997; Harma et al., 2010; Tyson et al., 2007). Often, the 

differences in media composition were striking including presence/absence of serum or diluted 

Matrigel in the culture medium. Those differences have directly input on the morphology of 3D 

structures in 3D.  

I have tested various protocols in order to stabilize the 3D cell culture conditions to 

obtain a robust protocol in Biomics laboratory. My aim was to clearly control culture conditions 

promoting either single acini or branched-structures. Assays on lumen formation and 

subsequent immunostaining were performed to reveal presence of basal, apical and baso-

lateral membrane.  



 

32 

  Results 

  Optimization of culture media composition 

According to existing reports RWPE1 cells are routinely cultured in KSFM culture 

medium. It is a culture medium from Life Technologies that has been prepared specially to 

cultivate keratinocytes and epithelial cells. Within the kit, two additional components are 

supplied; epidermal growth factor (EGF) and Bovine Pituitary Extract (BPE). While the 

function in culture of recombinant human EGF is well known, the exact composition of BPE 

remains indefinite. Additionally, for other epithelial 3D models culture medium is 

supplemented with a diluted Matrigel (a top-coat layer in range of 2%v/v to 10% v/v) and fatal 

bovine serum. Therefore, following parameters were optimized for RWPE1 cells in 3D culture: 

 Matrigel concentration – diluted or not diluted – has been varied after discussion with 

Dr. Bello-DeOccampo who suggested advantageous diluting Matrigel layer  

 Presence/absence of the top-coat layer 

 Culture medium composition 

 Concentration of cells per cm2 

 Top-coat protocol/ embedded protocol  

The starting conditions were retrieved from the report that introduced RWPE-1 cell 

line. Limiting the number of factors in 3D culture can be beneficial due to the high complexity 

of the environment. Therefore, initial experiments discriminated i) importance of the 

concentration of Matrigel in the bottom layer (the more concentrated the more rigid), and ii) 

the cell seeding concentration.  

 Influence on Matrigel concentration 

Cells on the non-diluted Matrigel formed branching and occasionally spherical 

structures, despite the cell seeding number (Figure 4-2A). Dilution of Matrigel to 6 mg/ml 

favored spherical organization of cells and branching was rare (Figure 4-2B). Presence of 

diluted Matrigel in the culture medium had a spectacular influence on the formation of acini 

with a well visible lumen (even with phase contrast microscopy). With the 10% Matrigel (0,9 

mg/ml of Matrigel) in top-coat medium 3D structures grew into well organized and spherical 

acini (Figure 4-2C).  
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Figure 4-2 Optimization of cell culture conditions of RWPE1 cells in 3D culture. Various 
parameters including presence of top-coat, dilution of matrigel and culture medium 
composition were optimized. 
(A) Fixed parameters: No top-coat, non-diluted Matrigel (9 mg/ml), KSFM with 2% FBS, 50 
ng/ml EGF; Observed parameters: cell seeding number. Upon these conditions cells created 
aggregates with frequent branching despite the cell seeding concentration. 
(B) Fixed parameters: No top-coat, diluted Matrigel (6 mg/ml), KSFM with 2% FBS, 50 ng/ml 
EGF; Observed parameters: Matrigel dilution.  Upon these conditions cell continued to form 
aggregates with frequent branching. 
(C) Fixed parameters: non-diluted Matrigel (9 mg/ml), KSFM with 2% FBS, 50 ng/ml EGF; 
Observed parameters: presence of top-coat (2%, ~0,2 mg/ml). A crucial factor was the 
presence of the diluted matrigel in the culture medium. As the result of the optimization a top-
coat protocol of 10% matrigel v/v (0,9 mg/ml of Matrigel), 50ng/ml EGF and 2% v/v fatal 
bovine serum were used for the successful 3D culture (D and E). d’ presents % of acini within 
the 3D cell culture with two different lots of Matrigel. Population of acini has been calculated 
on 30 structures (of diameter ~100 µm) per each condition.  

 Influence of culture medium components 

The composition of culture medium, including EGF and BPE which are supplied within 

the KSFM kit was examined. Taking into consideration other reports on RWPE1 cells (Bello et 

al., 1997; Tyson et al., 2007), and well established protocols for MCF10-A cells, BPE has been 

replaced by 2% serum in the culture medium and the concentration of EGF was adjusted at 50 

ng/ml. Afterwards, the concentration of matrigel in culture medium has been increased to 10% 

(~ 0,9 mg/ml) due to more stable top-coat layer that otherwise has the tendency to be removed 
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during the culture medium exchange. According to these conditions, developed 3D structures 

presented lumen and round shape as visible by phase contrast microscopy (Figure 4-2D 7 days). 

Lumen formation is clearly indicated by the organization of nuclei as visualized by confocal 

microscopy (Figure 4-2E). Depending on the lot of the Matrigel, established protocol gives in 

average ~62% of structures containing lumen (Figure 4-2d’).  

 Influence of cell seeding density 

In the initial tested conditions the difference resulting from the cell seeding 

concentration was negligible. However, with the elaborated protocol in the final conditions the 

initial number of cells had influence on the later output of the culture; if concentration was 

insufficient (1500 cells/cm2) cells grew slowly and in contrary with the high cell concentration 

(12 000 cells/cm2) lumen formation has been observed earlier than in the optimized conditions 

of 6000 cells/cm2 (Figure 4-3). Additionally, with the high concentration of cells it is necessary 

to consider the risk of structures overlapping and merging which in result hinders microscopic 

acquisitions and analysis.  

 

Figure 4-3 Influence of the cell seeding number of on the time of the lumen formation. Cells 
were cultivated under top-coat conditions (0,9 mg/ml in culture medium) with KSFM medium 
containing EGF (50 ng/ml) and FBS (2% v/v) conditions. The concentration of Matrigel layer 
was 9 mg/ml. In standard condition cell seeding number has been set to 6000 cell/cm2 to limit 
structures’ overlapping and margining. 

 Top-coat versus embedded 

As has been mentioned in the introductory chapter two strategies to cultivate cells in 3D exist. 

Top-coat protocol is simple in preparation and seeded cells grow on the same plane of the 

Matrigel layer. Such strategy facilitates observation and microscopic acquisitions, however, in 

this orientation cells sense anisotropic conditions which can influence establishment of the 

apico-basal polarity. On the other hand, embedded protocol provides homogenous conditions, as 

cells grow within the gel, but the preparation and further analysis is more difficult.  

Both protocols were used to culture RWPE1 cells. The top-coat protocol was executed as 

described above and two conditions for embedded protocol were tested (diluted to 6 mg/ml and 

non-diluted at 9 mg/ml). Due to the much increased number of cells per well when compared 
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with top-coat protocol, the frequency of exchange of culture media had to be increased (each 

day instead of each 2nd day) otherwise cells have much lower rate of growth than expected 

(Figure 4-4A). After optimization of culture media supply (Figure 4-4C, Figure 4-4D) structures 

grew more rapidly and became bigger when embedded in diluted Matrigel. The average size of 

cells grown in 9 mg/ml Matrigel is 81.32 µm and 109.9 µm in 6 mg/ml Matrigel. These results 

follow the logic that more compliant matrices are easier to be transformed by growing cells.  

Due to the difficulties in preparation and analysis of embedded cells, a top-coat protocol 

was chosen to optimize and observe morphogenesis and development of prostatic acini on the 

example of RWPE1 cell model.  

 

Figure 4-4 Growth of 3D structures according to embedded and top-coat protocol. A) Rate of 
growth during 7 days with equal frequency (every 2nd day) of culture medium refreshment. 
Embedded culture requires change of culture media every day otherwise, the culture does not 
proceed. B) rate of growth measured at the beginning of the acini formation for embedded 
and top-coat culture shows alike rate of growth in both cases. C) Influence of the matrigel 
concentration on the average size of structures grown in embedded conditions. Two 
concentrations were tested 6mg/ml and 9 mg/ml). D) Phase contrast microscopy of embedded 
structures grown in matrigel of varied concentration. 
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  Rate of growth and lumen formation 

Ideally, the development of an acinus in vitro covers initial stage of proliferation, 

followed by polarization of cells and subsequent apoptosis of luminal cells and finishes by 

differentiation. In other words after acinus formation cells exit cell cycle into G0 phase and do 

not proliferate any more. In reality immortalized cell lines can obey this rule and even though 

they form lumen, it does not indicate the differentiation. The indirect way to observe the 

stability is to measure in time size of growing acini. 

As has been shown in point 1.2.1, embedded conditions limit the growth of 3D 

structures compared to top-coat protocol. Figure 4-4B presents results of time-lapsee 

microscopy that started 20 hours after seeding cells in 3D culture. Diameter was evaluated at 

each time point. Rate of growth was comparable which is indicated by the linear trendline (for 

top-coat 0,51 and 0,48 for embedded) however, the starting point for both structures is different 

and might result from more important constraint in embedded conditions that delay the first 

cellular division.  

Growth of acini was observed over 17 days with phase contrast techniques so that to 

have the high field of view to compare numerous structures at once. For each day around 25-30 

pictures were taken and combined together into an image (Figure 4-5). Because RWPE1 form 

lumen around day 7, if the structures stabilized it would happen within the chosen period of 

observation. However, in majority of cases, acini (even with a visible lumen) continued to grow 

while only few have stabilized in size (Figure 4-6). Stabilized structures had an average size of 

83 µm while other grew up to 230 µm. Non-linear growth can be explained by the refreshment 

of culture media each 2nd day. Also, a tendency of structures to overlap or merge in the later 

stages of culture has been observed. Because the size of structures changes visibly, high 

viability of culture can be assumed over a period of 17 days.  
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Figure 4-5 Large-field long-term observation of growth of 3D structures in top-coat 
conditions. In colorous circles structures that were recognized and analyzed.  
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Figure 4-6 Analysis of the growth of structures between 10 and 17 days. Phase contrast 
images visualize a small region of the total field observed presented in Figure 3-5. Circles show 
analyzed structures. Graph presents the change of diameter in time for various acini indicating 
the heterogeneity of the culture. Scale bar 100 µm. 

  Dynamic phenotype – rotational movement 

The growth and formation of an acinus is a highly dynamic process. With the first division cells 

undergo rotational and coherent movement around their axis (Figure 4-7). The direction of 

rotation changes and is random. The effect of rotation has been observed in tissue development 

in Drosophila (Viktorinova and Dahmann, 2013), but also in breast epithelial cells. Forming 

acini continue to rotate and in case of MCF10A cells (breast epithelial cell line) they stop after 

around ~5 days (Wang et al., 2013) while RWPE1 after ~8 days. The general role of the rotation 

for acini formation has been discovered and covers the importance of ECM deposition around 

the forming structures (Wang et al., 2013). Although stop of rotation can be associated with 

differentiation, it has been observed for RWPE1 cells that rotational arrest is temporal and 

lasts in average 20 hours and is followed by contraction in size and continuation in rotation 

(Figure 4-8). Such behavior has been verified for both protocols (embedded and top-coat) and 

the mechanism behind it remains unknown.  
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Figure 4-7 Visualization of the rotation movement associated with the growth and formation 
of an acinus. Here, in order to facilitate the observation, rotational movement has been 
shown on the example of 2-cells after the first division in the 3D culture, during 14.5 hours.  
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Figure 4-8 Rotational movement at the late stage of the acinus formation. A) Sequence of 
images of time-lapse acquisition of an acinus with a visible lumen. Images marked with STOP 
show the time at which acini stopped rotation and rest intact. Time scale presents the length 
of the time-lapse acquisition. B) Analysis of growth during the period of “STOP rotation” 
indicating that proliferation has been arrested for in average 20 hours. Time-scale represents 
the total time of culture not the length of the time-lapse. 
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  RWPE1 form polarized acini 

The protocol for immunofluorescence has been established for 3D culture and representative 

markers of apical, lateral, and basal membrane were chosen. The results of this part of 

immunostaining and microscopic analysis optimization are described in Materials and 

Methods. The basal membrane, which is in the direct contact with the extracellular matrix, is 

visualized by integrin staining. These surface protein play crucial role in the proper acini 

formation and homeostasis (Park et al., 2006). Lateral surface has been stained with E-

cadherin, a protein which is highly present in adherent junctions (see Chapter 2.1). Apical 

membrane has been indirectly indicated by the position of the Golgi-apparatus which in the 

properly polarized acini is position towards lumen. Formation of lumen has been visualized by 

the use of caspase-3 marker that stains apoptotic cells. Figure 4-9 presents the representative 

markers that delineate the three surfaces.  

 

Figure 4-9 Visualization of polarity in acini of RWPE1 prostatic epithelial cells. Average 
diameter of RWPE1 acini is ~100-120 µm. 

Acinus is defined by the presence of lumen but also by established apico-basal polarity 

described in chapter 1. Acini of RWPE1 cells are formed within 7-9 days through clonal division 

and lumen is formed by apoptosis of inner cells around day 5 (Figure 4-10A). However, with the 

high resolution microscopy it has been possible to observe the formation of lumen in the acini 
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as early as after 4 days (Figure 4-10B) by the mechanism that did not originate from apoptosis. 

Conversely, it is visible that polarized peripheral cells move away to open up small lumen, 

which has been proposed as another possible mechanism for lumen formation (Tanner et al., 

2012). Therefore, two mechanisms were observed for lumen formation by RWPE1 cell model.  

 

Figure 4-10 Formation of an acinus as visualized by fluorescent microscopy. A) Phalloidin that 
delineated the cellular membrane is a marker for F-actin and nuclei in blue were stained with 
Hoechst. At day 5 the apoptotic inner cells were stained with caspase -3 in red. To illustrate the 
difference in cellular organization also spheroid, aberrant solid cellular mass is presented. B) On 
the left, zoom of the RWPE1 structure grown for 4 days in top-coat conditions. Arrows indicate 
lumen opening by hollowing mechanism. On the right, group of RWPE1 acini on day 7 that form 
lumen by cavitation (apoptosis). Golgi apparatus has been stained to indicate the apical 
membrane polarity (anti-giantin in red). Scale bar 20 µm and 100 µm respectively.  

Polarity is established in the later stage of acini growth  

The process of establishment of the polarity of RWPE1 cells has not been described, it has been 

only presented that these cells form polarized acini with lumen. It is expected by comparison to 

other 3D epithelial models that polarity is established in the moment of the first division and 

maintained in later stages of development. In order to observe the formation of an apical 

surface 4 plates of 3D culture were launched simultaneously to be fixed and stained after 4 

days, 6 days, 8 days, and 10 days. These time points were chosen as day 4 should bring 

structures before they start to form lumen, day 6 is the time of the lumen formation, and day 8 
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and day 10 should be associated with polarized acini with distinct lumen that maintain their 

structure.  

Interestingly, cells presented in majority cases a proper apical polarity and the beginning of 

lumen formation already at day 4 (Figure 4-11). At day 6 the lumen is established and polarity 

maintained. In some cases, the Golgi-apparatus ribbon is broken and stays on both sides of the 

nucleus as indicated by the arrow. This unexpected positioning of the Golgi apparatus is rather 

rare at this stage of the culture. However, after day 8 even though the lumen is present, there 

is a loss of the apical polarity presented by dispersed Golgi-apparatus or by its inversed 

position. 

 

Figure 4-11 RWPE1 acini growth and polarity in development visualized by position of Golgi-
apparatus (red, anti-giantin) and F-actin (green, Phalloidin) at day 4, 6, 8 and 10. Nuclei are 
stained with blue (Hoechst). Scale bar for all images 20 µm. 

To further observe the development of RWPE1 acinus it has been verified if the polarity is 

maintained at the very early stage. Because it has been shown that the polarity can be more 
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promoted by top-coat protocol due to the anisotropic conditions of the environment which gives 

a strong cue to orient the polarity (Zegers et al., 2003), both protocol were compared.   

 

Figure 4-12 Observation of polarity of RWPE1 cells cultured according to top-coat and 
embedded protocol after 36 hours and 6 days of 3D cell culture. Scale bar for all images 20µm 

At the early stage of growth, neither in top-coat nor in embedded conditions, structures were 

not polarized as observed by the position of β4-integrin and Golgi-apparatus. In both cases, β4-

integrin was visible in lateral surfaces while Golgi-apparatus was dispersed with a random 

position within the cell (Figure 4-12 – “36 hours” panel). However, baso-apical polarity has 

been established after 6 days as expected, but surprisingly only in top-coat protocol (Figure 4-

12 – “6 days” panel). Because micropatterning techniques allow controlled and repeatable 

growth of the cells (Rodriguez-Fraticelli et al., 2012), presence or absence of polarity has been 

quantified by use of round micropatterns coated with matrigel (more details in Materials and 

Methods).  
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As expected and reported in literature (Wang et al., 2013), MCF10-A cells formed majority of 

polarized structures (Figure 4-13). 76% of observed structures presented a proper organization 

of Golgi-apparatus. In the same conditions, RWPE1 cells proliferated more rapidly and only 

14% of structures were polarized (Figure 4-13). As verified, RWPE1 cells establish polarity 

around day 4, however, after 8 days numerous structures are not polarized. 

 

Figure 4-13 Organization of RWPE1 and MCF10-A cells on round micropatterns coated with 
Matrigel. Cells were stained with anti-Giantin for Golgi-apparatus. A bar chart indicates percent 
of polarized structures of RWPE1 cells within the culture after 36 hours on patterns (Cytoo) 
compared to top-coat and embedded protocol. Scale bar 50 µm. 

We have further asked the question whether the polarity at early stages depends on the ECM 

composition. In order to verify which proteins play an important role in development of RWPE1 

cell micropatterns were used. Cells were seeded on disc-like micropatterns coated with 

Matrigel, Collagen-1, Laminin-1, and Fibronectin respectively (Figure 4-14A). Only structures 

containing 2-cells that originated from a cell division were measured. The control coated with 

Matrigel induced polarity in 15% of observed structures (Figure 4-14B), which is consistent 

with what has been observed before (Figure 4-13). Laminin-1 induced polarity in 35% of the 

structures population while collagen-1 25% and fibronectin 18%. Interestingly, percent of 

polarized structures does not correspond proportionally to the area of the pattern that the cells 

have occupied (Figure 4-14C). A high percent of polarized structures on laminin-1 is associated 

with a relatively high cell adhesion area, but it is not a rule (Figure 4-14C). Fibronectin-coated 
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patterns promoted equivalent cell adhesion, however, the population of polarized cells was 

lower (Figure 4-14B).  

 

Figure 4-14 Effect of the ECM signaling on cell polarity at early stages of development. A) 
Immunofluorescent images of RWPE1 cells on patterns coated with different ECM proteins. 
Cells were stained with anti-Giantin (red), Phalloidin (green) and Hoechst (blue) in order to 
detect presence of the apical polarity. Scale bar 50µm. B) A bar chart indicates the percent of 
the structures polarized as a function of the protein coating. C) A boxplot present the area of 
attachment of cells in dependence of the protein type.  
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  Discussion 

In vitro prostate models include numerous established cells lines, however, only few of 

them recapitulate glandular tissue organization when cultivated in 3D culture on laminin-rich 

basement membrane (Matrigel). These models compared to breast epithelial cell lines (i.e., 

MCF10-A) are not widely studied. In here, RWPE1 cell were investigated as a potential model 

to study development of prostate and carcinogenesis. Reports on culture of RWPE1 cells 

present contradictory conditions for acini growth. Two studies in particular were considered; 

the first that introduced the establishment of RWPE1  cell line (Bello et al., 1997) and second 

that verified in details the requirements for their culture (Tyson et al., 2007). Introduced cell 

line was cultivated within KSFM support with EGF and BPE, but without diluted Matrigel in 

culture medium and fatal bovine serum. Furthermore, influence of EGF concentration on acini 

formation has been quantified and low concentrations (1,5 ng/mL) were present in the culture. 

Controversially, Tyson et al quantified in details each particular component including presence 

or absence of BPE, EGF and FBS, and presented results not complaint with the initial report of 

Bello et al. . In our case, the highest efficiency of acini formation has been observed with high 

levels of EGF (100 ng/mL), 2% v/v FBS and absence of BPE. The problem of heterogeneity of 

structures (acini, spheroids, branching and dysmorphic) has been eliminated by addition of 2% 

v/v of Matrigel (~0,2 mg/ml) into culture medium. This strategy has been widely described for 

MCF10-A model (Lee et al., 2007) and after optimization the following composition of culture 

medium has been acquired for further experiments presented in this chapter; KSFM, 50ng/mL 

EGF, 2% v/v FBS and 10% v/v Matrigel (~0,9 mg/ml).  

Development of an acinus in vitro includes several stages and is a dynamic process. 

Group of Pearson et al was the first to show that cells within acini are highly active and motile 

(Pearson and Hunter, 2007). Recently two reports on the coherent rotation of MCF10-A cells 

within acini indicated that angular motion is crucial for acinus formation (Tanner et al., 2012; 

Wang et al., 2013). It has been discovered that the rotational movement is associated with 

formation of a basement membrane. Acini rotate until around day 4, when the deposited by 

cells laminin layer becomes compact (Wang et al., 2013). Dissolution of hydrogel around 

mature acini and their re-culture in the new Matrigel environment recovers the mechanism of 

rotation. This indicates the importance of laminin-integrin signaling in formation and 

maintenance of acini. Indeed, it is possible to change the malignant phenotype and obtain acini 

in 3D culture when blocking β1-integrin that is known to be overexpressed in tumors (Park et 

al., 2006). As we showed, RWPE1 cells end the rotation in the late stage of the culture when 

the lumen is already formed. However, these acini are stable only for ~20 hours, and 

subsequently continue to move and contract in size. This phenomena has not been previously 

described, however, it can be associated with the deficiency of p53 in RWPE1 cells (Coppe et al., 
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2008). It has been shown that P53 deficient mammary epithelial cells either undergo apoptosis 

or lack the growth arrest in dependence on the passage number (Seewaldt et al., 2001).  

Polarity and presence of lumen are intrinsic properties of polarized glandular tissue. 

How lumen formation and polarity establishment are connected remains undiscovered. As 

mentioned in Chapter 2, two mechanisms for acinus formation were proposed (Bryant and 

Mostov, 2008). One considers aggregation as an initial process (Bryant and Mostov, 2008) 

followed by establishment of polarity (Debnath and Brugge, 2005) and subsequent lumen 

formation by apoptosis of luminal cells. This process has been observed in 3D mammary cell 

cultures (MCF10-A) and in in vivo mouse mammary buds formation (Debnath et al., 2002). It is 

thus indicated that initially important is polarity and lumen is formed consecutively. However, 

another model called hollowing, considers rapidly polarizing cells in which intracellular 

vesicles are delivered to the apical cell surface, creating a luminal space. This mechanism is 

present in 3D cell culture of kidney cells (Martin-Belmonte et al., 2007) and in vascular 

development (Davis and Camarillo, 1996; Kamei et al., 2006). It is suggested that the model for 

lumen formation is cell type dependent, however, we observed that RWPE1 cells clearly exhibit 

both types of mechanisms for lumen initiation in matrigel 3D culture in parallel (Figure 10). 

This result is consistent with another report that showed MDCK cells can follow both 

mechanisms depending on the cell seeding concentration and the ECM applied (Martin-

Belmonte et al., 2008). With increased cell concentration, cellular aggregation on collagen 

matrices is favored while when grown on Matrigel hollowing mechanisms is taking major role. 

Interestingly, authors show also that when knocked down Cdc42 (used by MDCK cells to 

establish apical surface) a mechanism of apoptosis replaces intracellular vesicles mechanism.  

Contrary to what have been shown for MCF10-A cell (Wang et al., 2013), RWPE1 cells 

are not polarized at very early stages of acini formation. Lack of polarity during first 48 hours 

has been tested according to embedded protocol, top-coat protocol and also on patterns, which 

normalize the culture and provide high signal reproducibility between cells (Thery, 2010). The 

number of polarized structures at this stage is consistent among tested protocols and falls 

around 13%. Moreover, as expected on the basis of the literature, laminin-1 controls lumen 

formation (Bello-Deocampo et al., 2001). Here, by using laminin-1 patterns we showed that it 

significantly increased number of structures having lumen form 14% to 35% when compared 

with matrigel-coated control. Our results are consistent with a work of Rodriguez-Fraticelli et 

al. who have shown on MDCK model that laminin-1 induces proper polarity and lumen 

formation (Rodriguez-Fraticelli et al., 2012). In contrast, MDCK cells have had low adhesion 

area on laminin-1 (~200µm2 on 700µm discs) patterns in relation to collagen-1 and when 

compared to our results (~450µm). The reason behind can be cell-line-specific. Moreover, 

knowing the population of cells that are polarized at the early stages of morphogenesis might 

allow estimating heterogeneity of mechanism used to form acini by fact that hollowing occurs 

early and in between polarized cells.  
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Despite the lack of polarity at early stages, starting with day 4 majority of structures in 

top-coat conditions presented a proper polarity as indicated with β4-integrin for basal 

membrane and Golgi-apparatus (anti-giantin) for apical surface. However, well-established 

lumens appear at day 6 and are maintained throughout day 8 and day 10. It has been also 

observed that structures formed lumen but were still lacking appropriate apical polarity among 

all of the cells surrounding lumen. Surprisingly, the polarity established during earlier stages 

of cell culture is significantly disrupted around day 10. Because RWPE1 cells are not widely 

studied, observed effects (not reported for other epithelial cells) again might be specific to cell-

line. If so, this model can serve to answer intriguing question whether polarity is necessary to 

maintain lumen and what is the long-term effect of its perturbation. To date tumorigenesis is 

mainly described as uncontrolled proliferation of cells followed by filling up of the lumen 

(Debnath and Brugge, 2005), however, mechanisms behind are still poorly understood. 

Additionally, embedded protocol is ineffective in formation of acini at any stage of the 

culture when considered presence of lumen and polarity. Only 16% of structures at day 6 were 

polarized while the rest had high expression of β4-integrin marker in lateral surfaces and 

dispersed Golgi-apparatus among the cells cytoplasm. In general it is accepted that embedded 

culture is technically more correct because cells do not have any external anisotropic cue that 

could orient the polarity of cells at the beginning (Zegers et al., 2003). A possible reason of 

decreased efficiency of lumen formation is the matrigel rigidity which can directly influence the 

phenotype (Paszek et al., 2005). 
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  Conclusions 

Optimization of growth and culture conditions of a new cell model in the BIOMICS 

laboratory was the first important step of this thesis.  

We have shown that RWPE1 cells can serve as a model to study acinar morphogenesis of 

prostate. In top-coat conditions acini are successfully obtained and proper polarity has been 

detected. The processes of establishment and maintenance of polarity in RWPE1 model are 

more complex compared to MDCK and MCF10-A models. Structures at early stages are not 

polarized and only top conditions promote growth of differentiated acini. We have shown also, 

that process of lumen formation within the same cell culture can proceed by cavitation and by 

hollowing. Formed acini in majority cases do not undergo growth arrest which in particular 

experiments can induce technical problems. A dynamic development reflected by the coherent 

rotational movement has been observed similarly as for other epithelial cells models. Despite 

this cells serve today as a model, more experiments are necessary to perform broader studies 

on prostate acini morphogenesis to understand the specificity of prostate development and to 

determine physical, genetic, and chemical factors that induce carcinogenesis. 

The established optimized conditions for RWPE1 3D cell culture now provide 

systematically ~62% of acini population within the culture. However, limitations of this 

standard well-format culture (described in Chapter 2.4) impede high-throughput and high-

content studies. Therefore, to overcome the technological gap new methods have been 

developed to standardize the 3D culture in order to provide a population of homogenous 

structures and amenable high-throughput analysis. 

With the optimized protocol for cell culture, immunofluorescence and microscopic 

acquisitions, for future experiments RWPE1 cells served as a model of polarized acini. By the 

use of RWPE1 cells three main technologies for 3D epithelial cells culture were developed: 

 Droplet microfluidic system for cell encapsulation which aims to bring high 

throughput flow-based analysis of 3D structures and control over environment 

(Chapter 5) 

 Circular microchannels for tubule-like epithelial culture (Chapter 6) 

 Lens-free imaging technique to distinguish acini from spheroids without 

necessity for labeling (Chapter 7) 
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 Standardization of 3D cell culture 

using microfluidics and flow-based 

analysis 

 

This chapter introduces microfluidics technologies with a special focus on droplet microfluidics. 

With the aim to apply microsystems for 3D epithelial cell culture, a droplet microfluidic 

platform has been developed to encapsulate cells in beads composed of Matrigel. Chapter 5 

describes development, optimization of the system, and its applications. 
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  Introduction to microfluidics  

For centuries chemist’s tool-kit consisted of macroscopic round-bottomed flasks, test 

tubes and distillation columns all made from glass. Today, development in organic chemistry is 

visible in terms of analysis, but for fundamental laboratory methods chemists continue to use 

the same glass-ware as decades ago. Similarly, in cell biology, conventional 2D cell culture 

systems, mainly micro-well plates, flasks and Petri-dishes provided a satisfactory source of 

information to understand the basics of cell biology, and today they continue to be used 

extensively on a daily basis. Despite the use of robotic liquid dispensing stations, the transition 

from 384-well format into 1536-well format is still challenging due to the edge effects and 

uncontrolled evaporation. Standard 2D culture has met its limits in decreasing the scale of the 

experiments and it is more and more generally accepted that cell biology needs to acquire third 

dimension, in order to recreate more accurately in vivo environment. With the increasing 

interest to develop new in vitro models with more physiological chemical and mechanical 

properties, droplet microfluidics seems to be a promising technology as detailed below.  

In general, droplet microfluidics is a technology that relies on forming and manipulating 

droplets of controlled volume (usually from µL to pL) that are carried by the immiscible phase 

(Huebner et al., 2008; Song et al., 2006). Droplet microfluidics ensures formation of 

monodisperse emulsions (water-in-oil or oil-in-water) in a highly controlled manner with a 

high throughput (up to 100kHz,(Baret et al., 2009; Chiu et al., 2009)).  

Droplet microfluidics has found its application in biology due to the following properties: 

 high-throughput formation of thousands of identical aqueous droplets  

 use of small volumes of reagents 

 high-control over flow conditions provides control over size of formed droplets 

 a single droplet acts as a micro-bioreactor 

 possibility to acquire built-in analysis 

A primary goal for microfluidics is to enhance the capabilities of investigators in biology 

and medical research. One of the biggest strengths is the scale of microsystems that is well 

matched to the physical dimensions of most of microorganisms and cells, providing tools able to 

manipulate biological objects at their appropriate environments with a control that cannot be 

easily achieved by standard culture techniques. Furthermore, because such systems support 

cell culture, the opportunity to integrate analytical devices to probe the biochemical processes 

at microscale is advantageous. 

                                                      
 emulsions – mixtures of two or more immiscible liquids 
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  The scale makes the difference  

The field of microfluidics is characterized by manipulating liquids at microscale at 

which fluid phenomena that dominate liquids are measurably different from those that 

dominate in macroscale. 

Reynold’s number  

One of the important characteristics that give high control over flow and diffusion is a 

laminar flow. A Reynold’s number (Re) is a dimensionless quantity that defines the ratio of 

inertial to viscous forces in a fluid; it is proportional to the characteristic fluid velocity (ν; m s-1) 

and length scale of the system (w; m) and inversely proportional to the fluid viscosity (η; kg m-1 

s-1).  

(Eq. 1)  𝑅𝑒 =  
𝑤 𝜈

𝜂
 

Laminar flow is characterized by low Re (<2000, in microfluidics typically < 1) and is in 

contradiction to our daily life intuition on fluids where the flow is turbulent (Re > 2000). In 

microfluidic channels, low values of Re affirm that viscous forces dominate over inertial forces, 

and as a result flows are linear. Already a decade ago, Felice C. Frankel has taken the most 

famous image (Figure 5-1A) to introduce one-phase microfluidics and the laminar flow. The 

image illustrates infused colored water dyes into microchannels that downstream flow along-

side. As the mixing occurs only by diffusion the colors of dyes are maintained indicating flow 

linearity. 

In laminar flow diffusive mixing is slow and depends on the size of molecules, the 

viscosity of liquids and the characteristic distance. In one-phase microfluidics the ability to 

sustain parallel streams of different solutions is advantageous for example for formation of 

concentration gradients within microchannels (Gunawan et al., 2006; Tian et al., 2012) (Figure 

5-1B). However, when considered fast reactions laminar flow has its drawbacks. In such case 

when reagents are initially in separate streams reaction does not proceed uniformly throughout 

the width of the channel.  
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Figure 5-1 Laminar flow in one-phase microfluidics. A) A photo micrograph of colorous water 
dyes injected into a microfluidic system. Downstream color water dyes flow along-side 
indicating presence of laminar flow. Source: Felice Frankel B) Formation of gradient of 
Collagen I and Laminin by use of geometrical architecture of channels to control diffusion. 
Authors studied the effect of ECM proteins on cell migration. Source: (Gunawan et al., 2006). 
C) Schematic comparison of continuous-flow (slow mixing and high dispersion) and drop-based 
microfluidics (rapid mixing and no dispersion). Source: (Song and Ismagilov, 2003). 

Furthermore, the flow through a channel has a parabolic profile (for pressure-driven 

flows) (Figure 5-1C) which results in significant dispersion of reagents along the channel. The 

parabolic flow (called also Taylor-Aris dispersion) occurs due to the shear forces applied by 

channel walls on the fluid and thus the fluid at the center of the channel moves faster than the 

fluid by the edge. Compartmentalization of the fluid into a form of discrete droplets eliminates 

numerous problems of one-phase microfluidics (Figure 5-1C) (Song and Ismagilov, 2003) and 

presents several advantages which will be described in further parts of this introduction. 

Capillary number and droplet formation  

Droplet formation in a basic microfluidic system is based on combining two immiscible 

fluids (dispersed and continuous phase). By the geometry (described in details further parts 

of the introduction) of the channels a shear force is generated, surface tension tends to reduce 

the interfacial area while viscous stresses extend the interface. As a result destabilized 

interface breaks into droplets. The process of droplet formation is therefore dependent on the 

ratio of viscous to interfacial stresses described by capillary number (Ca). Ca is proportional to 

viscosity (η; kg m-1 s-1) and to characteristic fluid velocity (ν; m s-1) and inversely proportional to 

surface tension (γ; kg s-2) between immiscible liquid phases. 

(Eq. 2)  𝐶𝑎 =  
𝜂𝜈

𝛾
 

In two-phase microfluidics, in between two immiscible fluids, a surface tension affects 

the dynamics of the free surface. If there would not be an interfacial tension between two 

                                                      
 Dispersed phase –usually aqueous phase which breaks into droplets 
 Continuous phase – usually an oil phase which serves as a carrier fluid 
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phases, the streams would flow alongside. It has been experimentally shown that the process of 

droplets formation depends on Capillary number and the relative viscosity of continuous and 

dispersed phase (Tice et al., 2004). At high Ca values the diameter (R) of droplets can be 

predicted by Equation 3: 

(Eq. 3)  𝑅~
𝛾

𝜂𝜈
𝑤 =

𝑤

𝐶𝑎
 

,where w(m) is a cross-sectional dimension of the channel. At values Ca > 1 formed droplets 

have diameter smaller than the diameter of the channel in which the process of droplet 

formation occurs. 

  Before forming droplets 

The success or defeat of a droplet microfluidic experiments depends on numerous 

parameters. Droplet formation is highly sensitive to chemical properties of channels surface or 

physical properties of the liquid phases. Thus it is important to appropriately choose the 

material used for the fabrication and the fluids used for droplet formation. A successful, clean 

transport of reagents (flow of the aqueous phase) occurs when the continuous phase (carrier 

fluid) wets the walls of the channels preferentially over dispersed phase. Moreover, geometry of 

the channels determines the output of the system. The size of the droplet upon equal flow rate 

conditions can vary upon alterations in surface hydrophobicity or fluids viscosity, but also upon 

presence of the surfactant, which changes the surface tension between two phases.  

Surfactants in droplet microfluidics play crucial role. A high surface to volume ratio 

increases importance of the interfacial effects. Therefore, emulsions need to be stabilized with 

surfactants which by reducing surface tension between phases prevent the natural process of 

coalescence. As it is described in Chapter 9.1.1 (supplementary results), choice of the oil and a 

compatible surfactant that stabilizes droplets of aqueous-phase can be challenging. 

Additionally, appropriate hydrophobic surface for water-in-oil emulsion has to be chosen to 

control wetting of the channel walls by continuous phase and prevent wetting of an aqueous 

phase. Methods of silanization or siliconization are commonly used to improve systems 

performance (Martin et al., 2003).   

Control over flow in simple T-junction and flow-focusing devices 

The simplest way to induce flow in the microchip is to use gravity forces. Liquids in 

containers are positioned above the microfluidic chip at the desired distance; the higher the 

containers are, the higher flow will be induced. Another advantage of introducing flow by 

gravity is its steadiness. The problem appears when the liquid has a significant viscosity or 

when high flow rates are desired. In this case, to induce flow through the microfluidic channel 

one needs to install the container at the height that is not any more accessible from the 
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practical point of view. For this reasons, researchers employed syringe pumps, which are 

recently widely used due to their simplicity in operation and accessibility (no need for 

computer-control, external pressure source etc.). Often encountered limitation of syringe pumps 

is relied to the high-sensitivity of the droplet-formation process to the flow steadiness. It has 

been shown, that syringe pumps can induce oscillations in the flow-rate which influence 

directly the output of the system (Korczyk et al., 2011). Authors compared the performance of 

syringe pumps (Harvard®) with a home-made system based on the pressurized containers and 

steel capillaries, which is characterized by stable flow as measured by the size dispersity of the 

formed droplets (Figure 5-2A). Today, some manufacturers achieved to eliminate flow 

oscillations, for example Nemesys syringe pumps.  

Indeed, numerous commercial solutions were introduced that are based on adjusting a 

gas pressure in order to induce the flow (Figure 5-2C). This includes, for example, Fluigent 

systems (France), Elveflow Elvesys plug&play systems (France) (Figure 5-2B), or Syrris 

systems (Worldwide). 

 

Figure 5-2 Control over flow rate in flow-focusing and T-junction microchips. A) Comparison 
of flow steadiness of syringe pumps and home-made pressurized system (B). Volume of 
consecutive droplets has been measured for both methods. C) A scheme of the commercially 
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available plug&play set-up to control flow rates in microfluidic devices. Source: A) and B) 
reprinted (Korczyk et al., 2011) and C) www.elveflow.com 

Microfabrication 

The origins of microfluidic techniques start with the dynamic development of methods 

to fabricate microelectronic circuits (Whitesides, 2006). Those methods inspired researchers 

from other areas of science to create microchips with channels in range of 10 µm – 100 µm. 

An important parameter that can define the success of the microfluidic experiment is 

the material used for the fabrication process. It is necessary to consider, for instance, resistance 

to solvents, optical transmissivity, or hydrophobicity. Each of these parameters can disturb 

appropriate function of the microchip. For high organic solvent resistance glass microchips can 

be considered but they are associated with the high-cost of fabrication processes. Similarly, 3D 

printing techniques did not find wide application. Today, most of the microfabricated systems 

are made with silicon, silica or glass (Figure 5-3), however, in the laboratory level two other 

groups are becoming widely used – thermoplastic polymers and PDMS. Application of these 

materials ensures more facile microfabrication processes that allow prototypes preparation. 

Furthermore, microfabrication in these two types of materials is cheaper than in silicon, silica 

or glass. 

Microfarbication with polydimethylosiloxane (PDMS) (Xia and Whitesides, 1998) is 

based on soft photolithography process while in case of a rich group of thermoplastic polymers 

microfabrication occurs upon embossing (Martynova et al., 1997), injection molding 

(McCormick et al., 1997), or thermoforming (Giselbrecht et al., 2006). Figure 5-3 presents 

approximate number of publications referencing different materials used for microchips 

fabrication in years 2000-2008 (Tsao and DeVoe, 2009). 

 

Figure 5-3 Applicability and popularity of various materials used for microfabrication in years 
2000-2008. Source: (Tsao and DeVoe, 2009) 
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Since 2000, a group of silica and silicon (this includes glass and silica capillaries) are 

the dominantly used materials for microfluidics. Another widely used is family of thermoplastic 

polymers which includes polycarbonates (PC), polymethylmethacrylates (PMMA) and cyclic 

olefin polymers (COP) or copolymers (COC). The advantage to use thermoplastic polymers 

relies on: i) low cost, ii) relatively simple channel fabrication, iii) acceptable optical 

transmissivity in VIS spectrum, and iv) good solvent and chemical compatibility. However, 

precautions need to be taken in experiments that require use of aggressive organic solvents. 

The properties of thermoplastic polymers vary and their application is assay-dependent. 

Furthermore, sealing of the open microchannels is necessary to produce the final microfluidic 

chip and this step is critical, not universal and considered as a drawback.  

Aforementioned PDMS is the second that is highly employed and found its application 

after introduction of soft photolithography methods (Xia and Whitesides, 1998). Since PDMS 

microchips were used for experiments described in this thesis the introduction chapter will be 

limited to soft lithography fabrication techniques.  

Soft lithography with Poli(dimethylsiloxane)  

PDMS fulfills majority of the requirements for the most suited material for microfluidic 

chips fabrication. Its properties are: 

 Inexpensive and allows rapid prototyping 

 Flexible with controlled rigidity 

 Optically transparent (down to 230 nm) 

 Impermeable to water  

 Non-toxic to cells 

 Permeable to gasses 

There are several disadvantages of PDMS as a material for microfabrication, and these 

include for example swelling when exposed to solvents (parameters of channels might change) 

or difficulties to achieve stable inlet-tubing connection (for high flow-rate experiments). These 

parameters, however, did not have significant influence on the experiments performed in this 

thesis and therefore, PDMS was a material of choice. 

Soft lithography, a fabrication process, begins with the preparation of a design of the 

channels which will be further printed on the transparency. A rapid prototyping is cost-

effective compared to standard chrome masks, however, the resolution is significantly lower ( 

>20µm in rapid prototyping and ~500 nm for a chrome mask). The experimental procedure is 

based on the uniform deposition of a photoresist (for example SU-8) on a silicon wafer (Figure 

5-4A). Subsequently, a photomask is acquired to produce a master by contact-photolithography 

(Figure 5-4B).  
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The next step in the process is replica molding. PDMS is supplied in two components, a 

base (elastomer) and a curing agent. Polymerization is based on the reaction of silicon groups 

present in the curing agent with vinyl groups from the base. A mixture of base and curring 

agent (10:1) is poured over the master and allowed to polymerize (60 minutes in 60˚C) (Figure 

5-4C). Polymerized elastomer, replica, has the embossed microstructures (or microchannels). 

Although, traditional soft lithography is based on the use of photoresist, masters can be 

fabricated by many other techniques (for example direct milling, embossing). The final step in 

microfluidic device preparation is bonding of the replica with a flat slab of the PDMS or glass. 

Sealing can be reversible, due to the weak Van der Waals interactions, or irreversible upon 

exposure of both surfaces to oxygen or air plasma (Chaudhury and Whitesides, 1991). It is 

possible to seal PDMS irreversibly with PDMS, glass, Si, SiO2, quartz, polystyrene and 

polyethylene (Duffy et al., 1998). 

 

 

Figure 5-4 Stages of soft photolithography process. Source: (Weibel et al., 2007) 

  Formation of droplets in a microscale 

Droplet microfluidic is an expanding subgroup of microfluidics and simply aim to form 

water-in-oil or oil-in-water emulsions by using microfabricated chips. Droplet microfluidics 

ensures high-throughput formation of droplets of controlled i) size, ii) shape, and iii) 

monodispersity. Moreover, each single droplet can react as a single chemical or biological 

reactor and multiple reactions can be performed in parallel. With the high-throughput and 
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increasing availability of microfluidic systems, droplets become to be considered as an 

important tool in drug delivery and biosensing. To effectively serve as miniaturized test-tubes, 

a high control over size and morphology has to be ensured, as these parameters strongly affect 

biological and chemical properties of the sample. For example, the diffusion of nutrients or 

reagents will strongly depend on the droplet size, which defines the distance over which 

diffusion takes place. Traditional methods to form emulsions, for example, direct agitation of 

immiscible fluids results in significant polidispersity. By contrast, droplet microfluidics 

generates droplets with size variations smaller than 1% (Nisisako et al., 2006).  

Among many, there are four main techniques used to form droplets which include: 

 T-junction 

 Flow-focusing 

 Dielectrophoresis (DEP)-driven droplet formation 

 Electrowetting on dielectric (EWOD) 

T-junction and Flow-focusing methods will be discussed here as both techniques fall in 

the group of planar microchips where principle of droplet formation is based on the use of 

continuous flow of oil and aqueous phase. Due to the simplicity in fabrication and operations, 

flow-focusing systems were used for experiments presented in this chapter.  

T-junction 

Formation of droplet in T-junction is governed by the geometry of the channels, where the inlet 

channel with the dispersed phase is positioned perpendicularly to a channel that contains the 

continuous phase (Figure 5-5A). It has been first presented by Thorsen et al. and gave a birth 

to droplet microfluidics (Thorsen et al., 2001). The mechanism of droplet formation is based on 

the shear forces generated by the continuous phase that induces a pressure gradient on the tip 

that entered the continuous channel (Figure 5-5B). As a consequence, the dispersed phase is 

elongated in the main channel until the forming neck narrows and breaks into a droplet 

(Figure 5-5C)(Garstecki et al., 2006). The size of the droplet is mainly controlled by the fluid 

flow rates, but depends also on the width of the channel, and on the relative viscosity between 

both phases (Tice et al., 2004). T-junction systems are not limited only to a single inlet of 

dispersed phase, and by combination of numerous inlets (Figure 5-5D) more complicated 

experiments can be performed inside each single droplet, including protein crystallization 

(Zheng and Ismagilov, 2005) or chemical reactions (Cygan et al., 2005).  

Flow-Focusing 

Based on a similar idea as the aforementioned T-junction systems, in flow-focusing 

dispersed and continuous phases are forced through a narrow part of the outlet channel (Anna 

et al., 2003)(Figure 5-6A). Recently, simpler configurations without the nozzle are also applied 
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(Figure 5-6B). Due to the design in which the continuous-phase channels focus their flow at the 

intersection with the dispersed phase, the flow-focusing systems utilize a symmetric shearing 

which brings higher control over droplets formation. During droplet formation, the dispersed 

phase enters the intersection regions and temporarily limits the flow of continuous phase into 

the outlet. This results in the increased pressure that narrows the dispersed phase stream and 

results in the controlled breaking into droplets (Nie et al., 2008). It has been observed that the 

size of the droplets can be altered by the design of the device (Tan et al., 2006) the properties of 

liquids, and the flow rates of two immiscible phases (Cramer et al., 2004; Garstecki et al., 

2004). Therefore, each system requires optimization in order to produce droplets of desired 

properties.  

 

  

Figure 5-5 Microfluidic T-junction system for droplet formation. A) 3D visualization of a 
simple T-junction microfluidic chip. Droplet formation process represented schematically (B) 
and by phase contrast image (C). (D) Modified T-junction system for droplet formation 
composed of multiple fluids (reagent in fluid blue and reagent in fluid red). Source: Illustration 
B has been reprinted from (Garstecki et al., 2006), image D reprinted from (Song et al., 2006) 
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Figure 5-6 Microfluidic flow-focusing system for droplet formation. A) Original first flow-
focusing device containing an orifice. B) 3D visualization of a simplified flow-focusing 
microfluidic chip. C) Phase contrast microphotograph illustrates the process of droplet 
formation. D) Capillary-based systems for droplet formation or multi emulsion formation. 
Source: A) reprinted from (Anna et al., 2003); D) reprinted from (Utada et al., 2005) 

Many variations of the simplest flow-focusing geometry were introduced. Depending on 

the fabrication method, flow-focusing devices can have a planar geometry (on a polymeric chip) 

or have a capillary-based design, where the capillary of dispersed phase is inserted in the 

capillary of continuous phase, which forms an outer shell around the dispersed phase (Utada et 

al., 2005). Such configuration enables more complex configuration composed of multiple 

capillaries that allow producing highly-controlled multi emulsions (Figure 5-6C). Since droplet 

size depends on various parameters, including the channels size which plays an important role 

in the final output, Lee et al., proposed a microchip with altered channel dimensions by 

applying pneumatically controlled walls (Hsiung et al., 2007).  

Flow-focusing methods are mainly used to produce highly controlled water-in-oil 

emulsions, but reports present also generation of micro-bubbles (Garstecki et al., 2004), double 

emulsions (Utada et al., 2005), oil-in-water emulsions (Maan et al., 2013)  or aqueous droplets 

coated with a polymer (Takeuchi et al., 2005).  

  Cell encapsulation 

The technology of cell microencapsulation aims to immobilize cells in an isolated 

microenvironment that maintains cells intact and supports cellular functions. Moreover, 

culture of cells in 3D microenvironments offers the ability to control shear forces, the 

manipulability and reconfigurability of hydrogel beads or capsules, and more importantly 

sufficient transport of nutrients and waste exchange (McGuigan and Sefton, 2007; Orive et al., 

2004). The high potential that lies in cell encapsulation has been observed as early as in 1933, 



 

63 

when Bisceglie enclosed tumor cells in a polymer membrane and transplanted them into a pig's 

abdominal cavity. Interestingly cells survived long enough to conclude, what we know today, 

that encapsulation prevents immune rejection of implanted cells (Chang, 1964). Except reports 

on cell encapsulation in aqueous droplets separated by oil (Brouzes et al., 2009), the most 

commonly employed materials are hydrogels due to their high biocompatibility (Williams, 

2009).  

Hydrogels and cell encapsulation  

Hydrogels are water-swellable polymers that enable nutrients and waste exchange, 

display tissue-like mechanical properties, and are highly biocompatible. Their role is to mimic 

the extracellular matrix, a natural environment of cells within tissues. These properties make 

hydrogels highly attractive as biomaterials for cell growth, cell encapsulation (Zimmermann et 

al., 2007) or tissue engineering (Balakrishnan and Banerjee, 2011).  

Hydrogels in general, can be divided into two groups: synthetic hydrogels that are 

obtained in the laboratory and natural hydrogels. The latter group further divides into protein 

based (collagen, gelatin, fibrin) and polysaccharides (alginate, pectin, hyaluronic acid, chitosan 

and agarose). Synthetic hydrogels include i.e., poly(ethylene glycol) (PEG) or poly(vinyl alcohol) 

(PVA). Table 5-1 shows the broad use of hydrogels as biomaterials for drug delivery, 

encapsulation, and for scaffold formation. 

Considered the particular properties of natural and synthetic hydrogels only few fulfill 

the requirements for droplet microfluidic cell encapsulation. Materials that require UV 

radiation (PEG), high-temperature thermal treatment (Elastin-like polypeptides), toxic 

crosslinking agents (PEG with azide and alkyne groups) might have limited application due to 

their possible toxicity. On the other hand, materials that require multistage polymerization 

risk complicating significantly the design and operation of microfluidic device.  

Requirements for cell encapsulation  

There are three key components to be considered in cell microencapsulation: 

1) Cells and their specific requirements of culture 

2) Type of hydrogel 

3) Microencapsulation technology 

Since different cell lines have their own unique properties, the first point defines the 

most important requirements for the experiment and directly influences on the choice of the 

hydrogel material and encapsulation technology so that the highest biocompatibility is 

achieved. Moreover, choice of the hydrogel-type dictated by cell requirements should not affect 

the process of microencapsulation. As has been discussed above, physical parameters of the 

dispersed phase need to be considered to not to impact the process of droplet formation. The 
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method used for cell encapsulation has to be reproducible and of a high throughput to produce 

sufficient number of cell-laden microgels. Highly monodispersed microgels are required to 

enable control over average cell number per droplet (or a microgel) and to study the role of the 

microenvironment on the cell fate.  

Conventional methods effected in a high polidispersity of microgels (in the range of 10 

to 50%), large microgels diameters (up to 1 mm), and need of high amounts of reagents. These 

methods include hydrodynamic dripping (Levee et al., 1994), extrusion methods (Rabanel et al., 

2009; Schwinger et al., 2002), bulk emulsification (Batorsky et al., 2005), and electrostatic 

dripping (Poncelet and Neufeld, 1989). 

Droplet microfluidics techniques provide, at the same time, superior control over 

polymerization process of various hydrogels and over the size of the produced droplets. 

Therefore, these systems are broadly used for cell encapsulation purposes (Velasco et al., 2012) 

(Table 5-1) and have been used during this thesis to encapsulate epithelial cells in Matrigel 

beads.  
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Table 5-1 Summary of selected hydrogel applications in tissue engineering. Source: (Slaughter et al., 2009) 
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  Controlled 3D culture in Matrigel-droplet 

microfluidics shows that acinar development 

relies on autocrine signaling 

Presented in this chapter work has been a basis to a recently submitted publication in Nature 

Communications journal under the title: “Controlled 3D culture in Matrigel-droplet 

microfluidics shows that acinar development relies on autocrine signaling”. 

Contributing authors: M. E. Dolega, F. Abeille, N. Picollet-D’hahan, X. Gidrol 

M.E.D, X.G and NPD designed research; M.E.D. performed research; F.A. master 

prefabrication; M.E.D, X.G and NPD analyzed the data; M.E.D, X.G and NPD wrote the 

paper. 

  Abstract 

3D culture systems are a valuable tool for modeling morphogenesis and carcinogenesis 

of epithelial tissue in a structurally appropriate context. We present a novel approach for 3D 

cell culture based on a flow-focusing microfluidic system that encapsulates epithelial cells in 

Matrigel beads. As a model we use prostatic and breast cells and assay for development of 

acini, polarized cellular spheres enclosing lumen. Each individual bead on average acts as a 

single 3D cell culture compartment generating one acinus per bead. Compared to standard 

protocols microfluidics provides increased control over the environment leading to a more 

uniform acini population. The increased facility of bead manipulation allowed us to isolate 

single cells which carry sufficient autocrine signals to fully develop into acini in an 

environment composed only of Matrigel. Furthermore, combination of our microfluidic 

approach with large particle FACS opens new avenues in high throughput screening on single 

acini. 

  Introduction 

Although relatively well understood in mouse and to some extent in rat, the molecular 

mechanisms and gene networks that control acinar development are far less characterized in 

humans because of the lack of appropriate models (Pearson et al., 2009). The recent 

development of three-dimensional (3D) cultures of epithelial cells from different organs 

(prostate, breast, kidney, etc.) in Matrigel offers real potential as a model for human acinar 

development (Mailleux et al., 2008; O'Brien et al., 2002; Pearson et al., 2009; Zegers et al., 

2003). Indeed, cells within a tissue interact with neighboring cells and with the extracellular 

matrix (ECM) through chemical and physical cues. Cell-cell and cell-ECM interactions 
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establish a 3D communication network that maintains the specificity and homeostasis of the 

tissue. Three-dimensional cultures that re-establish such physiological interactions can model 

real tissues better than conventional 2D cultures. In such a 3D context and with appropriate 

factors in the culture medium, epithelial cells are able to develop acinar structures. Research 

has established that first, either a precursor cell proliferates or cells aggregate to form small 

3D clusters of randomly oriented cells consisting of two cell populations: outer cells having 

contact with the ECM and inner cells surrounded only by other cells. Second, cells in the outer 

layer develop an apico-basal polarity and no longer respond to proliferative signals. Third, 

differentiation of the outer cells is followed by apoptotic death of inner cells that results in the 

formation of the hollow lumen, and the acinar structure remains hollow thereafter (Bryant and 

Mostov, 2008; Mailleux et al., 2008). Although these different stages in acinar development are 

well documented, the molecular factors that guide the actions of a single cell during that 

process are still poorly understood.  

The main reason for the relatively slow progress comes from difficulties in 

manipulating, treating and controlling the structures and the environment around them in 3D. 

However, standard 3D culture formats performed in microwell plates present some limitations 

that hamper their applicability to high throughput screening (HTS) for pharmaceutical studies 

and also limit the ability to address basic questions regarding acinar development and 

carcinogenesis. Indeed, in such formats, control over the environmental physical parameters 

including size, stiffness, and porosity remains limited (Hebner et al., 2008). Moreover, the 

presence of Matrigel creates a physical barrier that prevents or decreases the efficiency of 

several standard techniques used in 2D culture (i.e., direct transfection with siRNA and cell 

lysis for RNA or DNA extraction). Additionally, phenotypic analysis based on 

immunofluorescence and subsequent confocal microscopic observation, which can reveal the 

presence of the lumen and the position of polarity markers, (Lee et al., 2007) is time-

consuming. Hence, this well-plate format is not suitable for screening applications that require 

reproducibility, rapid and robust handling and large-scale analysis. The complexity of analysis 

is in itself an obstacle, and consequently, there are only a few reports on 3D screens of 

epithelial cells (Hubbell, 2004; Khademhosseini et al., 2006; Lee et al., 2008). Finally, because 

multiple cells are grown in 3D embedded in Matrigel, the resulting mixture of individual and 

clustered cells makes it very difficult to answer basic biological questions such as whether a 

single cell can promote the formation of a fully differentiated acinus. These model systems 

cannot determine whether aggregation or proliferation presides in the first stage of cluster 

formation of unpolarized cells or whether the neighboring cells influence terminal 

differentiation and acinar formation. 

Therefore, there is critical need for new technologies that would allow for the following: 

i) higher control over the size and composition of the environment surrounding the cells; ii) 

isotropic conditions throughout the culture; iii) flow-based high throughput assays; and iv) 
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control over cell concentration, facilitating the isolation of single structures with which to 

study, for instance, paracrine/autocrine effects on the development of 3D structures. 

Microfluidics is a promising approach to 3D epithelial cell culture that addresses all four 

points.  

Recent developments in droplet microfluidics for 3D culture include in-droplet 

formation of spheroids (Alessandri et al., 2013; Kim et al., 2011) and the isolation of 

encapsulated cells from the immune system in the case of cell-implants (Jun et al., 2013). 

Depending on the cell type and the application, the hydrogel type varied from biologically inert, 

including alginate or agarose, to collagen for cell proliferation and further tissue engineering 

(Matsunaga et al., 2011). Interestingly, depending on the hydrogel used, microfluidic systems 

have differed dramatically generating a significant lack of universality. As collagen or Matrigel 

promotes growth and differentiation of various cell types (Kleinman et al., 1981) and governs 

the development of acini or cysts in traditional 3D culture, it is surprising that there have been 

no report on the formation of droplets composed of Matrigel to date.  

In this study, we developed a droplet microfluidic system for cell encapsulation in 

Matrigel microbeads. The microfluidic operational parameters were optimized to eliminate 

droplet coalescence issues and to provide high cell viability. In such appropriate conditions, 

each individual microbead acts as a single-cell culture compartment generating on average one 

acinus per bead. Matrigel microbeads served as microcarriers for flow-based high-throughput 

analysis and thus opened new possibilities for performing high throughput screens on 3D 

culture structures in biological and pharmaceutical research. Furthermore, we show that 3D 

cell culture in Matrigel beads provides a unique system where acinar development can be 

traced from the very first division to the final developmental step, under temporally and 

spatially controlled conditions. Finally, we were able to trap a single prostate cell and drop it 

into each well of a 384-well microtiter plate. This original approach allowed us to demonstrate 

that one single prostate cell, without any interaction with neighboring cells, was able to 

proliferate and differentiate into an acinus within 6 days. This indicates that acinar 

development proceeds through clonal growth from single cell and relies on autocrine signals to 

differentiate.  

In future applications, we anticipate that the wide dynamic range and high sensitivity 

of this microfluidic system will provide maximally flexible conditions under which to probe 

further biological questions that have been previously inaccessible due to the limitations 

imposed by 3D culture conditions. 
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  Result 1 - A microfluidic device to generate Matrigel-

containing monodisperse beads amenable to high 

content screening 

We used the most basic design of flow-focusing (FF) junction (Anna et al., 2003) for the 

formation of droplets. Because Matrigel is a complex material composed of over 1800 proteins 

(Kleinman and Martin, 2005), the choice of the oil and the surfactant was crucial. 

Supplementary results on the optimization of the experimental setup are presented Chapter 

9.1.1. We tested various surfactant combinations at different concentrations (Chapter 9.1.1 

Table 9-1) and obtained weak stability of the droplets collected at the outlet. To further 

minimize the coalescence of droplets just before leaving the channel, we designed a planar 

outlet tubing connection. The commonly used surfactants that we tested did not provide 

sufficient droplet stability. Because Matrigel is composed of ~30% of collagen, we assumed that 

the methods established for collagen droplet formation (Matsunaga et al., 2011) would be 

suitable for Matrigel. Conversely, lecithin and other types of surfactant/oil systems used for cell 

encapsulation caused cell death of epithelial cells (Figure 5-7). Indeed, we observed that 

epithelial cells can be highly fragile depending on the presence and the type of the surfactant. 

We found that the PFPE-PEG surfactant (Brouzes et al., 2009; Holtze et al., 2008) was suitable 

in our microsystem and was biologically inert. Interestingly, the droplets do not undergo 

coalescence only in HFE7500 oil contrary to previous reports for aqueous droplets in FC40. 

 

Figure 5-7 Biocompatibility test of chosen surfactants and their effect on cell viability as 
tested in standard 2D culture. 
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We modified the basic design of the FF junction system in the experimental device by 

adding a wide serpentine channel (Figure 5-8A) that served as a reservoir for the Matrigel 

mixed with cells. In this way, direct injection of 100 µL of the Matrigel phase was possible by 

simple pipetting. Size of the droplets which depends on the rate of flow of particular phases 

(Qoil = Q1 and QMatrigel = Q2) was controlled by syringe pumps. The significant difference in 

the viscosity of perfluorinated oil and Matrigel limited the minimal size of the droplets (Figure 

5-8C). Therefore, to span a spectrum of the bead size from 100 µm to 500 µm, we used three 

different devices with 100 µm, 250 µm and 400 µm channels each having a square cross section. 

The flow rate for the majority of the experiments in a 250 µm device was Q2 = 400 µL/h for 

Matrigel and Q1 = 1600 µL/h for oil. Due to the properties of Matrigel (liquid at 4˚C and 

polymerized at 37˚C), all manipulations were carried out at 4˚C. We found that 15 minutes of 

encapsulation time produces thousands of beads and maintains high viability of cells for 24 

hours that would otherwise suffer due to the prolonged residence in the cold. Formed hydrogel 

droplets are collected in oil in a tube and allowed to polymerize for 20 minutes at 37°C. Cell-

containing polymerized beads were transferred into culture media and maintained in a 

multiwell plate. We tested bead stability and observed slow dissolution (Figure 5-8D) and 

aggregation. Dissolution of beads had direct influence on the cell phenotype as 65% of 

structures in unstable beads presented inversed polarity (Figure 5-9A). The addition of 1% v/v 

of Matrigel into the culture medium prevented both phenomena and restored bead stability 

with only 5% change in size during the first 7 days and 18.5% after 20 days. In the control 

without Matrigel, bead dissolution reached 30% after 7 days and 44% after 20 days. This level 

of bead stability is satisfactory considering that the typical time scale of experiments in 

epithelial 3D culture falls between 7-21 days (Debnath et al., 2003). A 10% increase in the 

concentration of Matrigel in the culture medium prevented proliferation of cells in beads 

(Figure 5-9C), possibly due to limited diffusion and exchange of nutrients. We also observed 

that decreased bead stability induces encapsulated cells to leave the Matrigel and initiate a 2D 

culture at the bottom of the well instead (Figure 5-8E). Another controllable parameter was the 

initial number of cells per bead, which can be set by altering the cell density in Matrigel. As it 

follows a Poisson distribution for any particular bead size, the initial concentration of cells can 

be calculated such that the average droplet will contain a single cell per bead (Chapter 9.2.2 

Methods in microfluidics). Thus, we have developed a microfluidic system that enables the 

formation of Matrigel droplet containing well-controlled 3D epithelial structures. 



 

71 

 

Figure 5-8 Formation and stability of Matrigel droplets. A) Schematic representation of an 
experimental setup. The long serpentine channel was used as a reservoir for the injected 
Matrigel with cells. B) Formation of a Matrigel droplet in the 400 µm channel of a flow-
focusing system. C) Dependence of the size of the droplet on the ratio of rate of flows for 
perfluorinated oil and for corn-oil. D) Graph shows the dissolution, which is reflected in 
changes in size of beads kept in different culture media - pure or containing 1% diluted 
Matrigel. E) As a consequence of dissolution (size change indicated by arrow), cells escape the 
beads and form 2D culture monolayers (marked with circles), but maintaining cells in culture 
media containing 1% Matrigel prevents this effect (F).  
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Figure 5-9 Importance of culture medium composition on beads stability and cell growth. A) 
Beads instability promotes inversed polarity in RWPE1 structures. Left: Fluorescent images of 
encapsulated structures stained for Golgi apparatus (anti-Giantin; red), Actin (Phalloidine; 
green), and nuclei (Hoechst; blue). Right: The bar chart presents the population of structures 
with reversed, proper and non-organized polarity. (n = 42) B) 1% matrigel stabilizes beads, 
prevents aggregation and promotes growth, while (C) 10% limits the diffusion of nutrients and 
as a consequence cells do not proliferate. Visible differences were observed when cultured 
with KSFM used for 2D culture (EGF BPE KSFM) and for 3D culture (EGF FBS KSFM). 
Compositions of culture medium for both types of culture are described in details in Materials 
and Methods (Chapter 9). Scale bar A) 10 µm and B), C) as indicated. 

  



 

73 

In addition, we also designed our system to take into account several requirements of 

high-throughput and high-content analyses. While such analyses are relatively simple in 2D 

culture either through automated microscopic acquisition or the use of a fluorescently activated 

cell sorter (FACS), appropriate analytic methods are lacking for 3D culture. It has been shown 

that encapsulation of microorganisms (Eun et al., 2011) and cells (Brouzes et al., 2009) into 

beads that serve as microcarriers allows for flow-based analysis methods. In these experiments, 

we used the MCF10A-GFP breast epithelial cell line, which forms acini within 14-20 days in 3D 

culture (Debnath et al., 2003). We chose this cell line for two reasons: first, to demonstrate the 

feasibility of this system with other cellular models, and second, because of the availability of 

this stable GFP-expressing cell line in the laboratory. We transfected cells for 48 hours in 

standard 2D culture using a siRNA targeting GFP (siGFP) and AllStar (siAllstar) as a control. 

Subsequently, the transfected cells were trypsinized and encapsulated in Matrigel beads 250 

µm in diameter. For each condition, we prepared approximately 1000 beads. During the 5-day 

incubation in beads, the cells proliferated and formed 3D structures (Figure 4-10A). We verified 

by fluorescent microscopic observations that the level of green fluorescence of the cells in 

control (Figure 5-10B) was higher compared to the siGFP sample (Figure 5-10B), as expected. 

We used large-particle FACS (LP FACS) to analyze the level of fluorescence of transfected cells 

in beads in a high-throughput format. As a result, we obtained data points characterized by the 

Time of Flight (TOF), which indicates the axial size of the sample, as well as the signal of 

Optical Density of the object (EXT) (Figure 5-10D). We defined the regions for noise, empty 

beads, and beads with cells by observing the changes in the EXT, TOF and the fluorescence 

(FLU) intensity parameters (Figure 5-10E-G). EXT and TOF provide information about the 

physical properties of the beads themselves, while FLU supplies data concerning the presence 

or absence of the fluorescent cells. We observed a weak signal of fluorescence in empty beads 

that originates from the Matrigel, which normally expresses low autofluorescence. We 

quantified the fluorescence of transfected cells and observed a 36% decrease in fluorescence for 

cells treated with siGFP cells compared to the controls (Figure 5-10C). The analysis was 

performed on ~700 beads within 5 minutes per condition. We believe the approach described 

here could be used for any high content analysis of 3D structures, either spheroids or acini, 

challenged with drugs, siRNA, miRNA, expression vectors, etc. 

Chapter 9.1.2 presents preliminary results on direct 3D siRNA transfection on structures 

encapsulated in Matrigel beads.   
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Figure 5-10 Large particle FACS (LP-FACS) analysis of 3D structures grown in beads. A) 
Encapsulated MCF10-A grow into acini as shown by Phallodin (green) and Hoeschst (red) 
staining. Scale bar 20 µm B) Phase contrast and fluorescent images of MCF10A-GFP cells 
treated with a control siRNA (siAllstar) and with siGFP. Fluorescent images represent equal 
times of the exposure therefore indicate the effect of decreased fluorescence in cells treated 
with siGFP.  Scale bar 100 µm C) Quantification of transfection efficiency as measured by LP-
FACS. D) The output signal indicates the dependence of the axial size (TOF) and optical density 
(EXT) of every object analyzed. By analyzing points based on EXT (E) and TOF (F) combined 
with a fluorescent signal (G) we distinguished beads containing cellular structures from empty 
ones 
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  Result 2 - A single prostate cell proliferates and 

differentiates into an acinus 

Typically, we encapsulate a single cell per bead and observe its growth and capacity to 

form a lumen. To prove the suitability of the system for epithelial cell culture we have used an 

immortalized prostate cell line RWPE1 that forms acini within 6-8 days when supported with 

Matrigel (Bello-Deocampo et al., 2001; Webber et al., 1997). Matrigel beads with encapsulated 

cells were pooled together and cultivated in multi-well plates and observed by means of phase 

contrast microscopy (Figure 5-11B). Because of the average size of the acini, which vary from 

approximately 90-120 µm in diameter depending on maturity, we used the 250-µm device to 

produce beads of 250 µm in diameter. At this bead size, the nutrients freely reach cells and 

there is no risk that the structure will become bigger than its surrounding environment, which 

would result in cellular reorganization into a monolayer. Cell viability was not influenced by 

the performance of the system (Figure 5-11C). Increased flow rate for high-throughput 

production of droplets, which induces circulation of a droplet internal liquid (Jakiela et al., 

2012), did not affect cell viability. We further investigated the rate of growth by measuring the 

diameter at different time points assuming a spherical geometry at all stages (Figure 5-11A). 

In comparison with standard 3D culture, acini in beads presented a higher rate of growth at 

day 5, which might be a result of the presence of nutrients in excess (Figure 5-11A). On day 7, 

the average size of an acinus in standard culture was 100 µm (analyzed structures, n = 35) 

versus 120 µm (analyzed structures, n = 27) when grown in beads. Furthermore, the 

homogeneity of the size of structures grown in beads was statistically higher compared to 

structures grown under embedded conditions (Figure 5-11A and inset Figure 5-11A). We 

further evaluated the efficiency of lumen formation by delineating cell membranes by 

phalloidin staining and subsequent confocal observation. We included structures that initiated 

or completed lumen formation in the category of lumen formation, as presented in Figure 5-

11D. Spheroids were characterized and counted as structures with tightly packed cells in the 

lumen. We found that, after 6 days in culture, 80% of the 3D structures exhibited lumen 

formation while only 20% were classified as spheroids (Figure 5-11D). The average size of the 

lumen-forming structures was slightly bigger (72 µm) compared to spheroids (67 µm). 

Interestingly, contrary to the top-coat conditions which induce ~70-80 % of acini only 16% of 

RWPE1 3D structures showed detectable lumen formation when cultivated in the 3D 

embedded culture (please refer to Chapter 4).  
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Figure 5-11 Epithelial cell culture in beads. A) Graph shows the rate of growth (according to 
the diameter) of 3D structures culture in beads (violet) and in top-coats (blue) over 7 days. 
Inset represents the difference in variance of diameter between these two protocols and * 
indicates the statistically significant difference in variance as tested with F test (at significance 
level 0.05). B) Phase contrast images of structures grown in beads as isolated cells and under 
embedded and top-coat conditions. Scale bar 20 µm. C) Encapsulation of cells in a microfluidic 
system does not influence the viability as compared to standard 3D culture. D) Efficiency of 
lumen formation within the 3D structures grown in beads for 6 days. E) Acini grown in beads 
have proper polarity as shown with b1-intergrin, giantin and β-catenin. Lumen formation 
occurs via apoptosis as shown by active-caspase 3 staining. Nuclei were stained with Hoechst 
(blue). Scale bar 20 µm.   
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Encapsulation of a single cell per bead provides homogenous conditions in the whole 

culture and also provides a physical barrier to prevent the migration and the aggregation of 

cells. With standard 3D conditions, when cells are cultured together it is impossible to 

investigate whether acini formation proceeds by clonal growth from a single cell (hollowing) or 

via a process of aggregation and subsequent differentiation (cavitation). Culture performed in 

beads provides the first system in which acini development can be traced from the very first 

cell division and the underlying mechanism can be temporally and spatially defined. The 

process of lumen formation is dependent on the establishment of the apico-basal polarity of 

cells (Bryant and Mostov, 2008). In beads, lumen formation relies on the mechanism of 

apoptosis of cells in the center of the structures, which we showed by active-caspase-3 

immunostaining (Figure 5-11E). The apico-basal polarity is established along the lumen 

formation, which we confirmed with a basal β1-integrin marker, a baso-lateral β-catenin 

marker and giantin, which recognizes the Golgi apparatus of apical membranes (Figure 5-11E). 

We also performed cryo-sectioning to show the feasibility of this technology and to address the 

issue of lumen formation (Figure 5-11E –β-catenin staining). We have been able to show 

unambiguously that one single prostate cell can form a fully polarized acinus. However, we do 

not know how neighboring cells may influence this process. 

  Result 3 - Single prostate cells rely on autocrine 

signals to initiate acinus formation 

In the majority of in vitro cell culture techniques, cells proliferate in an environment rich 

with signals originating from neighboring cells. According to the generally accepted concept of 

glandular tissue development based on in vitro 3D culture, the acinus is formed by cellular 

proliferation or aggregation and subsequent apoptosis of cells that do not have contact with the 

extracellular matrix (ECM) (Debnath et al., 2003). To date, classical 3D culture techniques 

have not allowed the analysis of pathways crucial in development from single cells that are 

isolated from paracrine signals. We used our microfluidic encapsulation technique to maintain 

a single cell with a controlled size and microenvironment in complete isolation from other cells. 

To this end, we dispensed microbeads in microtiter plates in a manner such that a single well 

contained a single microbead encapsulating a single cell (Figure 5-12A and 5-12B). Typically, 

we chose 384-well plates due to their low well surface, which allowed microscopic observation of 

the entire area at once. With this experimental design, a single cell can clonally expand and 

form an acinus solely relying on its own genetic program and autocrine signals. We expected 

that the cell seeding concentration might be a limitation as it has been observed that when 

insufficient, it might significantly lower or prevent the proliferation of cells in in vitro culture 

(Prokop et al., 2004). In standard 3D culture, we observed that a high seeding density 

accelerated the rate of growth and acini development (please refer to chapter 4). On average, 

approximately 15% of wells contained isolated single-encapsulated cells, and interestingly, in 
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the majority of cases, they divided and formed organized structures as detected by phase 

contrast and fluorescent microscopy (Figure 5-12C and 5-12D). 

 

Figure 5-12 Isolated single cells rely on autocrine signals to develop into an acini. A) Beads 
with a single cell were isolated by dispensing into a single well of a 384 well plate and kept in 
culture for 6 days. The images present an overall view over the surface of a single well. B) and 
C) Phase contrast images presenting the growth of the acinus over time starting from a single 
cell. Scale bar 100 µm D) Fluorescent staining for actin (red) and DNA (blue) reveals the early 
formation of a lumen. 

  Result 4 - RNA extraction for transcriptome analysis 

We tested whether our microfluidic encapsulation technology allows sufficient, high-

quality RNA extraction. Trizol is a commonly used reagent for RNA extraction based on the 

phase separation but in the case of low cell number (some hundreds of cells) this approach 

proved inefficient. Instead, we evaluated popular kits specifically adapted for low cell density 

samples based on lysis by the buffer and further extraction through membrane columns. Those 

kits in standard 3D culture are not able to sufficiently digest the matrigel. As observed, lysis 

buffer (from Qiagen RNeasy Mini kit) was dissolved matrigel beads during first few seconds of 

the reaction and proved to be suitable for RNA extraction from encapsulated cells. A range of 

cell number (102, 103, 104, and 105 cells) has been tested in order to determine the minimal 

required amount of cells for RNA extraction and detection.  
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Table 5-2 Determination of minimal cell number for RNA extraction and further UV/VIS detection 

 

RNA yields from cell number lower than 105 were insufficient for detection by 

spectrophotometric methods (Table 5-2) and thus for further analysis we used an 

electrophoresis-based bioanalyzer (using Picokit specially designed for RNA concentrations as 

small as 50 pg / µL). We were able to detect RNA from 103 cells but not from 102 cells (Figure 5-

13A).  

 

Figure 5-13 RNA extraction with A) RNeasy mini kit from 102 and 103 cells, and B) RNeasy 
microkit from acini grown in beads. 

Since the RNeasy Mini kit is prepared to extract RNA from samples of 105, we decided 

to apply a corresponding RNeasy Micro kit that serves to extract RNA from as little as 102 

cells. With the new kit we have successfully extracted RNA from Acini grown in Matrigel beads 

(around 100 acini ~5000 cells) (Figure 5-13B).  

With the established protocol we extracted and analyzed RNA from isolated in 384 well 

plate cells at three different times points. The day 1 indicated in here a time before the first cell 

division occurs but after the encapsulated cell accommodates into the new environment. 

Because of the limited number of cells on day 1 we encapsulated a single cell per bead and 

exceptionally pooled them together for 5 hours. For day 3 and day 6 we isolated cells and after 

                                                      
 260 nm determines the nucleic acid concentration; 280 nm determines the protein 

concentration; 230 nm determines presence of other contaminants; A260/A230 and A260/280 

ratios are used to assess RNA purity 
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certain point of time we aspirated them from the wells and pooled together for the RNA 

extraction (79 structures at day 3 and 55 structures at day 6). As measured with Bioanalyzer, 

we obtained a good quality RNA (Figure 5-14) that is reflected by two intensive bands for 18S 

and 28S ribosomal RNA and the RNA integrity number (RIN) has fallen above 9. The 

concentration of the RNA was on the level of ~40 pg/µL which gives ~0,2-0,5ng of total RNA. 

This range of the total amount of RNA is low but recent advances allow amplifying RNA from 

as little as 1ng in total (Dafforn et al., 2004; Scherer et al., 2003) (also with commercially 

available kits i.e., Invitrogen Arcturus kit for RNA amplification) or from a single cell (Picelli et 

al., 2014). Extracted RNAs were sent to the outsourcing platform for transcriptome analysis. 

 

Figure 5-14 RNA extraction from isolated acini in 384-well plates. RNA has been isolated at 
day 0, day 4 and day 7 by using a RNEasy Micro Extraction kit (Qiagen). Extracted RNAs were 
analyzed with Bioanalyzer.   
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  Discussion 

The use of the extracellular matrix naturally extracted from a tumor, namely Matrigel, 

opened new avenues in in vitro cell culture. Its composition is highly complex (Hughes et al., 

2010) and not fully characterized, but it is irreplaceable for 3D cell culture assays such as 

acinar formation, tubulogenesis, angiogenesis, etc. However, to date the microenvironment of 

these 3D cultures is still poorly controlled, making studies on mechanical or chemical cues and 

intercellular signaling limited. Furthermore, to promote isotropic conditions in 3D culture, cells 

are often immobilized in the gel and analysis is mainly based on microscopic acquisitions. To 

access the information on polarity, it would always be necessary to use immunochemistry and 

microscopic analysis because the presence of the signal as well as its position within the cell is 

important. Thus, there is a need for a technology that would permit simpler observations of 

phenotypic changes such as increased proliferation, apoptosis or the presence of mesenchymal 

markers. To fill this technological gap, we present here a microfluidic approach to generate 

Matrigel droplets for cell encapsulation and subsequent cell culture in a 3D microenvironment. 

The system allows for massive production of single biological reactors, which on average 

generate a well-controlled single 3D epithelial structure.  

Considering 3D culture in general, one can find a variety of different approaches (for 

review (Kobel and Lutolf, 2011)) including droplet microfluidic to generate collagen microbeads 

for 3T3 NIH and HepG2 cells-based macroscopic 3D tissue architecture (Matsunaga et al., 

2011). However, there are far fewer reports on epithelial 3D cell culture. Chen et al. proposed a 

3D microfluidic method that encompasses continuous medium perfusion through 

microchannels located along an MCF10-A cell culture chamber (Chen et al., 2011). Another 

report focused on the organization of the ECM and presented a system to study the importance 

of the orientation of collagen fibers on epithelial cell branching in 3D (Brownfield et al., 2013).  

A broadly used micropatterning techniques brought superior control over the composition, size 

and thus confinement and organization of cells in 2D culture (Thery, 2010). However, the 

application of patterns is limited in 3D cell culture due to anisotropic mechanical properties 

sensed by cultivated cells. The substrate is rigid at the bottom while there is only culture 

medium at the top of the culture. Under these conditions, orientation of apico-basal polarity is 

forced rather than established by cells. Furthermore, there is a significant difference in the 

phenotype of cells that were cultivated on a 3D ECM compared to those cultured on a matrix of 

exactly the same composition that has been flattened to provide a 2D surface (Cukierman et 

al., 2001). 

Inspired by the micropatterning-based microenvironmental control for 2D cultures, we 

developed a droplet microfluidics approach to generate, for the first time, Matrigel droplets 

that would optimize the microenvironmental control of 3D epithelial cell culture. This 

technology, also relying on a simple microfluidic principle, requires extensive optimization of 
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the operational parameters of the system and of the stability of formed beads. Combining 

recent advances in microfluidics concerning channels treatment (Mazutis et al., 2009), 

surfactant (Holtze et al., 2008), oil and a process of cell encapsulation (Joensson and Svahn, 

2012), we succeeded in creating a long-term (up to 2 weeks) 3D cell culture in Matrigel beads. 

These 3D epithelial structures formed a lumen and presented a proper basal and apical 

polarity (Debnath et al., 2003), which we confirmed by immunostaining techniques. The 

proportion of structures with a lumen was comparable to those obtained using traditional 3D 

culture of RWPE1 prostate cells. The existing literature on the mechanisms of lumen formation 

in vitro indicates first clonal division and further apoptosis (anoikis) (Mailleux et al., 2008). 

However, it has been shown that, for instance, MDCK cells grown in solution when aggregated 

are also capable of forming a lumen but with an oppositely oriented polarity(Wang et al., 1990).  

By using a microfluidic approach and single cell containing-Matrigel droplets, we eliminated a 

possible mechanism of aggregation while maintaining paracrine/autocrine signaling. Thus, the 

whole population of acini has its origins from the same mechanism of development and has 

been exposed to exactly the same microenvironment (regarding size, composition and 

homogeneity). The rate of growth of acinar structures from a single cell was comparable to the 

rate seen in a more traditional 3D culture. Furthermore, the population of formed acini was 

more homogenous in size compared to when top-coat and embedded protocols were used. 

Superior control over homogeneity of grown structures is of great importance as it has been 

reported that tumor-like spheroids’ response to treatment was size-dependent (Celli et al., 

2014).  

To date, a limited number of reports presented high-throughput screen studies on 

epithelial cell cultivated in 3D due to the difficulties in detection automation and heterogeneity 

of the structures grown freely on Matrigel. The microfluidic approach of cell encapsulation we 

are proposing not only supplies cells with an ECM environment that promotes growth and 

differentiation but also keeps each single bead as a floating object that can be easily aspirated, 

dispensed or carried by flow. Thus, the use of flow-based FACS-like monitoring of beads is 

possible for high-throughput analysis of the relative size of the object, light dispersion and 

fluorescent signal. The limitation and accessibility is determined by the size of the object, 

which is non-compatible with standard FACS machines. However, it is possible to choose an 

LP-FACS or to construct a dedicated microfluidic platform according to previously described 

protocols (Mazutis et al., 2013). 

After demonstrating the ability to isolate a single cell per bead in a single well, we 

showed that the acinus relies on autocrine signals to initiate its full development. The 

distinction between autocrine and paracrine signals is of great importance to further 

understand the development of a given tissue. For example, it has been shown that branching 

morphogenesis relies on complex signaling between epithelial and mesenchymal cells through 

both paracrine and autocrine factors, while autocrine signaling of Hedgehog has been identified 
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as important in developing tissues from Drosophila to mammals (i.e. in neural stem cells (Cai 

et al., 2008), large B-lymphoma (Singh et al., 2010) and cerebellar dysplasia in the developing 

brain (Wang et al., 2004)). The discovery of an autocrine signaling pathway often came along 

with the introduction of a new technological improvement. Here, we propose an approach that 

allows for the isolation of a single cell into a homogenous 3D environment simply by dispensing 

beads into separate wells. Multiple structures are grown separately but in parallel, originating 

from the same passage. This parallelization would allow the generation of sufficient 

encapsulated cells for large scale genomics analysis to reveal molecular mechanisms and gene 

networks that play a crucial role in acinar development and possibly in acinar carcinogenesis. 

The throughput of cell/bead complex isolation could be further improved by using robotic liquid 

dispensing stations. In a broader perspective, this system can serve universally either for 

single cell encapsulation/isolation to study autocrine signals or to control paracrine signals 

originating from co-culture microreactors.  

An encapsulation approach has been applied to study single cells or spheroids, but to 

date it was not used on epithelial cells due to the necessity of using Matrigel as a material for 

the formation of beads. The technology we propose can be applied to various cell types that 

would require Matrigel to proliferate and differentiate. Furthermore, this is the first technique 

that allows for the analysis and subsequent sorting of 3D living cells. The high-throughput 

nature of the encapsulation approach relies on the i) simultaneous formation of hundreds of 

thousands of homogenous bioreactors, ii) possibility of using automated liquid-dispensing 

robots to manipulate beads, and iii) use of the flow-based analytical methods. Thus, this system 

opens new avenues of research in both epithelial development and carcinogenesis.  

Although tumor development is undoubtedly governed by genetic alterations and 

biochemical cues, the mechanical cues are finding their moment of general interest (Butcher et 

al., 2009). However, in 3D culture, studying internal and external forces by altering the 

environment has been challenging. The spherical environment provided by beads can be 

considered isotropic for mechanical properties, composition and the diffusion of nutrients. 

Under such conditions, the apico-basal polarity and organization is governed and established 

by cells. Because the process of droplet formation is highly repeatable under laminar flow 

conditions, it is possible to produce thousands of identical bioreactors. As the Matrigel lacks 

control over rigidity and is considered to be a compliant matrix, only polyacrylamide-Matrigel 

coated substrates have thus far been used to study the effect of stiffness on the function, 

organization and differentiation of cells (Paszek et al., 2005). Use of the beads and a 

corresponding approach to control rigidity of the environment by altering the mechanical 

properties of a second gel that immobilizes the beads (preliminary results are presented in 

Chapter 9.1.3), we anticipate that our microfluidic system can do the same for 3D culture as 

micropatterning techniques do for 2D culture.   
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 Mimicking ductal environment of 

exocrine glands using circular-

shaped microchannels 

Presented in this chapter work has been motivated by the ANR Brocoli (2011-2014) 

project which aims to identify new biomarkers in prostate cancer by analysis of epithelial 

secretion liquids. The core of Brocoli project was to characterize a novel 3D culture system 

using polyelectrolyte (PE) scaffolds to construct in vitro 3-dimensional (3D) culture models of 

prostate tissue and to discover ways to control the microenvironment of cell growth so as to 

understand (i) the exocrine gland morphogenesis into cell differentiation, and (ii) acini 

formation and to understand the breakdown of tissue architecture and disorganisation of acini 

during disease and cancer. The approach aimed to create 3D branched luminal structures by 

seeding epithelial cells on polyelectrolyte films of a form of tubules. Polyelectrolyte films were 

chosen because they are an ideal material for scaffold preparation due to i) the simplicity of 

layer-by-layer method of assembly, ii) possibility to modulate surface properties, iii) low cost 

and iv) no cyto-toxicity. We have shown that cell phenotype (morphology, adhesion, apoptosis 

etc.) can be modulated by the charge of the terminating polyelectrolyte layer. Publication 

describing this work is presented in Chapter 7 – Other Publications. 

  

Figure 6-1 Schematic representation of a microfluidic system for collection and further 
analysis of epithelial secretion liquids.  

The initial approach for the lab-on-chip device to analyze secretions liquid was based on 

preparation of a tubular mold whose shape resembles a set of tubules terminated with a cyst 

(Figure 6-1). Parallelization is needed due to low-concentration of secreted molecules. 

Subsequently polyelectrolytes (PAH and PSS) will be assembled according to layer-by-layer 

                                                      
 Polyelectrolytes are able to form complexes with oppositely charged species that are stabilized 

by electrostatic interactions. Layer-by-layer assembly relies on alternate coating of surface 

with positively and negatively charged polyelectrolytes (i.e., Polyallylamine hydrochloride and 

poly(sodium 4-styrene sulfonate)).  
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technique in order to prepare substrate for cell growth. Cells infused into these polyelectrolyte-

formed niches (dimensions: height of the tubule 100 µm and width 80 µm) attach and 

proliferate to form confluent epithelial layers. Such constructs would be kept inside a 

microfluidic chip containing two compartments; first for the collection of secretions and second 

for culture media supply and epithelial layer stimulation.  

However, little is known how epithelial cells proliferate in such constraint 

environments and what are the differences between standard and micro-scale cell culture in 

case of i.e., diffusion of nutrients and oxygen. Therefore, a simple prototype has been 

developed. It served to i) confirm polyelectrolytes films assembly, ii) show feasibility of cell 

infusion and subsequent adhesion and growth on polyelectrolyte films, iii) verify the limits that 

result from the micro-scale of the device. One of the important advances is the simplicity of 

circular channels fabrication which is rapid and does not require use of any specialized 

equipment. Results are presented below in the form of a publication. 

 

List of authors: Monika E. Dolega, Jayesh Wagh, Sophie Gerbaud, Frederique Kermarrec, 

Jean-Pierre Alcaraz, Donal K. Martin, Xavier Gidrol, Nathalie Picollet-D’hahan 

 

The publication would not take place without following authors’ contributions: 

Design of research:   M.D., X.G., D.M., N.P.D.  

2D cell culture:   M.D., S.G., F.K., 

3D culture, immunostainng:  M.D., J.W. 

Fabrication of systems: M.D., J.W. 

Polyelectrolyte coatings: M.D., J.W., J-P.A. 

Microscopic acquisitions:  M.D., J.W. 

Analysis of results:   M.D., X.G., D.M., N.P.D.  

Manuscript preparation: M.D., X.G., D.M., N.P.D.  
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Supplementary Information S1 

 

Figure S1 in File S1. A serie of photographs detailing the fabrication process. PDMS 

was prepared by extensive mixing of the elastomer with the curing agent in a 10:1 (wt/wt) 

ratio. During mixing air bubbles are introduced due to the viscosity of the solution and it is 

recommended to remove them by using a desiccator. Then the glass capillary is cut with 

scissors to a desired length, leaving an allowance of at least 1 cm to protrude from each side 

of the final construct. The needles are supplied with a plastic syringe connector that has to 

be cut carefully using a dremel tool or by hand with the use of pliers (A). Make sure that 

the metal part of needle has not been damaged or curved. Blow the needles with air to get 

rid of any inner contamination. The glass capillary is then aligned with the needle (B) so 

that the capillary protrudes from each end of the needle. To prevent any misalignment 

during further steps put a small drop of transparent nail polish on the surface of capillary at 

each end and slide the needle part so that the nail polish fills the space between the needle 

and the capillary (C). Triple glass cover slip towers are used to set up the distance between 

the channel and the surface of the petridish to ~550 µm (D). This step is crucial for further 

microscopic observations. In a 35 mm petridish (or other container of choice) support is 

inserted to keep the capillary/needle at controlled distance from the bottom (E). Degassed 

PDMS is then gently poured into a petri dish to completely cover the construct. The 

complete system is then placed in 65°C for 50 minutes to polymerize the PDMS. This 

process can be further accelerated with increased temperature. However, the plastic 
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petridish would then need to be replaced with high temperature resistant container. The 

polymerized PDMS is then removed with embedded capillary/needle construct and the 

support from the petridish and cut out using a scalpel thoroughly in the middle point of the 

needle perpendicularly to the channel at both ends (F-G). The cut part of the PDMS are 

gently removed from the needles and with the help of pliers the needles are pulled out first 

then the capillary from the PDMS (H). To prevent biological contamination, the device is 

sterilized by baking in an oven at 120°C for 30 minutes. 

 

Figure S2 in File S1. Epithelial cellular organization in 2D and 3D.  

Top panel: Immunostaining of nuclei (blue), F-actin (red) and centrosome (green, left 

panel) or Golgi (green, right panel) of RWPE1 cells after 72 hours culturing in 2D on 

plastic substrates. Cells were imaged by confocal at the interface cell membrane / surface 

(basal) and at the interface cell top / culture medium (luminal). The apical polarity is 

observed with centrosome staining (arrows) and Golgi staining. Lower panel: 

Immunostaining of nuclei (blue), F-actin (green) and caspase-3 (red, middle panel) and in 

the right panel, of Golgi (red) and B4-integrin (green) of RWPE1 cells culture in 3D 

Matrigel.  



 

97 

 

Figure S3 in File S1.  Rhodamine staining of polyelectrolyte-coated PDMS channels. 

Channels were coated by constant infusion of the particular polyelectrolyte for 20 minutes 

followed by washing with PBS. To deposit a multilayer film, polyanions and polycations 

were infused alternatively, and between the changes of polyelectrolyte solution the tubes 

were washed thoroughly with MilliQ-grade water (18 MΩ cm).  

 

Needle ref. (EFD Nordsen) Needle ID Needle OD For channel  Capillary ref. (PolymicroTech.) 
PN7018395 200 µm 420 µm 150 µm, 150 µm TSP040105, TSP002150-10M 
PN7018345 250 µm 520 µm 150 µm,240 µm TSP002150-10M, TSP100245 
PN7018272 410 µm 720 µm 363 µm TSP005375-10M 
PN7018233 510 µm 820 µm 435 µm TSP320450 

Table S1 in File S1. Guide for choice of capillaries and needles for the 

microfabrication process. Table S1 presents the dimensions of needles and capillaries that 

have been used for the experiments presented in this article. Depending on the desired 

channel size, a particular capillary and corresponding needle combination needs to be 

chosen. Therefore, Table S1 can serve as a guide for choosing a capillary/needle pair for the 

microfabrication process. We provide references for the materials we used. However, the 

fabrication process can also be performed with materials from other suppliers (e.g. 

Fibreguide industries or Beckman Coulter).  

Movie S1 in File S1. Movie S1 presents the monolayer formation of MCF10A cells within 

first 15 hours culture with adjusted flow of culture media. Cells during mitotic detachment 

are capable to maintain in the channel and adhere.  
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 Assessing the dynamic branching 

process of prostate cells using lens-

free imaging 

In chapter 5 droplet microfluidics systems for high-throughput and high-content 

analysis were presented. The principle relied on the encapsulation of epithelial cells into 

Matrigel beads, in order to provide a high-throughput analysis by using a flow-based FACS. 

Fluorescent analysis in FACS requires using immunofluorescence markers in order to describe 

phenotype of encapsulated cells. In this chapter, by applying lens-free systems a different 

approach for high-throughput has been proposed. Chapter 7.2 describes experimental lens-free 

application for 3D culture imagining and the label-free analysis, aiming to distinguish 

structures containing lumen from spheroids. Large field-of-view which significantly increases 

throughput of analysis, allowed also observing rare dynamic phenotypes during branching 

process in 3D culture (Chapter 7.3). 
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  Introduction to lens-free imagining 

3D cell culture recapitulates properties of epithelial tissue in vivo by forming polarized 

spherical structures in Matrigel, acini (Chapter 1). However, development of new therapeutic 

agents by identification of genes responsible for a disease is hampered by problems in high-

throughput analysis (Chapter 2). Analysis of 3D epithelial cell culture based on determination 

of acini (presence of lumen) vs. spheroids (solid mass) is time-consuming and requires confocal 

microscopy. Therefore, with the increasing development and high utility of lens-free (or as 

called also lens less) microscopy, we have applied such systems to observe 3D epithelial cells 

culture. 

  Operational principle 

Lens-free imaging, as the name suggests, is a technique that does not require any 

lenses for observation of an object of micrometer (or even nanometer) scale size and has been 

introduced by several groups in 2007-2008 (Ji et al., 2007; Naoghare et al., 2007; Ozcan and 

Demirci, 2008). Lens-free microscopy employs charge-coupled device (CCD) or complementary 

metal-oxide semiconductor (CMOS) sensor to directly collect the light transmitted through 

observed samples (Bishara et al., 2010; Coskun et al., 2010; Seo et al., 2010). To date, the 

performance of lensfree imaging has increased while keeping the design simple and effective. 

Rapid advances and commercialization in CMOS image sensor made attractive due to broad 

availability, low cost (~ 5-20 euros) and high pixel density sensor chips. In comparison to 

traditional techniques, standard optical microscopy allows to observe objects in field of view 

(FOV) of <1 mm2 while lens-free imaging provides acquisition over a field of ~20 mm2 (Figure 

7-1) and allows to detect objects of size down to 100 nm (H1N1 virus) (Mudanyali et al., 2013).  

 

Figure 7-1 Raw lens-free image of an entire area of a well (1.8 cm2) with a 3D epithelial cell culture on 
Matrigel. Inserted table compares performance of lens-free and confocal microscopy in imaging entire 
surface of a well of 96-well plate 
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  Key components  

Conventional lens-free holographic microscopy requires near perfect spatial coherence of the 

illumination which is obtained mainly by use of a laser that is focused and passed through a 

small aperture (~ 1-2 µm is in the order of a wavelength for spatial filtering). The system often 

utilizes a focusing lens to efficiently couple laser radiation with aperture (Garcia-Sucerquia et 

al., 2006; Xu et al., 2001). Recently simpler and cost-effective solutions based on using 

incoherent light were proposed. In lens-free new generation systems registered signal from the 

object does not spread across the entire sensor area. Therefore, the spatial coherence diameter 

required is small (Mudanyali et al., 2010). The new approach is based on using a LED (light 

emitting diode) which is initially based on passing the light through a much larger aperture 

(~50-100 µm) (Figure 7-2).  

 

Figure 7-2 Schematic representation of the incoherent lens-free imaging system.  

Typical parameters: z1  2 - 5 cm; z2 < 1-2 mm; D  50-100 µm. Source: (Mudanyali et al., 
2010) 

The second key component is the optoelectronic sensor array that serves to sample transmitted 

light pattern from each sample object. The FOV (field-of-view) of lens-free microscope is equal 

to the active area of the image sensor (either CMOS or CCD), and thanks to that a wide range 

of FOVs can be covered (typically in order of tens of mm2). Compared to traditional lens-based 

microscopy, lens-free imaging significantly improves the imaging area. An important factor of 

sensors, that directly influences the output, is the pixel size. Smaller pixels improve the 

resolution of the images and fortunately the commercial trend for smartphone cameras goes 

into the right direction (recently ~1.4 µm pixel sizes).  

  Modes of acquisition 

Bright-field lens-free microscopes present mainly two strategies of acquisition: 

 Contact-mode shadow imaging microscopy (Lee et al., 2011; Zheng et al., 2011) 

 Diffraction based lens-free microscopy (Cui et al., 2008; Su et al., 2010) 
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First group relies on minimizing diffraction by applying small distance between sample 

and a sensor (typically 1 µm). Practically this means that captured data corresponds to the 

shadows of the objects above the sensor. Because diffraction can be ignored final pictures are a 

two-dimensional representation. This technology is able to recognize various cell types in a 

heterogeneous cell solution based only on shape and contrast difference (Su et al., 2009) (Figure 

7-3A). Since this type of lens free imaging requires all objects to be in the same plane and close 

to the sensor, it excludes observation of bigger biological objects e.g., cell aggregates or tissue 

due to the complexity and size of an object.  

  

Figure 7-3 Lens-free imaging modes; A) Left: Scheme of a contact-mode shadow imaging 
microscopy. Right: shadows of different cells allow recognizing cell type by shape and contrast 
difference. B) Diffraction based lens-free microscopy. Left: An image of a water surface with 
water-rings that remind lens-free interference patterns. It is impossible to see the object that 
caused occurrence of the water rings, however, rings themselves provide the information 
about the object that felt into the water. Right: Holographic reconstruction of sperm cells. 
Source: A) (Su et al., 2009) and B) (Mudanyali et al., 2011) 
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Second type of lens less imaging microscopes relies on computational reconstruction in 

order to correct the effects of diffraction between the sample and the sensor (thickness of 

Matrigel layer in 3D culture is ~1 mm). This strategy allows obtaining 3D image of all objects 

in a sample that are at different distance from the image sensor at once. The scattered light 

from an observed object interferes with itself and the background light resulting in an 

interference pattern (i.e., a hologram). Interference patterns after digital reconstruction 

provide an image of analysed objects (Figure 7-3B). 

   

Figure 7-4 Light propagation and the resulting images according to the amplitude in lens-free 
holographic acquisitions. Source: C. Allier CEA-Leti 

  Techniques for image reconstruction 

Fundamentally, two important reconstruction steps are required to visualize an object’s 

image. The first, common for both acquisitions modes, and termed pixel super resolution (Park 

et al., 2003) is used to overcome the resolution limit implicated by the pixel size. Therefore, in 

order to improve resolution in lens-free imaging pixel super resolution is acquired (Bishara et 

al., 2010; Mudanyali et al., 2011). Figure 7-3B presents super-resolved lens-free holograms as 

compared to raw images. The second reconstruction technique, which follows the super 

resolution process, takes into consideration the light diffraction which is the effect of the 

considerable distance (amplitude) between the object and the image sensor. Figure 7-4 presents 

                                                      
 acquisition of ~10-20 images of the same scene, each image being acquired after a relative 

sub-pixel displacement between the image sensor and the scene or the illumination and the 

scene, then computer-based reconstruction of the scene by combining the images 
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the light path during the acquisition that to the amplitude images. Numerous approaches for 

amplitude and phase reconstruction have been introduced including iterative phase 

reconstruction (Fienup, 1982) and twin-image elimination algorithms (Denis et al., 2008) that 

are widely used in digital holography. As a result of the second reconstruction step, amplitude 

and phase images of the object are generated  

  Advantages and drawbacks of lens-free holographic 

imaging 

Lens-free holographic imaging offers high advancement in microscopy as compared to standard 

lens-based microscopes. The biggest improvement lies in the large field of view with at the 

same time high-resolution, which implicates numerous applications in biology. Because lens-

free holographic systems have been introduced recently the majority of drawbacks are the 

result of to-date poor commercialization. Therefore, the user is forced to develop software to 

acquire and analyze images which limits the broad implementation of lens-free systems among 

researchers. Below a list of advantages and drawbacks is presented.  

Advantages: 

 Large FOV – 20 mm2 

 Large dynamic scale (acquisition on objects as small as viruses up to 3D 

multicellular large objects) 

 Medium resolution ~ 1 - 2 µm 

 Simplicity, small setup (fits easily into an incubator) 

 Cheap (<200€) 

 Applicable in time-lapsee acquisitions 

Drawbacks: 

 Not yet commercialized  

 requires cooling system (sensor can heat up to 40’C when performing frequent 

time-point time-lapse observations) 

 often requires reconstruction processes 

 Limited to a single well observation (parallelized-sensor systems are recently 

under development, V.Haguet CEA/iRTSV/Biomics) 
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  Label-free analysis of prostate acini by lens 

free imaging (Publication) 

 

Published article is a result of collaboration between Biomics laboratory (CEA/DVS) and Leti 

(CEA/ DTBS). Dr. Cedric Allier has introduced lens free systems in CEA and used them 

previously, for instance, to observe bacteria and other objects of a single-cell scale. With the 

increasing need for high-throughput analysis in 3D cultures, collaboration has been established 

to perform, for the first time, observation of acini/spheroids in Matrigel by lens-free microscopy 

means.  

 

The successful publication would not take place without following authors’ contributions: 

Planning of experiments:  M.D., C.A.,J-M.D, N.P.D., X.G. 

2D cell culture:   M.D., S.G., F.K., 

3D culture, immunostainng:  M.D. 

Microscopic acquisitions:  M.D., S.G. 

Lensfree acquisitions:   C.A., M.D., S.V. 

Holographic reconstructions: C.A. 

Metrics development:   C.A., P.M. 

Analysis of results:   M.D., C.A., S.K., N.P.D., X.G. 

Manuscript preparation: M.D., C.A., S.K., N.P.D., X.G. 
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  Hypothesis: Nidogen promotes branching-

like morphogenesis and interacini 

communication as observed by lens free 

methods 

  Context 

Along with acini, tubules are forming blocks of glandular tissues. Tubulogenesis 

development is a complex process in which tubules can arise from cells in many different 

starting conditions and configurations. Furthermore, local changes in growth factors 

concentration can induce branching process. Mechanisms of tubologenesis remain poorly 

understood and sit at the crossroads of developmental and cell biology (Chapter 2.3.4). In order 

to better understand epithelial tubulogenesis several advances are required. Development of 

new cell culture models that closely recapitulate key developmental processes is important to 

reveal new tubulogenic factors, including introduction of new markers diverse for cell types. 

Furthermore, understanding complexity and identification of intermediate stages of the 

development requires robust systems for live imaging. 

Non-malignant prostate epithelial cells (RWPE1) were used to show that alteration in 

environment reflected in nidogen (entactin) concentration, leads to branching-like 

morphogenesis without additional growth factor stimulation. We employed lens-free time-

lapsee microscopy to observe the sprouting-like process modeling EMT in 3D culture. The large 

field of view of our imaging system revealed the coexistence of various phenotypes and allowed 

us to observe the cooperation between cells that collectively changed their environment. We 

observed distinct cell phenotypes including path-finders, path-generators and spies travelling 

back and forth, from one 3D structure to another. To the best of our knowledge we are the first 

to observe such collective cell co-operation in 3D culture. Our observations provide new insights 

on how cells and grown structures coordinate in a 3D environment and how information is 

transmitted in both directions between them. 
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  Result 1 - Branching-like process is governed by 

microenvironmental changes 

In our model system of 3D cell culture on Matrigel we observed that prostatic acini 

cooperatively establish a branching-like phenotype through long-range interactions upon 

alterations in ECM composition. Traditional 3D cell culture on Matrigel can be performed 

according to two protocols – embedded and top-coat (Chapter 1). In embedded protocol cells are 

mixed with prepolymerized Matrigel thus during growth they are fully surrounded by Matrigel. 

Top-coat protocol relies on seeding cells on polymerized layer of Matrigel and adding diluted 

Matrigel 10% (v/v) into culture medium (“top-coat”). As has been presented in Chapter 4 

RWPE1 cells without top-coat layer had a branching-like invasive phenotype. In order to verify 

if the change in phenotype is not cell-line dependent we seeded WPE1-NB26 (prostatic invasive 

cell line) in no top-coat conditions. Invasive WPE1-NB26 cells followed similar branching-like 

organization as compared to non-malignant RWPE1 (Figure 7-5C) with the difference that 

WPE1-NB26 cells within the branch were highly elongated as compared to well-organized 

RWPE1 (Figure 7-5 panel α and β). A high proliferation and cell migration has been observed 

as compared to surprisingly non –active behavior in standard conditions (Figure 7-5). Average 

area of spheroid after 5 days was 1432 µm2 for control (top-coat) and 7287 µm2 for no top-coat 

conditions. We observed that initially created networks by WPE1-NB26 observed after 3 days 

(Figure 7-5A) disappeared after 6 days which indicates self-seeding mechanisms since the 

number of total spheroids decreased in parallel with significant increase in the spheroid area at 

the same time (Figure 7-5B). Moreover,  

We further asked if the observed branching-like process exhibits properties 

characteristic for EMT, which are i) changes in morphology, ii) functional changes associated 

with the conversion of stationary cells into motile cells that invade through the ECM and iii) 

changes in differentiation markers (expression of vimentin). No top-coat conditions cause high 

cellular motility which is reflected by branching-like process. As a result chains of cells inter-

connect acini (Figure7-6A) to form a tree-like structure. Furthermore, migrating cells 

transform into more elongated, mesenchymal shape, expressing vimentin (mesenchymal 

marker) (Figure 7-6B panel β). Immunostaining for beta-catenin or E-cadherin did not show 

any staining on forming cellular branches and golgi apparatus was randomly positioned. We 

verified that the migrative cells invade Matrigel. Z-stack microscopy showed that cells leaving 

3D structures form branches within the Matrigel and invade up to 100 µm in depth (Figure 7-

6C). By superposition of the Z-stack images we observed that branches are formed throughout 

the Matrigel volume (Figure 7-6D and 7-6E).  
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Figure 7-5 Effect of no top-coat in 3D cell culture of RWPE1 and WPE1-NB26. A) Phase 
contrast images present cellular organization after 3 and after 6 days of culture. Control 
conditions contain 10% Matrigel top-coat. B) Box-plot comparing area of WPE1-NB26 
spheroids after 6 days in top-coat and no top-coat conditions. C) and D) show the cellular 
organization within the branches with zoom presented in panel α and β. Scale for all images in 
A is 100 µm and for C and D, 50 µm. 
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Figure 7-6 Organization of RWPE1 cells in 3D in no top-coat conditions. A) Staining for nuclei 
and actin reveals the tree-like organization with 3D structures containing lumen. B) Motile 
cells change their form into more mesenchymal-like expressing vimentin marker. C) Chosen 
sections of Z-stack (step size 1 µm) show the presence of cells on different levels of Matrigel 
volume. False colors represent the depth over 105 µm. D) Superposition of all Z-sections 
shows branches overlapping and crossing. E) 3D representation of cells organization within the 
Matrigel. Scale bar B) and C) 50 µm.   
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In order to better understand the microenvironmental changes that underlie branching 

process, we refer to our previous results with Matrigel beads. We observed that formed 

Matrigel beads undergo slow dissolution reflected by change in size (Chapter 5, Figure 5-8) but 

only in absence of 1% Matrigel in culture medium. Since cell-ECM signaling is important in 

development and morphogenesis (Fata et al., 2004), we asked whether dissolution is 

homogeneous or only some components of Matrigel are transferred into culture medium. To 

verify if the dissolution is homogenous, Matrigel layers were incubated in PBS (Ca2+, Mg2+) 

during 6 days. Concentration of proteins was measured by UV/Vis spectroscopy means 

(NanoDrop) and shown that already after 24 hours protein concentration was ~0,3-0,5 mg/ml 

(in dependence of the amount of Matrigel polymerized inside the well) and reached ~0,8 mg/ml 

after 6 days (Figure 7-7A). We further used an agarose gel protein separation technique to 

check whether all components diffuse homogenously out from Matrigel beads. A protein 

solution in PBS (supernatant) has been compared with pure Matrigel. Separated proteins were 

stained with Coomassie blue stain (Figure 7-7B). For comparison, concentrations of both 

Matrigel and supernatant were adjusted equal by determining initial concentration using BCA 

kit (see Materials and Methods, Chapter 9.2.3). Matrigel presented an additional band (around 

170kDa) as compared to supernatant. This indicates that this component of Matrigel 

concentrates inside beads while others slowly get into solution. We have identified by Mass 

Spectrometry technique (collaboration with CEA/iRTSV/BGE/Edyp platform) that the protein 

that stays in Matrigel and is not detectable in supernatant is nidogen (also known as entactin) 

(one of the four major components of Matrigel). 

We hypothesize therefore, that nidogen plays an important role in ECM-cell signaling 

and in branching morphogenesis. 

 

Figure 7-7 Instability of Matrigel. A) Polymerized Matrigel was kept in PBS. At different time 
points protein concentration has been measured. 1st is the well that contained less Matrigel as 
compared to 2nd. B) Agarose gel with separated proteins from Matrigel and Protein Solution 
(supernatant obtained during first 48 hours of incubation in PBS). Proteins well stained with 
Coomassie blue.   
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  Result 2 – TGF-β1 inhibits branching-like process 

We have further asked how these environmental changes induce branching-like 

process. Since the only change between top-coat and no top-coat occurs in the environment, we 

suspected that integrin signaling could be altered. We used RNAi approach to decrease 

expression of β1-integrin. To obtain high transfection efficiency we transfected cells in 2D for 

72 hours and further transferred them into 3D culture. As a negative control we used siAllStar. 

Small phenotypic changes in 2D culture were observed, which reflected in bigger population of 

more elongated cells (not shown). While siβ1-integrin-treated cells were proliferating in 2D 

culture, after transfer on Matrigel, majority has died or poorly developed amorphous 3D 

structures (Figure 7-8A). We have compared expression of beta-catenin in 2D culture of a 

control and transfected cells. Observed change in the phenotype upon transfection did not 

affect β-catenin expression (Figure 7-8 right panel). On the other hand, Rac1 which in cancer 

drives cell motility by formation of lamellipodia (Parri and Chiarugi, 2010) has relatively 

increased in siβ1-integrin-treated cells which correlates well with the observed change in 

cellular shape. 

Because si-β1-integrin treatment did not provide any phenotype in 3D culture we have 

used a TGFβ1 treatment. TGFβ1 has an inhibitory effect on RWPE1 cells as we observed in 

Chapter 7.2. RWPE1 cells were seeded in top-coat and no top-coat conditions and treated at the 

very beginning of the 3D culture with 3 ng/ml TGFβ1. As expected, top-coat protocol induced 

acinar morphogenesis while no-top-coat promoted branching-like process (Figure 7-8B). 

Treatment with TGFβ1 prevented entirely formation of branches. However, structures grown 

under TGFβ1 culture resulted in a less organized 3D morphology, both in top-coat and no top-

coat conditions. Interestingly, expression of β-catenin remained unchanged in no top-coat as 

compared to top-coat conditions (Figure 7-8B). β-catenin is an important protein correlated 

with formation of adherent-junctions, whose loss can be associated with EMT. After treatment 

with TGFβ1 we observed decrease in β-catenin expression. Because β1-integrin signaling is 

involved in the ECM-cell interaction we have further looked into the expression of β1-integrin, 

FAK, and Rac1 (Figure 7-8B).  In these preliminary studies, we have observed an increase of 

the expression of β1-integrin in no top-coat conditions. On the other hand, FAK (focal adhesion 

kinease) has maintained on the similar level in all conditions while Rac1 (Ras-related C3 

botulinum toxin substrate 1) increased significantly in no top-coat +TGFβ1 conditions. 

Further studies on particular integrin heterodimers are required to better understand 

the role of ECM composition changes on epithelial phenotype and cell-ECM signaling.   
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Figure 7-8 ECM-cell interaction in 3D top-coat and no top-coat conditions. A) 
Microphotographs of 3D culture transfection experiment to decrease β1-integrin signaling in 
no top-coat conditions. Right panel: expression of β-catenin and Rac1 protein with GADPH 
loading-control for no top-coat, siAllStar and β1-integrin transfected cells. B) Effect of TGFβ1 
treatment on 3D cell culture in top-coat and no top-coat conditions. Right panel: comparison 
of protein expression between top-coat and no top-coat conditions, and with or without 
TGFβ1. Number below indicate the relative density including correction for loading of proteins. 
Scale A) 100 µm, B) 50 µm. 
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  Result 3 - Self-seeding in branching morphogenesis? 

Since we have discovered a way to induce branching-like process we have further asked 

how dynamic these process is and how the network of branches in 3D culture is established. 

It has been proposed and preliminarily observed that cells during morphogenesis and 

healing have assigned distinctive roles in the process (Gov, 2007), as has been shown 

experimentaly for instance on wound-healing assays (Fenteany et al., 2000; Poujade et al., 

2007). These roles include leaders (path-generators) who are the cells in the front of the 

collective migration and are characterized by the elongated form, and followers that use the 

paths generated by the leaders. However, technological limitations (described in Chapter 2.4) 

and restricted number of cellular models hampered observations of in vitro 3D morphogenesis.  

 

Figure 7-9 (a) 36H time-lapsee imaging shows the construction of a network between four 
acini A, B, C and D that are enclosed in a surface of 0.6mm2. The network is first initiated by 
the ejection of a single cell from acini D (80 µm in diameter). The trajectory of this cell goes 
close to acini B and then reaches acini C in a journey of 17 hours (track of 750 µm, 
distance/route=0.81). A cell or a batch of two is again ejected from acini D and reaches acini C 
taking the exact same path as described in (b) It is followed by a collective cell migration (4 
cells) between acini D and C, along again the same path. The average speed measured in (b, c 
and d) increase slightly, respectively 0.9, 1.1 and 1.3 µm/min with a standard deviation of 0.2 
µm/min. This path further serves as the grounding for the construction of a network between 
the four acini. Two sub-branches (*) allow connection to acini A and B. The network is 
completed at T0+24H and remains stable 

To overcome these limitations, we used a lens-free video microscopy characterized by 

the large field of view (25 mm2) which allows monitoring dynamic processes between many 3D 

structures at the same time. Thus detection and observation of rare events within the cell 

culture is possible. By using lens-free approach we observed that the population of non-

malignant epithelial cells assigns different roles including path-generators and followers 

during branching-like morphogenesis (Figure 7-9A). By the cooperation between migrative 
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cells, complex communities are developed. We observed release of single leader cells (path-

generators) from stably growing structures (often containing lumen) that find their way 

between two distinct acini. The establishment of the branch, therefore, proceeds first by the 

path establishment and subsequently by collective cell migration (Figure 7-9B). We measured 

that the first leader cell migrates and generates a 920 µm non-linear track in the Matrigel in 

approximately 11 hours. Once leader cells establish a path, ejection of follower cells from 

structure D to structure A occurred along the same non-linear path. Cell tracking experiments 

and velocity measurements (Figure 7-9B,) showed that the single cell migration velocities 

significantly increased from 0.9 µm/min to 1.3 µm/min, between the first to the last cell 

traveling along the same migration track. 

  

 

Figure 7-10 30H time-lapsee imaging shows the collective migration of a batch of ~15 cells 
between two acini (A and C), bypassing a third acini B. The track is as long as 990 µm and the 
cell migration last about 13 hours (1.26 µm/min). Migrating cells reach acini C but do not 
attach to form a stable network. Instead they use previously established path to return with 
a newly recruited structure D (~80 µm diameter)to the initial structure A. 

Furthermore, with the advantage of our imaging system, we observed the multi-

directional migration in branching-like morphogenesis in which cells use back and forth 

migration to seed distant sites and return to the original structure (Figure 7-10). Interestingly, 

these findings (Figure 7-10) also show that this back and forth migration promotes accelerated 

growth because the initial acinus-like structure (A) gradually increases in size as cells return. 

Structure A increased in size from T0 to T0+30 hours while a group of cells (D) are taken from 

the transmitter-structure C and sent back to A. The mechanism for self-seeding in cancer is 

generally accepted (Comen and Norton, 2012). We have observed a similar mechanism during 

branching-like morphogenesis in 3D culture of prostatic non-malignant cells. In here, self-

seeding mechanism aimed to accelerate initial structures (A) growth under the experimental 
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conditions of this study. Observation of seeding during branching-like process is visible also in 

Figure 7-9B, where structure that accepted collectively migrating cells permanently increased 

in size while the sending structure reduced its size.  

Furthermore, observed back and forth migration process may bypass acini that are 

much closer to the original tumor suggesting a complex mechanism of the migration and 

communication. For example, Figure 7-9B shows that acinus D connects to acinus C and 

bypasses B. Furthermore, Figure 7-10 shows that acinus A did not connect with the nearest 

acinus B but targeted the acinus the most far away (structure C). These observations suggest 

that cells may use mechanisms other than mechanical ones (via collagen fibers for instance) to 

initiate seeding. These alternate mechanisms may potentially involve chemical signaling inside 

the ECM and diffusible repulsive and/or attractive factors secreted by the cells. Our 

observations are consistent with the finding that primary tumors may use chemical signals to 

send out aggressive tumor cells as “spies” explore environments (Ben-Jacob et al., 2012). 

  Result 4 - Cell migration but not cell proliferation 

establishes branches between structures 

Surprisingly, cells coordinate seeding over a very long distance (> mm), and faster than 

previously described (900 µm in 14 hours (65 µm/h)) (Guo et al., 2012). The trajectories of 18 

different migration tracks during seeding were measured (Figure 7-11). The distance traveled 

varies between 200 and 1450 µm, with an average distance traveled of approximately 600 µm, 

and the average speed calculated over 436 positions was 0.9 ± 0.4 µm/min. We defined the 

seeding index as a ratio of the distance between the start and end points of the actual 

trajectory. Using this definition, we measured a high seeding index of 0.78 ± 0,16, and the 

seeding index was higher than 0.9 when the distance traveled was less than 350 µm (Figure 7-

11A). With the short distance seeding cells travel along a straight path until they encounter 

another object e.g., an acinus or a cell aggregate. Beyond 350 µm, we observed that the 

trajectories changed from this initial straight path and were altered in response to the presence 

of other objects in its surrounding environment, at distances up to 400 µm away. Surprisingly, 

for eight trajectories of this type, we observed that the directional changes occurred at angles 

close to 90° (Figure 7-11B). These observations have led to the proposed model, which is 

discussed in a later section. 
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Figure 7-11 (a) Graph depicts the trajectories of 18 different branching connecting acini to 
acini or acini to cell aggregates. Trajectories are measured by following the tip of the 
branching position relative with the first position as origin. Over 436 positions, we have 
calculated an average speed of 0.9±0.4 µm. We can define the connection efficiency as the 
percentage ratio between the effective distance and the travelled distance. We measure a 
pretty high efficiency of 78±16% and larger than 90% if the travelled distance is below 350 µm. 
(b) The graph shows trajectories rotated so that initial direction taken in the first 100 µm 
matches with the X axis. This representation shows that branching takes at first a straight 
direction till it encounters another object, e.g. an acini or a cell aggregate. If not the trajectory 
can be modified (see labels 1 to 8) by the presence of another object in its surrounding, at 
distances up to 400 µm. It means that when branching connection occurs between different 
objects, it is straightforward: this no random walk, there is obviously something at work. 

  Result 5 - Chemo-attraction and -repulsion as a model 

for spatial orientation of formed branches 

We further asked if control over observed interactions between 3D structures can be 

correlated with the model of chemoattraction. In order to verify this hypothesis, we used a 

simple 2D model (Figure 7-12) in which the chemical signal is calculated based on the diffusion 

process, and the cell velocity is assumed to be proportional to the concentration gradient of the 

chemical signal (Serini et al., 2003): 

Eq. 4   
𝑑𝐶

𝑑𝑡
= 𝐷∆𝐶 
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𝑑𝑥 
 �⃑⃑� +
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𝑑𝑦 
 𝑗) 

,where C(x, y) is the chemical signal concentration, (x, y) are spatial variables, D is the 

coefficient of diffusion and k is a speed coefficient that relates the speed to the chemical 

concentration. Fitting parameter are the variables D and k, and the initial condition C0(x, y). 

C0(x, y) matches the acini map, a weighing factor is given to each acini, i.e., positive and 

negatives values that correspond to attraction and repulsion, respectively. The computation of 



 

129 

this model allows us to match the observed track (Figure 7-12). It shows that the observed 

phenomena could be attributed to chemotactism, but further experiments are necessary to 

demonstrate this possibility.  

 

Figure 7-12 Cell trajectory calculated as the path following the gradient of the chemo-
attraction map. (a, d) Chemical signal concentration computed from Eq. (1) to model the 
observation of cell migration as depicted in respectively Fig. 2 and 3. Positive and negative 
values correspond respectively to attractive and repulsive signaling. (b, e) represent the 
chemical concentration overlaid with the holographic reconstruction as taken from Figure 7-9 
and 7-10 respectively. In (a) we have considered acini A and C as attractive, B as neutral and D 
as repulsive. (c) Shows the simulated cell trajectory (red) starting from acini D following the 
gradient of the concentration (Eq. (2)). In (d) we have considered acini A as repulsive, B as 
neutral and C as attractive. (f) Shows the simulated cell trajectory (red), starting from acini A, 
following the gradient of the concentration. In the two cases the simulated trajectory matches 
well the observed cell trajectories (cyan). 

  Result 6 - Mechanical remodeling of ECM occurs 

during branching-like morphogenesis 

Recent studies in 3D cell culture showed, that branching morphogenesis is governed 

not only by soluble signals sent by surrounding tissues but also by mechanical signaling (Shi et 

al., 2014). It has been observed that MCF10A-Ras-transformed acini disorganize when 

transferred on top of collagen I gels (Shi et al., 2014). Authors show that cells mechanically 

align and concentrate fibers in their ECM environment. We used fluorescent nanobeads to 

verify if acini in no top-coat and top-coat conditions exert similar forces on Matrigel 
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environment. Nanobeads were homogenously immobilized within the polymerized Matrigel 

layer on which cells were seeded (detailed in Materials and protocol, Chapter 9.2). We have 

observed previously described in literature reorganization of environment by multicellular 

structures pulling on ECM fibers around (Figure 7-13). Further studies, should provide an 

answer if the observed migration of cells during branching-like process occurs along these 

reorganized ECM fibers.  

 

Figure 7-13 Cell-ECM interactions. A) Overview of the ECM reorganization by acini in top-coat 
conditions. Remodeling of the environment is reflected in local concentration of red 
fluorescent nanobeads. A directional acini’ pulling concentrates nanobeads within the Matrigel 
into a network between structures. B) A single structure concentrates ECM around by pulling 
as visualized by nanobeads. A surface profile of nanobeads concentration confirms the pulling 
effect (C). D) Phase contrast image of the branching-like process (no top-coat) and a 
corresponding fluorescent image of nanobeads distribution (E). Scale bar 50 µm. 
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  Discussion and future work 

It is widely accepted that cell migration and tissue invasion are controlled by external 

stimuli, such as growth factors and cell–cell interactions. Moreover, distal effectors, including 

extracellular matrix components, are important factors in regulating sprouting and branching 

events (Friedl and Gilmour, 2009). We determined conditions upon which RWPE1 prostatic 

epithelial cells undergo repeatable branching-like morphogenesis in 3D culture on Matrigel. 

The instability of Matrigel achieved by no top-coat conditions causes proteins transfer into 

solution (culture medium) with the exception of nidogen. As a consequence ratio of particular 

components of Matrigel undergoes changes. Yet we do not know how exactly these changes 

influence cells fate to promote branching-like morphogenesis in RWPE1 cells, which in top-coat 

conditions in Matrigel culture form polarized acini. Transformed WPE1-NB26 cells underwent 

similar process which finally indicated a self-seeding model, which served to increase growth of 

spheroids.  

Under top-coat conditions, RWPE1 cells form acini. However, observed alteration of the 

ECM composition has led to changes which are often associated with tumorigenesis, such as 

invasion, uncontrolled proliferation, and loss of apico-basal polarity in migrating cells (Debnath 

and Brugge, 2005; Paszek et al., 2005). In general, ECM stiffening is associated with cancer. In 

vitro experiments showed that Matrigel matrices enriched with collagen-I became more rigid 

and induced malignant phenotypes (Paszek et al., 2005). However, in parallel to alteration of 

ECM rigidity, the concentration of binding sites to integrin has increased with increased 

collagen I (Engler et al., 2004). Here we have shown that instability of Matrigel reflected in its 

dissolution and lead to the malignant-like phenotype. Due to the time constraint, we did not 

measure the rigidity of the Matrigel during the dissolution process. However, it has been 

shown that rigidity of semiflexible polymers is proportional to the square of the protein 

concentration (Mackintosh et al., 1995). Therefore, we anticipate that observed Matrigel 

dissolution is associated in the rigidity decrease and thus that the changes in the composition 

are responsible for the phenotype alteration.   

Role of nidogen 

The composition of basement membrane varies among the human tissues during tissue 

development, homeostasis and eventual pathologies. A natural extract from EHS tumor 

(Matrigel) used widely for 3D cell culture is largely composed of laminin, collagen IV, heparin 

sulfate, and nidogen (entactin). Cell attachment to ECM occurs mainly through basally located 

integrin receptors (Alford and Taylor-Papadimitriou, 1996). Gene knockout mice studies 

showed the importance of ECM-signaling on mammary branching morphogenesis (Chen et al., 

2002). Much attention turned into laminin family as important ECM molecules in epithelial 

morphogenesis (Stahl et al., 1997; Wang et al., 2013). Conversely less is known how nidogen 

interacts with cells and what is its role in branching morphogenesis.  
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Nidogen has been identified as ECM component containing cell binding and collagen IV 

and laminin-1 binding sites (Pujuguet et al., 2000). Our results of mass spectrometry analysis 

confirm high affinity of nidogen and laminin-γ1 by the presence of the latter within the 

analyzed gel band. In vitro studies showed that nidogen is synthetized and secreted by primary 

and established mesenchymal and myoepithelial cells but not by epithelial cells (Pujuguet et 

al., 2000). Furthermore, antibodies that block nidogen-laminin binding site have shown 

perturbation of kidney and lung morphogenesis (Ekblom et al., 1994) indicating that binding of 

nidogen with laminin-1 could be required for development. On the other hand nidogen (both 

isoforms) gene knockout studies in mice showed mild phenotypes (Gersdorff et al., 2007). 

 

Figure 7-14 Integrin-mediated signaling pathways regulate normal epithelial phenotype and 
differentiation. Source: (Keely, 2011) 

Nidogen is a ligand of α3β1, α6β4 and αVβ3 integrin (Darribere et al., 2000). We have 

therefore, focused on β1-integrin signaling (a scheme on integrin-ECM signaling is presented in 

Figure 7-14). The role of certain integrins in branching morphogenesis is highly complex and 

depends on the model system. For example knockout studies in mice revealed that α3, α6 and 

β4 integrin subunit are not required for branching morphogenesis (Klinowska et al., 2001) 

while α2 drastically limits branching (Chen et al., 2002). Contrary, α3 enhances branching in in 

vitro collagen I cultures (Berdichevsky et al., 1994)  while inhibitory effect has been observed in 

Matrigel cultures (Stahl et al., 1997). We observed preliminarily an increase in β1-integrin 
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expression in no top-coat conditions as compared to top-coat conditions. However, we did not 

observe any significant change in the β-catenin and FAK expression suggesting maintenance of 

non-malignant phenotype in no top-coat conditions. FAK is one of the dominant integrin-

mediated signaling events and increased levels have been observed in many breast carcinoma 

(Owens et al., 1995). Similarly activation of Rac1 and P13K leads to malignants phenotype 

(Marinkovich, 2007). Moreover, it has been shown that induced malignant sprouting phenotype 

of MCF10-A on stiff matrices can be inhibited by decreasing Rac1 signaling (Chaudhuri et al., 

2014). In our culture conditions levels of Rac1 remained approximately equal as measured 

semi-quantitatively by western blot technique.    

Integrin – TGFβ crosstalk  

Integrins present a dual role; they serve as tumor suppressors and tumor promoters. 

Integrin activation of Rac promotes cells progression by regulating G1 via CDK6 and CDK6 

(Mettouchi et al., 2001). It has been also shown in epithelial 3D culture of malignant cells, that 

malignant phenotype could be reversed by using β1-integrin blocking antibodies (prostate 

(Zhang et al., 2009), breast (Park et al., 2006)). On the other hand, loss of certain integrin 

subunits (i.e., α6 and α2) is responsible for tumor progression (Knox et al., 1994; Tagliabue et 

al., 1998).  

We have shown that TGF-β1 treatment on no top-coat cultures prevents branching-like 

morphogenesis. As we previously observed in our lens-free experiments, also top-coat cultures 

had smaller rate of growth and different morphology. We have observed that β1-integrin 

expression in no top-coat conditions was higher than in standard 3D culture. The inhibitory 

effect of TGFβ1 has been observed in both cultures conditions. We did not observe any β1-

integrin expression in no-top-coat conditions but this can be an effect of the low protein 

concentration in the western blot loading step. Recently various reports indicate that there is 

an extensive integrin - TGF-β crosstalk. TGF-β is able to affect integrin mediated cell migration 

and adhesion by integrin expression regulation. TGF-β signaling is involved in development 

but also in variety diseases including cancer. In most cases TGF-β stimulates integrins 

expression however, downregulation of integrin expression has also been observed (mostly 

laminin receptors) (Margadant and Sonnenberg, 2010). TGF-β family has an inhibitory effect 

on branching morphogenesis in mammary gland development in mouse, however, the 

mechanism has not been presented (Robinson et al., 1991).  

Dynamism of branching-like process 

To date definition of EMT process assumes unidirectional migration of cells, which in 

case of metastasis, leave primary tumor to induce metastasis at distant sites. Recently a theory 

of self-seeding tumor has been proposed and experimentally proved (Kim et al., 2009). Authors 

implanted differently labeled xenografts at different anatomical sites within the same mouse to 
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show, that after two months metastatic tumor cells injected at one site were detectable in the 

second xenograft. Furthermore, the self-seeding process involves chemoattraction of metastatic 

cells by tumor derived cytokines interleukin 6 and 8. Consistent with this model, a recent 

paper by Ben–Jacob and colleagues compared the collective behavior of cancer cells to that of 

bacteria and hypothesized that similarly to the cooperative strategies used by bacteria to 

survive extreme stress, cells within a tumor act cooperatively to promote metastasis (Ben-

Jacob et al., 2012). Indeed, bacteria form a mother colony after inoculation. This colony sends 

out spying cells to explore the surrounding environment and return to the colony with the 

gathered information. The colony undergoes complex internal morphogenesis before sending 

groups of cells out to invade distant territories. Even after the initial migration, the mother 

colony continues to assist in the navigation of the scouting cells by emitting signals, such as 

repulsive chemical agents, and the scouting cells continue to send return messages containing 

valuable information about the microenvironment. This information is generally used to 

navigate towards the most beneficial location. 

With our imaging system that provides large field-of-view we were able to observe and 

quantify the branching-like process. We observed that among the culture distinct and 

sometimes rare dynamic phenotypes are present, including cell migration leading to self-

seeding or back-and-forth migration resembling spying-like environment sensing. Due to the 

large field-of-view we were able to observe and quantify long-distance cell migration. Our 

experimental observations of collective cell migration fit well with the theory of chemotactism 

which governs and directs dynamic movements of cells. On the other hand, consistently with 

literature (Shi et al., 2014) we showed that 3D structures reorganize ECM to form a network of 

fibers that interconnects acini. Yet, we did not verify if ejected migrating cells follow these 

paths.  

Future work 

We have shown that the alteration in the 3D microenvironment is sufficient to induce a 

significant change in the phenotype of non-malignant prostatic epithelial cells. This phenotype 

change reflected in the transition from a non-migrative stable growth of cells into the 

phenotype of increased cellular motility. By use of lens-free video microscopy we observed that 

the cellular migration is not random and leads to establishment of branching network between 

growing cells. It still remains unknown what is the mechanisms responsible for this phenotypic 

alteration that is induced simply by the change of the environment composition. In order to 

better understand observed process, following questions are awaiting to be answered. How and 

if the change of the matrix composition changes its mechanical properties? Does phenotype 

change due to alteration of mechanical properties or due to increased concentration of nidogen 

and direct cell-nidogen interaction? Which integrin receptors are involved in cell adhesion upon 

these changes? 
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Numerous further experiments can help to find answers to questions listed above. 

 It is important to show that the microenvironmental changes in no top-coat 

conditions induce branching-like process also in another non-malignant 

epithelial cells (for example MCF10-A). Potential discovery of the method that 

universally induces migrative phenotype in epithelial cells culture can in future 

bring new insights on the mechanisms of tubulogenesis or EMT.  

 Measurement of the mechanical properties (Young’s modulus) of Matrigel in no 

top-coat and top-coat conditions by means of AFM nano-indentation. It has been 

showed that increased ECM stiffness leads to malignant phenotypes (Engler et 

al., 2004; Paszek et al., 2005) Therefore, it is important to verify the influence of 

the dissolution on the matrix stiffness. However, logically decreased protein 

concentration within the gel should lead to more compliant properties. 

 In order to indirectly show that nidogen induces phenotypic change reflected in 

branching-like process, a top-coat experiment with nidogen-enriched Matrigel 

needs to be performed. Top-coat conditions will provide conditions for acinar 

growth but increased concentration of nidogen might promote branching. 

Otherwise, blocking antibodies can be used.  

 Since integrin receptors directly translate signals from the ECM to the cell 

function, it is important to study their expression in top-coat and no top-coat 

conditions. Of particular importance are β1α3, β3αV, and β4α6 as those 

integrins are recognized to be specific for nidogen. Due to the time constraint 

western blots were performed only once and therefore, further work is required. 

Moreover, to better quantify integrin signaling, other techniques should be used 

(f.e. RTq-PCR). 

 Immunofluorescence of FAK can indicate whether FAK is localized in the 

cytoplasm or by the 3D matrix adhesions where it binds to downstream 

effectors (Src, Grb2 etc.). 

 Long-term (~2 weeks) observation of branching-like process could reveal if 

formed branches contain lumen and recapitulate polarity. 
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 Conclusions and Perspectives 

The purpose to develop or use emerging technologies was above all to better understand 

the molecular determinants of acini morphogenesis and lumen formation. Developmental 

research is important since cancer, which is characterized by uncontrolled proliferation, 

migration and cell survival often reactivates and follows pathways of development. However, in 

general, studying processes in vivo is difficult. 3D cell culture models were introduced as an 

alternative since they recapitulate properties of tissues in vivo and at the same time maintain 

characteristics of cellular reductionist systems. Systems biology approach aims to 

systematically analyze and determine the phenotypic consequences of genetic perturbations 

and microenvironmental perturbations. While these approaches have been successfully 

performed in 2D culture, the limitations inherent to 3D culture impeded application of the 

high-throughput approaches. To enable efficient screens, following improvements were 

developed and described in this manuscript: i) high-throughput and high-content analysis of 

the phenotype (lumen versus spheroid, but also proliferative versus differentiated cells), ii) 

homogenous and controlled culture conditions, and iii) powerful imaging systems. 

 RWPE1 prostatic epithelial cells were used as a model to study acini morphogenesis. 

After optimization of the protocol for RWPE1 3D culture we have shown that lumen can be 

formed independently of the polarity of the acini forming cells, which often appears later. 

Moreover, we observed that existing mechanisms for acini formation (hollowing and cavitation) 

co-exist in the RWPE1 3D cell model.  

We developed two technologies in order to provide high-content and high-throughput 

analysis in 3D culture. First, based on the microfluidic cell encapsulation opens possibility to 

use flow-based analysis methods. We provide a proof-of-concept siRNA transfection protocol 

which serves to show feasibility of the analytical method. In future applications, we envisage 

that by using specific markers, for example, vimentin for mesenchymal cells; ki67 for 

proliferation; or cytokeratins for differentiation, it will be possible to observe changes in 

phenotype upon genetic alterations. Moreover, the encapsulation method has proved to induce 

more homogenous populations of acini that are formed starting from a single cell, as compared 

to traditional 3D cell culture. This approach allowed us to observe for the first time, that a 

single-cell is sufficient and independent of epithelial paracrine signaling, to form an acinus. In 

the future this droplet microfluidic approach can be used universally for other types of cells 

which require a natural ECM environment to proliferate. 
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The second developed method is a lens-free imaging system. This approach is 

complementary to droplet microfluidics, since instead of applying fluorescent markers to 

describe the phenotype, it provides direct information on the presence or absence of the lumen 

within 3D structures. We describe a specific holographic signature which serves to distinguish 

between acini with lumen and tumor-like spheroids, i.e., full aberrant masses. By combining 

3D culture of prostate cells and a parallelized lens-free imaging system accompanied by 

holographic 3D image reconstruction, it is now feasible to identify those human genes which 

play a key role in the formation of differentiated structures (acini). In the laboratory, we took 

advantage of this technological innovation: we used 96 detectors for parallel lens-free imaging 

to perform for the first time, automated intermediate-throughput reverse genetics screens in 

3D cultures of prostate cells. The aim was to analyze the consequences of the RNAi-mediated 

down-regulation of both individual kinases and phosphatases in the human genome on the 

dynamic proportion of fully-differentiated acini versus proliferating unorganized tumor-like 

spheroids. The lens-free method allows fast tracking of the effect of siRNA with an extensive 

statistical analysis of the percentage of 3D structures (Project 2015-2017, “plan de couplage 

DSV-DRT”, CEA Grant). In the context of the controversial issue of PSA, lens-free imaging can 

also be extended to biomedical and drug screening applications to evaluate anti-cancer drugs 

and to discover new predictive biomarkers in cancer.  

Furthermore, we have shown that the large field-of-view of lens-free imaging set-up 

enables monitoring of dynamic cellular 3D assemblies. Using this approach, we have shown 

that environmental alteration can lead to distinctive phenotypes in 3D cell culture. Matrigel 

used as a scaffold for 3D cell culture presents structural instability which leads to changes in 

environment composition. We present a hypothesis on the potentially interesting role of 

nidogen (entactin), which is one of the major proteins of the ECM but not yet well studied. With 

the powerful lens-free imaging system we have detected for the first time self-seeding between 

3D structures. Observed collective cell migration served to establish branches and to physically 

interconnect structures. In order to understand the origins of this process, we have 

preliminarily compared expression of proteins involved in the outside-in integrin-ECM 

interaction. The mechanisms and signaling pathways responsible for induction of the observed 

migration phenotype remain unknown and require further studies (see discussion and future 

work, Chapter 7.3.8).    

In a near future, a read-out based on dynamic branching should be also useful in the 

study of the invasive properties and metastatic potential of tumor cells and in conducting 

screening assays for cell migration.  

During this thesis, I also took part in other projects aiming to provide controlled 

environments through the implementation of new 3D scaffolds suitable for prostate cells 

growth. First, I was a co-author on an article describing the characterizion of cell proliferation 
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on micro-carriers in a bench-top microfluidic bioreactor (Abeille F. et al, LOC, 2014). Second, I 

developed a simple microfluidic approach to construct circular-shaped microchannels, coated 

either with Matrigel or with polyelectrolyte, to mimic a duct-like structure (Dolega ME et al, 

PloSOne, 2014). This was developed in the frame of “Brocoli”, a National project (ANR-11-

BSV5-009, 2012-2015) aiming to demonstrate that polyelectrolyte membrane was suitable for 

controlling epithelial cell growth in 3D scaffolds (Picollet-D’hahan N. et al, Biomaterials, 2013). 

These results served to establish the principle of a new European project in the Biomics lab 

(UroLOC proposal, SEP-210177219, second stage), with the goal of developing a novel 

diagnostic device for urological cancers that takes a secretomics-based approach. More 

specifically, the nanostructured polyelectrolyte membrane will be used to create a 3D scaffold 

for the growth of urothelial cells isolated from urine and will be combined with microfluidic-

flow systems for extensive studies of secretions.  

In the long term, such 3D cell microsystems (e.g., encapsulation, lens-free microsensors) 

will potentially allow for drug screening under conditions closer to the in vivo reality, thereby 

in turn reducing drug attrition and optimizing the efficiency/cost ratio in cell-based HT screens. 

In the same way, such devices could provide new insights into tissue dysfunction associated 

with specific diseases and consequently may offer more realistic conditions for modeling 

therapeutic interventions. Finally, microscale 3D tumor tissue constructs may be valuable tools 

for testing drugs targeting the cancer microenvironment as well as the cancer cells themselves. 

These technologies could be extended to any secretory epithelium as well as to large 

scale screening for drug discovery or toxicology studies in organ-like models. 

Limitations of commercial cell lines or primary cells are well known as they do not 

exactly represent the histology and architecture observed in vivo and hence poorly mimic the 

real physiology of tissues. In this PhD work, we used such models (either non-tumorigenic or 

cancerous) to show the feasibility of our approach. In addition, we also pointed out the 

limitations of the commercially available RWPE-1 cell line. Contrary to information described 

in the literature, in our hands RWPE-1 cells do not secrete PSA (data not shown). In future 

studies, for example to investigate prostate cell secretions, 3D cell models therefore require 

further optimization so as to increase their physiological relevance. First, co-cultures of 

epithelial and stromal cells (fibroblasts, mesenchymal cells…) will be developed (Project “Plan 

de couplage” CEA, 2015-2017; and UroLOC proposal); second, cells from patients will be 

incorporated into the experimental protocols since they are likely to represent the secretory 

environment (UroLOC proposal). As controls, primary cells from healthy subjects, either 

commercially available or obtained from fresh biopsies, will be utilized. For cancerous models, 

VCaP cells, available in Biomics lab, will be tested since they highly express the characteristic 

androgen receptor, the TMPRSS2-ERG fusion that represents family of fused genes found 

predominantly in prostate cancer.  
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In conclusion, we proffer that the techniques that I have developed in collaboration 

with my colleagues in the Biomics lab and Leti Lab will not only advance the studies on 

prostate cancer that have been initiated by these associated laboratories, but that they will 

likely be of general application at least to cancers of epithelial origin. 
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 Supplementary Data 

 Supplementary Results 

  Optimization of the experimental setup for Matrigel 

droplet formation 

As has been mentioned in the introductory part, the material used for fabrication of 

microchips is an important parameter. If the aim is to produce water-in-oil droplets in majority 

cases systems do not need to be specially treated in order to prevent wetting of channels by 

water phase (dispersed phase). However, when the dispersed phase is a non-polymerized 

hydrogel whose composition is complex, formation of monodispere droplet can be hampered by 

wetting phenomenon (Figure 9-1) Numerous methods for channels treatment were reported 

(Riche et al., 2014) in order to obtain surface more hydrophilic (for oil-in-water 

emulsions)(Jankowski et al., 2013) or hydrophobic (for water-in-oil emulsions)(Jankowski et al., 

2011).  

 

Figure 9-1 Micrographs contrast the droplet formation process in uncoated (red/dashed 
outline) and fluoropolymer coated (cyan/ solid outline) channels. Source: (Riche et al., 2014) 

Microfluidic device fabrication and channels wettability 

Among the possibilities (and also availability of the technology in CEA) to fabricate 

systems in thermoplastic polymers (PC or PMMA) by milling, PDMS was chosen due to its high 

hydrophobic properties (Morra et al., 1990). Another advantage is that once a master is 

prepared, PDMS fabrication technique allows preparing tens of systems autonomously contrary 

to thermoplastic systems which need to be milled separately with a specialized milling-

equipment. Due to the limited availability of the specialized equipment for standard soft-
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lithography process, masters were prepared from the thermoplastic polymers as fallows 

(Figure9-2): 

1) Desired channels were milled in PMMA material 

2) PDMS has been poured over the PMMA surface and allowed to polymerize 

3) Removed PDMS layer served as a master after silanization 

4) Non-polymerized PDMS has been poured over the silanized PDMS-master and allowed 

to polymerize 

5) After polymerization, PDMS containing channels has been bonded with a glass slide by 

oxygen plasma surface activation  

 

Figure 9-2 Fabrication of PDMS/glass microfluidic devices.  

Although, PDMS is naturally a hydrophobic material, after oxygen plasma treatment it 

loses its appropriate surface properties. A high channel wettability of Matrigel during initial 

experiments has been observed. Therefore to optimize surface properties, treatment with 

Aquapel (commercially available treatment for car windows) has been acquired as described in 

literature(Brouzes et al., 2009). To increase the hydrophobicity of PDMS, freshly prepared 

devices were treated by fusing Aquapel® into the channels (PPG Industries, USA) followed by 

baking for 10 minutes in 70˚C and dried with an airgun. Microfluidic chip has been connected 

to syringe pumps through the elastic tubings. Droplet formation has been observed under 

microscope. Figure 9-3 presents the experimental bench set-up.  
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Figure 9-3 A) Experimental setup and B) first successful Alginate and Matrigel droplets 
formation in PDMS device with Aquapel surface treatment 

Optimization of a microfluidic design  

For the initial droplet formation process, the most basic design of flow-focusing (FF) 

junction was used (Anna et al., 2003). Infusion of liquids and control over flow rates was 

applied by syringe pumps. Process of droplets formation was observed with a stereomicroscope 

equipped with a camera. However, droplets formation process is rapid in microscale and the 

available camera to record images had insufficient fps (frames per second) capabilities. 

Therefore, design has changed in order to provide the possibility to observe droplets without 

need to acquire more powerful camera. The problem has been solved by fabricating outlet 

channel 3x wider so that the flow of the droplets will be slower (Figure 9-4). 
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Figure 9-4 Microfluidic system optimization. An outlet of a simple flow-focusing design (A) 
has been fabricated wider in order to enable observation of formed droplets flowing to the 
outlet (B). For visualization, images taken from camera show blurred image of flowing droplet 
in a standard system (A) and slowed-down droplet flow in a modified system (B) 

Since Matrigel is liquid in 4’C all experiments on Matrigel droplet formation were 

performed in cold-room. For every experiment, cell-pellet is mixed with Matrigel and infused 

into syringe that is connected to a microsystem. Infusion of Matrigel with cells is controlled by 

a syringe pump. In such configuration, for a proper infusion, a single experiment requires at 

least 500µL of Matrigel infused into a 1 mL syringe. Furthermore, infusing Matrigel from a 

syringe is impractical and stabilization of droplet formation is long (~15 minutes). In order to 

limit the time of the experiment, and more importantly time that cells reside in 4˚C, a system 

with direct injection-on-chip has been developed (Figure 9-5). A long serpentine channel serves 

as a reservoir into which 100 µL Matrigel with cells is directly injected with a P100 µL pipette. 

Subsequently, Matrigel-injection inlet is plugged, and oil is infused upstream and the rate of 

flow is controlled by syringe pumps. Oil is used to push the Matrigel phase towards the flow-

focusing junction and to indirectly control the rate of flow of Matrigel.  
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Figure 9-5 Final design of microfluidic device for Matrigel droplet formation 

A single experiment takes ~ 1 hour (starting at the moment of cell detachment from the culture 

flask) relies on: 

 Preparation of a cell pellet at an appropriate concentration and subsequent mixing it 

with the Matrigel 

 Infusing the Matrigel (with cells) into flow-focusing device where it breaks into 

droplets 

 Formed droplets exit the device through the outlet channel and are collected in oil 

into an eppendorf tube 

 If emulsion is stable, the tube is put in 37’C in order to polymerize Matrigel droplets 

into beads1 

 Beads are transferred from oil into culture media by multiple wash with a pure oil 

(to decrease the concentration of surfactant around beads) to start 3D cell culture 

Preventing Matrigel droplets coalescence  

First experiments on formation of droplet in PDMS microfluidic devices showed the 

importance of the surfactant presence. As has been mentioned above, in microscale surface to 

volume ratio is high and formed droplets naturally tend to undergo coalescence. In order to 

stabilize emulsions by decreasing the surface tension it is necessary to use a surfactant. The 

choice of surfactant goes in pair with the choice of oil and needs to be considered carefully. 

Surfactant has to be soluble in oil, stabilize emulsion and be biocompatible. Among many 

commercially available surfactants and oils, the most often used were tested at different 

configurations to stabilize Matrigel/oil emulsions (Table 9-1).  

 

 

 

                                                      
1 It is important to note that beads are not capsules, which by definition contain a liquid core 
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Table 9-1 Chosen tested surfactant/oil conditions for matrigel droplet stabilization and biocompatibility 

 

SPAN 80/mineral oil system 

A popular mineral oil and SPAN 80 has been broadly used in biological studies, for 

instance, to encapsulate cells (Chabert and Viovy, 2008), for experiments on protein expression 

(Dittrich et al., 2005), and molecular exchange experiments(Bai et al., 2010). However, this 

oil/surfactant system (despite the various concentrations tested) did not provide sufficient 

stability of droplets reflected by coalescence when droplets were collected in an eppendorf tube. 

To further minimize the coalescence of droplets just before leaving the channel, a planar outlet 

tubing connection was designed. As a result droplets were stable in the outlet tubing after they 

exited the microchip. In order to verify if cells would be able to divide a strategy to polymerize 

Matrigel droplets inside long tubing, was applied (Figure 9-6A). After polymerization Matrigel 

beads were pushed out from the tubing and transferred to culture medium. The whole 

experiment starting from mixing cells with Matrigel to the moment of transfer into culture 

media took ~1 hour. However, encapsulated cells did not divide during the following days 

(Figure 4-6B).  
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Figure 9-6 A) Schematic illustration of Matrigel droplets polymerization in an outlet tubing. B) 
Phase contrast image of Matrigel beads polymerized in tubing and transferred into culture 
medium. Arrows indicate beads containing cells. C) (on the left) Phase contrast image of 
Matrigel beads polymerized in an eppendorf tube and transferred to culture medium. (on the 
right) Cells did not divide and had a “porous-like” membrane due to the effect of surfactant. 

Lecithin/Soybean oil system 

Inspired by the report on microfluidic collagen beads formation for cell encapsulation 

(Matsunaga et al., 2011), lecithin has been used a surfactant to stabilize Matrigel droplets. 

Interestingly lecithin obtained from SIGMA did not provide any stability in contrast to one 

from WAKO (Japan). Lecithin (Wako) in corn oil provided superior stability (for over 24 hours) 

of Matrigel droplets. However, encapsulated with such system cells never divided (Figure 9-6C) 

despite the concentration of the surfactant that has been minimized to 0,125% (w/w). A 

biocompatibility test has been performed in order to verify the effect of surfactant presence on 

cell viability (Figure 9-7). 
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Figure 9-7 Biocompatibility test of chosen surfactants on cell viability in standard 2D culture. 

Cell in standard 2D culture were exposed to culture medium containing tested 

surfactants and the effect on cell viability was observed. Interestingly, both surfactants SPAN 

80 and Lecithin used for cell encapsulation were toxic and cells died within 24 hours. This 

result indicates that epithelial cells are highly fragile to the presence of surfactant.  

PFPE-PEG/HFE 7500 oil system 

PFPE-PEG has been discovered recently and used to provide high stability of aqueous 

droplets for high-throughput fluorescent analysis on chip (Brouzes et al., 2009). PFPE-PEG 

surfactant is biocompatible and cells have proliferated in its presence in culture medium 

(Figure 9-7). Test on stability of Matrigel droplets during microfluidic process revealed that 

only HFE 7500 oil prevent coalescence (Table 9-1). After transfer of droplets containing cells 

into culture medium, cells divided and formed the first 3D culture in Matrigel beads (Figure 9-

8).  

 

Figure 9-8 Phase contrast image of the first 3D epithelial cell culture in Matrigel beads.   



 

148 

  SiRNA transfection on 3D culture 

RNA interference (RNAi) has been introduced in 1998 by Fire et al. who discovered the 

ability of double-strand RNA to silence gene expression (Fire et al., 1998). Followed this 

discovery, a proof-of-concept of synthetic small interfering RNA (siRNA) to knock-down specific 

gene sequence has been presented in mammalian cells  (Elbashir et al., 2001) and in mice 

(McCaffrey et al., 2002). Since then siRNA received much interest as potential treatment to 

viral disease (Okumura et al., 2008) and cancer (Kim et al., 2008). SiRNA could be potentially 

used to treat any disease in the body. However, naked siRNA (without a delivery system) can 

reach only certain physiological sites such as brain (DiFiglia et al., 2007) or lungs (de 

Fougerolles and Novobrantseva, 2008). In order to enable siRNA to cross cellular membranes of 

more native tissues, numerous mechanisms for transfection have been developed (David et al., 

2010). In vitro siRNA are widely used in standard 2D culture but efficiency of transfection is 

limited in 3D culture on Matrigel. Since 3D models (as described in the Chapter 2) become 

more relevant in in vitro studies, series of experiment to optimize transfection with a 

lipofectamine have been performed and will be described below. 

siRNA transfection 

Lipofectamine RNAiMax (Invitrongen), a lipids-based vector dedicated to siRNA 

transfection, has been used to introduce siRNA into cells. Invitrogen, subconfluent breast 

cancer cells overexpressing GFP (MCF10-A-GFP cells) were cultured in maintained in 2D 

culture then and transfected for 72 hours using Lipofectamine RNAiMAX complexed to a 

siRNA against GFP (siGFP-22, Qiagen 1022064, and Qiagen negative control siAllStar 

1027280) at a final concentration of 20 nmol/L reagent. The transfection kinetic has been 

optimized using a positive siRNA, siCelldeath, allowing and easy visualization by phase 

contrast microscopy and fluorescent observation of propidium iodide staining (not shown) of 

transfected cells who undergo a pro-apoptotic pathway by use of siCelldeath. After 72 hours 

MCF10A-GFP cells transfected with siGFP had significantly decreased GFP fluorescence as 

observed by fluorescent microscopy (Figure 9-9A) and by FACS method (Figure 9-9B). As 

calculated by the data obtained with FACS the mean fluorescence has been quantified in 

relation to control assigned as a reference. GFP signal in siGFP transfected cells has decreased 

to 27% and a control of siAll* to 68% (Figure 9-9C).  

                                                      
 Lipofectamine is a commercially available agent to increase the efficiency of the siRNA 

delivery into the cell. In aqueous solutions it forms liposomes which carry trapped siRNA 

molecules. 
 Propidium iodide selectively infuses into cells whose membrane started to degrade. 
 siAllstar is traditionally called “scramble” control which should not have any specific effect on 

the cell. 
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Figure 9-9 Transfection optimization on MCF10-A-GFP cells on 2D culture. A) Comparison 
between cells transfected with siGFP and a control as observed by phase contrast and 
fluorescent microscopy. Cells after 72 hours of transfection have equivalent morphology as 
compared to control. B) FACS measurement on FITC channel to quantify the fluorescence 
intensity. SiAllstar (siAll*) has been used as transfection control. C) A bar chart indicates the 
transfection efficiency by comparison of fluorescence intensity level.  
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siRNA transfection – in 3Dcell culture 

The reason behind the decreased efficiency of lipofectamine-based transfection in 3D 

Matrigel cell culture is unknown. On the other hand, to the best of my knowledge, there are no 

dedicated for 3D Matrigel cell culture transfection solutions. In order to verify the efficiency of 

lipofectamine RNAiMAX-based transfection in 3D, optimizing experiments were performed. 

The basic problem occurs due to the fact of immobilization of cells in Matrigel in 3D culture and 

necessity to use microscopy and image analysis to quantify the fluorescent signal (Figure 9-10). 

First, this limits the number of cells used for analysis and second, it precludes the use of the 

FACS analysis. To overcome this obstacle a protocol to dissolve Matrigel and release acini in a 

single cells solution has been developed.  

 

Figure 9-10 Fluorescence observation of GFP in control and siGFP 3D cultures on Matrigel. 
Different exposure times were used to observe the difference in fluorescence 

Matrigel can be digested by Dispase (BD) or can be dissolved more gently without 

disrupting the cells structure by nonenyzmatic reaction with Cell Recovery Solution (BD). The 

choice to optimize Cell Recovery has been interesting also for other types of experiments (i.e., 

Extraction of proteins from cells or immobilization of grown acini into a new ECM).  
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Figure 9-11 FACS analysis over direct transfection (72 hours) on MCF10A-GFP in 3D Matrigel 
cell culture. A) First experiments on increased concentration of siRNA proved to increase the 
transfection efficiency. B) Further increase in siRNA concentration  
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Cells were seeded according to the top-coat protocol (Please refer to Materials and 

Methods) and after 3 days were transfected as described above. After 72 hours, Matrigel is 

dissolved by Cell Recovery solution (50 minutes on ice; centrifugation of acini at 800 rpm for 5 

minutes). In order to have a single cell solution (to enable FACS analysis) acini are disrupted 

by use of trypsin/EDTA. Cell solution is further fixed with 2% PFA (20 minutes) and undergoes 

FACS analysis. The number of analyzed cells according to the protocol described above was 

~1800 cells (for 2D culture experiments ~10 000 2D culture) (Figure 9-11A). With the increased 

concentration of siRNA to 80nM and 200nM, the mean fluorescence was 74,1% and 65,3% 

respectively (summarized in Figure 9-12). The controls of siAllstar were prepared at the same 

concentration. The amount of lipofectamine RNAiMax used for transfection has been (3 µL / 

200µL) as compared to 2D transfection (1 µL / 200 µL).  

Since increased concentration increases the transfection efficiency, a concentration of 

600 nM was tested (Figure 9-11B). No cellular toxicity was observed. With the further 

improved protocol single cells solutions were more concentrated and analysis has been 

performed on ~10 000 events. For clarification, siAllstar controls are not shown. The 600 nM 

concentration did not further significantly improve the transfection efficiency and fluorescence 

had decreased of 36% (Figure 9-12). 

 

Figure 9-12 Summary on the mean fluorescence of MCF10-A-GFP cells transfected with 
siAllstar and siGFP in relation to the protocol and concentration of SiRNA. In orange indirect 
transfection protocol has been used as a positive control. Data express the relative change of 
GFP fluorescence as compared to control. 

In order to provide high transfection efficiency for 3D culture a strategy to transfect 

cells indirectly has been acquired. Cells were maintained in 2D culture and transfected for 72 

hours. Subsequently cells were reseeded in Matrigel and kept in 3D culture for 4 days before 

FACS analysis. The mean fluorescence of siGFP 20nM treated cells was 23% (orange chart, 

Figure 9-12). 
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Direct siRNA transfection on 3D cell culture in beads – preliminary results 

As has been mentioned above the reason behind the inefficient transfection in 3D with 

standard protocol is unknown. A key difference between 2D and 3D cell culture is the presence 

of Matrigel which can constitute to limited diffusion of reagents in 3D culture. Matrigel cell 

encapsulation by droplet microfluidics provides a controlled environment. An important 

property for diffusion of cell culture in beads is the high surface to volume ratio. In these 

conditions diffusion should proceed more efficiently than through the thick layer of Matrigel. 

Therefore, MCF10-A-GFP cells were encapsulated in 300 µm in diameter beads and after 4 

days in culture transfected with siGFP (400nM) and siAllstar as a control (Figure 9-13).  

 

Figure 9-13 Direct transfection of structures grown in beads. A) Phase contrast merged with 
fluorescent GFP images of MCF10-A-GFP structures grown in beads and transfected with siGFP 
and siAllstar. Scale bar 20 µm. B) A bar chart indicates the fluorescence intensity in relation to 
the control.   

Because of the limited access to the Large Particle FACS the level of fluorescence has 

been based on image analysis (Figure 9-19). However, the high heterogeneity of fluorescence at 

a single level (as shown in FACS experiments or fluorescent image of a control in Figure 9-10) 

and a significantly lower fluorescence of structures analyzed (N=20 per condition) rendered 

high standard deviation. Images were taken with equivalent settings. Cell fluorescence has 

been measured by manual selection of the area-of-interest and subsequent measurement of 

area, integrated density and mean gray value (performed with ImageJ software). The same 

values were measured for the background around the structures. Transfection efficiency is 

represented by fluorescence intensity of transfected structures in relation to a level of 

fluorescence in control. After 4 days in culture control structures had average diameter 71 µm. 
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Transfected structures with siAllstar had an average diameter of 85 µm while siGFP 79 µm 

respectively. Transfection with siGFP has decreased the fluorescence of 70% while siAllstar 

increased over 33% as compared to control (Figure 4-13). An increase in GFP fluorescence has 

been observed before by collaborators from CEA-Leti who develop Lipid nanoparticles for 

transfection purposes. However, presented results can serve only as an indication and further 

optimization experiments need to be performed.  

 

Figure 9-14 Direct transfection on 3D cell culture in beads with siAllstar with fluorophore 
conjugated. A) RWPE1 cells were transfected with Lipofectamine + siAllstar-Alexa 546 nm for 
48 hours. Phase contrast and fluorescent images of Cy3 channels were merged to represent 
the transfected structures. Scale 20 µm B) MCF10-A-GFP cells were transfected with cationic 
lipid nanoparticles (J.Bruniaux, CEA-Leti) conjugated with DID-fluorophore (channel Cy5). 
Upper panel presents structure observed by phase contrast, GFP channel, and Cy5 channel 
respectively. Below, other structures with Cy5 and GFP channels are presented.  

 

In order to confirm that siRNA enters structures embedded in Matrigel beads 

additional experiments were performed. Lipofectamine + siAllstar-Alexa 546nm complexes 

were added to the RWPE1 3D cell culture in beads according to the conditions described above. 

After 48 hours, majority structures that grew by close to the border of the bead had traces of 

siAllstar-Cy3 incorporation indicating that transfection occurs in beads (Figure 9-14A) at least 

when structures are close to the bead border. Only some structures that grew in the middle of 

the bead incorporated the fluorophore.  
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A similar experiment has been performed with the use of Lipid Nanoparticles 

containing siAllstar and Cy5 fluorophore. After 48 hours, 85% of structures (N=24) had traces 

of Cy5 fluorescence (Figure 9-14B). 

In conclusion it has been verified that direct transfection on standard 3D culture does 

not achieve more that 36% of functional efficiency (as measured by decrease in mean 

fluorescence). Alternatively, a protocol for indirect transfection has been developed and its 

efficiency leads to a strong decrease in fluorescence over ~70%. However, transfection according 

to the indirect protocol i) limits length of the experiment, because the effect of transfection will 

decrease in time and ii) transfection is limited only for early stages of morphogenesis and 

cannot serve, for instance, to knock-out genes after acini are formed.  

Therefore, it is necessary to perform further test in order to measure the capabilities of 

direct transfection on acini in Matrigel beads. Experiments with siRNA containing fluorophore 

suggest the diffusion limitation. As shown, majority of structures contained fluorophore when 

grew by the border of the beads. A possible solution is to encapsulate cells in smaller beads to 

decrease the length of diffusion.  
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  Encapsulation in matrigel beads provides control over 

environment  

3D epithelial cells culture lacks the control over environment as has been described in 

Chapter 2. Application of collagen as a support for 3D culture allows to some extent controlling 

the rigidity, however, not all cells lines form polarized acini within it. Furthermore, change in 

rigidity is a consequence of protein concentration alteration and thus collagen fiber density and 

average size of pores change in parallel (Miroshnikova et al., 2011). Another approach relied on 

the coating of tunable polyacrylamide with a thin-layer of basement membrane proteins 

followed by seeding cells on top of it (Butcher et al., 2009). Seeded cells on such composite 2D 

surfaces with a Matrigel diluted in culture media constantly experienced altered environment 

in which they proliferated. Compliant matrices resulted in formation of acini-like structures 

while rigid promoted cellular migration. These experiments proved the importance of 

mechanical signaling in tissue morphogenesis. However, to date it is difficult to observe how 

alteration of mechanical properties of the environment influences cells that have already fully 

developed into acini.  

We used our Matrigel encapsulation technique to provide cells with a spherical 

homogenous environment in which cells form acini. Since the control over Matrigel rigidity is 

poor we used a second material to control mechanical properties. Polyacrylamide, which 

presents well tunable rigidity, has been toxic to cells. Furthermore, during polymerization it 

increases its volume which resulted in the squeezed and deformed Matrigel beads. Therefore 

for our experiments we have chosen agarose, a biologically inert and mechanically tunable 

material, which does not provide any cell-adhesion points. Matrigel beads, each containing a 

single cell, were immobilized in an agarose gel. During the first stage of experiment cells 

proliferate into acini receiving only signals (both mechanical and chemical) from surrounding 

Matrigel (Figure 9-15A). If the size of the bead is appropriate (100 - 200 µm) at the late stages 

of growth acini fills up the volume of the Matrigel (Figure 9-15B and Figure 9-15C). Such 

situation provides an acinus at a particular stage of growth with chemical signals originating 

from the cells’ deposited basement membrane and mechanical signals from the tunable 

agarose. Furthermore, since agarose is biologically inert acini growth is constrained by agarose 

gel. With the possibility to control the size of the formed Matrigel beads during the process of 

formation, it is amenable to control constraint of growing acini. Within the beads of diameter of 

400 µm, acini (with average diameter of ~120 µm) will never fill up the whole volume of the 

Matrigel beads. However, when beads size becomes of comparable size to the diameter of acini, 

grown structures experience the environmental constraint. We encapsulated MCF10A-GFP 

cells in 150 µm beads which were subsequently immobilized in an agarose gel. After 12 days in 

culture cell have proliferated and formed double layer acini which highly resemble the cellular 
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organization in the breast epithelial tissue (Figure 9-15D). In vivo acini are composed of a layer 

of basal cells (elongated) which surround layer of luminal cells (described in chapter 2.1). 

 

Figure 9-15 Control over environment in 3D cell culture in beads. A) and B) schematic 
representation of acini growth in Matrigel bead (red) surrounded by agarose gel (blue). 
Initially cells grow in Matrigel (A) but after they reach available matrigel volume (B) structures 
are constrained by agarose of tunable rigidity. C) phase contrast image of RWPE1 structure at 
day 6 grown in ~100 µm Matrigel bead immobilized in 3% agarose gel. D) Fluorescent image of 
MCF10A structure encapsulated in 150 µm Matrigel beads and immobilized in 3% agarose gel. 
Nuclei were stained with Hoechst (red) and actin was stained with Phalloidine (green). d’) 
presents a zoom over a double-layer cell organization. Scale bar: C) 50 µm and D) 20 µm.  

The mechanism of double-layer acini formation in Matrigel beads is unknown and 

further experiments need to be performed. It is possible that used agarose (that does not 

provide adhesion) forced such cellular organization. It still remains unclear whether these acini 

were formed through the clonal division that resulted in an acinus formation or by initial 

spreading of cells on the border of the beads and subsequent proliferation. It is also remaining 

to verify if cells have differentiated into basal and luminal cells by immunostaining with 

characteristic markers (i.e., cytokeratin markers specific for luminal cells).   
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  Materials and protocols 

  Cell culture and immunofluorescence 

2D cell culture 

RWPE1 cells were both maintained in KSFM (Life Technologies, Carlsbad, CA, ref.17005-075) 

supplemented with 5ng/mL epidermal growth factor (EGF) and 50 mg/mL bovine pituitary 

extract. The cells were maintained in culture until approximately 70% confluence. For 

passaging, cells were washed with Dulbecco’s Ca2+/Mg-free PBS (D-PBS, Life Technologies, 

ref. 14190) and incubated with 1mL trypsin–EDTA (Lonza, Basel, CH, ref.CC-5012,0.25mg/mL) 

for approximately 7min. The trypsin was neutralized with 2 mL trypsin-neutralizing solution 

(Lonza, ref.CC-5002), and cells were recovered by centrifugation and counted using a Scepter 

2.0 Hand held Automated Cell Counter (Millipore, Billerica, MA, ref. PHCC20060). 

Micropatterns  

Micropatterned glass chips were obtained from CYTOO. Each mini-chip is composed of cell-

adhesion points that are of a disc-shape of 700 µm2 each and are pre-activated to be coated with 

the protein of choice (CYTOO, ref. 11-001-00-12). Protocol form CYTOO has been used to 

perform cell culture on micropattern. Briefly, for coating, each chip was immerged in 2 mL of 

Dulbecco’s Ca2+/Mg-free PBS (D-PBS, Life Technologies, ref. 14190). Chips were incubated 

with a protein solution of 20 µg/mL of Matrigel for 2 hours at RT or overnight at 4˚C. After, 

multiple careful washes with PBS (total volume of washes 20 mL) were performed in order not 

to dry the surface of the chip. Just before cell seeding, PBS is removed and cells in culture 

media (10000 cells / mL) are poured over the surface of the chip. In order, to let the cells 

adhere, plate is left stable for 1 hour at room temperature and then incubated further for 3-4 

hours in 37˚C.  A top-coat layer containing 10% Matrigel is poured gently to overlay cells.  

3D cell culture 

For the acinar morphogenesis assay, the RWPE1 cells were cultured in 3D with KSFM 

(LifeTechnologies, ref.17005-075) supplemented with 50 ng/mL EGF and 2% fetal bovine serum 

(FBS). The 3D culture was grown in Matrigel (BD Biosciences, San Jose, CA, ref.356231) 

according to the top-coat protocol or embedded assay.  

a) Top-coat protocol 

Matrigel was thawed overnight and poured into 4-well (160 mL of Matrigel, 500 mL of 

culture media) or 8-wellLabtek (90 mL of Matrigel, 250 mL of culture media) plates on 

ice. For polymerization, Matrigel was incubated for 30 min at 37˚C. Cells were seeded 

in half the final volume and allowed to adhere for approximately 45 minutes. The top-

coat layer containing 8% Matrigel was slowly poured over the attached cells. The 
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culture media was changed every other day. 3D assays were routinely cultured in a 

humidified atmosphere with 5% CO2 at 37˚C. 

b) Embedded protocol  

Matrigel was thawed overnight on ice and poured as a pre-coat layer into 4-well (50 mL 

of Matrigel) or 8-wellLabtek (30 mL of Matrigel) plates on ice. For polymerization of the 

pre-coat layer plates were incubated for 30 minutes in 37˚C. Appropriate number of 

cells (0,5 x 106 cells/mL) is pelleted by centrifugation. Cells are resuspended with 100 

µL of Matrigel (for 4-well Labtek) or 200 µL of Matrigel (for 8-well Labtek) and mixed 

gently by aspirating and dispensing Matrigel within an eppendorf tube on ice. 

Subsequently, Matrigel-cells mix is poured into Labtek and allowed to polymerize for 30 

minutes in 37˚C and culture medium is added (200 µL for 4-well Labtek and 500 µL for 

8-well Labtek). The culture media was changed every day to ensure high viability of 

cells. 3D assays were routinely cultured in a humidified atmosphere with 5% CO2 at 

37˚C. 

Immunofluorescence 

Performance of antibody has been verified on 2D culture in order to establish immunostaining 

in 3D culture. First, cells were fixed with 4% paraformaldehyde (freshly prepared in PBS) for 

20 minutes at room temperature. After fixation cells can be stored in PBS at 4˚C up to one 

week before performing further steps. For 8-well slides 250 µL volumes were used for all stages 

of the staining. Followed fixation, cells are permeabilized with 0,5% Triton X-100 (freshly 

prepared in PBS; Sigma-Aldrich, ref. T8787) for 10 minutes at room temperature. Nonspecific 

sites were blocked with 10% goat serum (CELLect, MP, ref. 2939249) in a working buffer (Tris 

buffer saline, Tween 20 0,05%, Bovine Serum Albumin 0,1%) for 1-1,5 hour at room 

temperature. Subsequently, first antibody (dilutions of antibodies used for immunofluorescent 

staining are presented in table 9-2) in working buffer with 5% goat serum were incubated for at 

least 1 hour at room temperature or overnight at 4˚C. After, one quick wash and 4 washes for 

15 minutes each were performed with working buffer. A second fluorescent antibody (Jackson, 

anti-mouse ref. 115-005-166, anti-rabbit 111-225-003 and anti-rat 112-485-062) was incubated 

for 40 minutes along with phalloidin (dilution 1:300, Sigma-Aldrich, ref. P1951). After, one 

quick wash and 4 washes for 15 minutes each were performed with working buffer. Nuclei were 

counterstained with Hoechst (Life Technologies, ref. H-1399) at a 1:7000 dilution. Glass cover 

slides were mounted on the glass slides with a Dako Fluorescent Mounting Medium kit (Dako, 

DK, ref. S3023) and stored at 4˚C before imaging.  
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Fluorescent microscopy 

Time-lapsee acquisitions were taken with an inverted microscope (Axiovert 200M; Carl 

Zeiss, Inc.). The temperature, CO2, and humidity control were performed using a Box and Brick 

system (Life Imaging Services). Multiple positions were recorded using an XY motorized stage 

(Marzhauser). Images were acquired through a 10x magnification phase contrast objective 

(Plan Neofluar, Ph1, NA= 0.3, Zeiss). The system was driven by Metamorph software 

(Universal Imaging Corporation). 

 

Observation of 3D objects required use of confocal microscopy. For preliminary 

acquisition the AxioImager Z1 Zeiss microscope with a 20x objective equipped with the straight 

Apotome module for z-stack acquisitions was used. It gives a lower quality images however it 

has been widely accessible in the laboratory. The system was driven by AxioImager software 

(Carl Zeiss, Inc.). 

 

For high-quality images confocal acquisition was performed on an Eclipse TI-E Nikon 

inverted microscope equipped with a CSUX1-A1 Yokogawa confocal head and an Evolve 

EMCCD camera (Ropert Scientific—Princeton Instrument). A CFI Plan APO VC oil × 60/1.4 

objective or a CFI Plan Fluor oil × 40/1.3 objective (Nikon) was used. The system was driven by 

Metamorph software (Universal Imaging Corporation). 

Table 9-2 Antibodies used for immunostaining of epithelial cells in 2D and 3D cell culture. In red, 
antibodies that did not work, in orange antibodies were not specific or signal was weak, and in green 
antibodies and concentrations that provided satisfactory results. 
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  Methods in microfluidics  

Microfluidic device fabrication 

We prepared a positive master by milling the network of channels in PMMA 4 mm 

thick plates. The negative masters were made by molding PDMS (Sylgard 184, Dow Corning, 

USA) onto the PMMA chips and subsequently silanizing them with vapors of tridecafluoro-1, 1, 

2, 2-tetrahydrooctyl)-1-trichlorosilane (UCT, USA). Negative masters served for molding of the 

positive PDMS replicas, which were subsequently bonded to glass slides or slabs of PDMS by 

exposure to oxygen plasma for 45 seconds followed by backing for 40 minutes in 70˚C. To 

increase the hydrophobicity of PDMS, we treated freshly prepared devices by fusing Aquapel® 

into the channels (PPG Industries, USA) followed by baking for 10 minutes in 70˚C and dried 

with an airgun.  

We used flat sharp needles (G18, OD 1.27 mm, ID 0.84 mm) to punch holes for the 

direct connection of polyethylene tubing (OD 1.22 mm, ID 0.76 mm, Becton Dickinson) between 

the microfluidic chip and syringe pumps (KD Scientific) (syringes, various diameter BD; 

needles G18, OD 1.27 mm, ID 0.84 mm, Dominique Dutcher, France) that were used to 

generate the flow.  

Preparation of monodisperse Matrigel beads  

To prepare monodisperse Matrigel beads of controlled size, we used a microfluidic chip 

with flow focusing (FF) geometry (Fig 1). Channels have square cross sections with a reservoir 

of 1 mm height and width and a volume of ~100 µL. We used different sizes of channels (100, 

200, and 300 µm) depending on the required size of the beads. All experiments were performed 

in the cold room at 4˚C to prevent polymerization of Matrigel inside the microfluidic channels. 

We used perfluorinated oil HFE-7500 (3M) with 2% w/v PFPE-PEG surfactant (kindly given by 

Prof. Garstecki) as a continuous phase and Matrigel (BD) premixed with cells as a dispersed 

phase. Flow inside the channel was induced and controlled by syringe pumps. Matrigel was 

directly injected by pipette into a reservoir channel and pushed into the FF junction by HFE-

7500 oil. Droplets were collected into an eppendorf microtube for 15 minutes on average and 

subsequently incubated at 37˚C for 20 minutes to promote Matrigel droplets polymerization 

onto beads. Transfer of beads from oil into culture media was achieved by multiple washings 

(~6 washes) with pure HFE-7500 to eliminate surfactant. The addition of 1 mL of culture 

media into the tube allowed the transferring of beads to perform further tests. 

We imaged the formation of Matrigel droplets in perfluorinated oil using a 

stereomicroscope (Olympus SZX16) equipped with an uEYE (Edmund Optics) camera. 

Microparticles were imaged after transfer from oil into culture media with an inverted 

microscope (Olympus KX41). To quantify the relationship between flow rate and the size of 
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formed drops we measured the size of at least 30 polymerized Matrigel beads with ImageJ. 

Similarly, we verified the bead stability by measuring the size of the beads over 20 days.  

3D cell culture in beads 

Cells were trypsinized and counted. A chosen number of cells were transferred into 

separate microtubes and centrifuged to form a pellet. After removal of supernatant, cells were 

put on ice and well mixed with pure Matrigel. The prepared solution was transferred to the 

cold room and injected into the microfluidic device with a 200 µm pipette tip. Droplets with 

cells were collected after polymerization and transferred into culture media by subsequent 

washes with pure HFE7500 to dilute the surfactant and thus facilitate the transfer. Beads 

were maintained in KSFM (Life Technologies, ref. 17005-075) supplemented with 50 ng/mL 

EGF, 2% fetal bovine serum (FBS), and 1% dissolved Matrigel in multiwell plate or Labtek. 

Beads were fixed and stained using the same reagents as for standard 3D culture described 

above. Beads were kept in solution and incubated with reagents and were centrifuged gently 

(0.8 rpm for 4 minutes) to change reagents or perform washes. At the end, beads were 

centrifuged and the pellet was resuspended in Mounting Medium (Dako), mounted on the 

microscopic glass slide and a 50 µL sample drop was covered with a glass cover slip. Samples 

were observed as previously described for standard 3D culture. 

For single cell isolation, we estimated the concentration of beads by performing 

multiple dilutions. Afterwards, we dispensed beads into a 384 well-plate with a pipette (100 µL 

of culture medium in total). After 6 days, encapsulated cells were fixed by the direct addition of 

PFA into the culture medium (final concentration 2%) for 30 minutes. For the immunostaining 

described hereinbefore, beads were aspirated and transferred to an eppendorf tube.  

Relative homogeneity of 3D culture in beads was verified by measuring the diameter of 

30 structures prepared in triplicate compared with those prepared in a top-coat culture. We 

simultaneously measured the growth rate of structures for each protocol. By applying the F 

test we reject (at significance level 0.05) the null hypothesis and conclude that the variances 

are not equal. 

Biocompatibility of tested surfactants and anti -coalescence properties  

We tested the anti-coalescence properties of various surfactants and their 

biocompatibility by measuring the stability of the Matrigel/oil emulsion. Briefly, surfactant 

dissolved in the oil phase at various concentrations and Matrigel were fused into the 

microfluidic device to form droplets. The stability of droplets in the outlet channel or outlet 

tubing was investigated. We defined a surfactant to be efficient if the collected droplets of 

Matrigel were stable in oil for at least 30 minutes. When satisfactory emulsion stability was 

achieved, we determined the surfactant’s biocompatibility by adding the surfactant (if possible) 
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into culture media, and/or we performed the cell encapsulation in the microfluidic device and 

observed cell viability and proliferation. 

Encapsulation of a single cell per bead  

To estimate the concentration of cells in Matrigel solution in order to encapsulate a 

single cell per droplet, we used the Poisson equation. For cells randomly dispersed among the 

Matrigel, the fraction of microdroplets containing n cells (P) is described by Poisson 

distribution as show in equation (1). 

Eq. 6  P(n, n̅) =
n̅ne−n̅

n!
  

where n̅ is the average number of cells per microdroplet. Equation (2) defines n̅ as 

Eq. 7   n̅ = ρV     

Where ρ is the concentration of cells in Matrigel (number of cells per mL) and V is the volume 

of the microdroplet in (mL).  

Cryosectioning of beads with cells  

Cells were fixed with 2% PFA for 1 h, washed and maintained in 10% sucrose for 2 

hours and subsequently washed and maintained in 20% sucrose overnight.  Beads were 

transferred to a plastic reservoir and covered with Tissue Tek OCT (Sakura) in an 

isopropanol/dry ice bath. Solidified samples were brought to the cryotome (Leica CM3000) and 

sectioned into 10 µm layers. Cut layers were deposited onto poly-L-lysine coated glass slides 

(Sigma) and the region of interest was delineated using a DAKO pen, after which we performed 

immunostaining as described before.  

Cell viability after encapsulation  

To determine the influence of low temperature (4˚C) at which the process of 

encapsulation takes place on cell viability, we determined the percent of cells that undergo 

apoptosis under following conditions: i) just after encapsulation (Qoil 1600 µL/h, QMatrigel 400 

µL/h) ii) just after encapsulation with high-throughput (HT) formation of droplets (Qoil 10 

mL/h, QMatrigel 1 mL/h), and iii) 24 hours after encapsulation. A live/dead viability assay was 

performed using Calcein AM (Molecular probes, C3099) and Propidium Iodide (Molecular 

Probes, V13245) according to the manufacturer’s protocols. Briefly, beads with cells were 

transferred into culture media, dispensed into a multi well plate and subsequently kept for 3 

hours at 37˚C in an incubator. Reagents were added directly to the culture media and live/dead 

cells were enumerated after 30 minutes of incubation by means of florescent microscopy. Total 

of 50 cells per each conditions were analyzed.  
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siRNA transfection and large-particle FACS analysis  

Subconfluent MCF10-A cells were maintained in 2D culture and transfected for 72 

hours with siRNA (siGFP, Qiagen 1022064, and Qiagen siAllstar 1027280) at a final 

concentration of 20 nmol/L using Lipofectamine RNAiMAX reagent (Invitrogen). To verify the 

efficiency of transfection, we used siCellDeath and observed cellular death with phase contrast 

microscopy. Subsequently, we verified the efficiency of siGFP transfection in relation to control 

siAllStar by measuring the mean fluorescence. Cells were detached by trypsin-EDTA and 

counted for subsequent encapsulation (as described before). We prepared microbeads 

containing a single cell that, upon incubation and proliferation, formed spherical structures 

within the first 5 days in culture. As a control, we prepared blank beads and treated them in 

the same manner.  Beads were maintained in the MCF10-A culture medium supplemented 

with 1% Matrigel to provide higher stability and prevent aggregation. After 5 days, 3D 

structures were fixed by PFA (at final concentration of 2%) for 30 minutes, washed and 

maintained in PBS (Ca2+, Mg2+) containing 1% Matrigel until Large Particle FACS analysis. 

Copas FACS (COPAS Select, Union Biometrica Inc.) was used because it is able to analyze 

objects from 100 µm to 500 µm in size. We used a 250 µm device to obtain beads of 300 µm that 

were further filtered (pore size 400 µm) to remove any possible bead aggregates. With large 

particle FACS, we observed fluorescence originating from cells inside the beads. For each 

sample, we detected ~500 beads with fluorescent signal over 3000 total event detected in 5 

minutes.  
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  Methods in branching-like morphogenesis 

No top-coat protocol 

For the branching-like morphogenesis assay, the RWPE1 cells were cultured in 3D with 

KSFM (LifeTechnologies, ref.17005-075) supplemented with 50 ng/mL EGF and 2% fetal 

bovine serum (FBS). The 3D culture was grown in Matrigel (BD Biosciences, San Jose, CA, 

ref.356231). Matrigel was thawed overnight and poured into 4-well (160 mL of Matrigel, 500 

mL of culture media) or 8-wellLabtek (90 mL of Matrigel, 250 mL of culture media) plates on 

ice. For polymerization, Matrigel was incubated for 30 min at 37˚C. Cells were seeded in 250 

µL ( 8-well Labtek) or 500 µL (4 well Labtek). The culture media was changed every other day. 

3D assays were routinely cultured in a humidified atmosphere with 5% CO2 at 37˚C. 

Treatment with TGFβ-1 

The Recombinant human transforming growth factor β -1 (TGFβ-1) (R&D systems) was 

added to the culture medium at the final concentration of 3 ng/mL at the very beginning of the 

cell culture.  

siRNA transfection 

Subconfluent MCF10-A cells were maintained in 2D culture and transfected for 72 

hours with siRNA (siBeta1-integrin,  Qiagen S10300573, and Qiagen siAllstar 1027280) at a 

final concentration of 20 nmol/L using Lipofectamine RNAiMAX reagent (Invitrogen). To verify 

the efficiency of transfection, we used siCellDeath and observed cellular death with phase 

contrast microscopy. Cells were detached by trypsin-EDTA and counted for subsequent 3D 

culture no top-coat assay (as described before).   

Measurement of Matrigel dissolution 

Matrigel has been poured into 8 well Labtek wells as has been described above. To 

verify if the concentration of proteins depends on the quantity of Matrigel in the well, we 

prepared 3 well with 80 µL of Matrigel, and 3 wells with 150µL of Matrigel per well. Instead of 

culture media, a 250 µL per well of PBS (Ca2+, Mg2+) was added. After appropriate incubation 

time, 10 µL were aspirated and used for further analysis. In order to estimate the protein 

concentration we used a Nano Drop Spectrometer.  

Protein Separation and Western blot  

RWPE1 cells grown according to the top-coat or no top-coat protocol were washed three times 

with phosphate-buffered saline (PBS). A Cell Recovery Solution (CB-40253, Corning) has been 

used to dissolve Matrigel. Briefly, ice-colg 400 µL of Cell Recovery Solution has been added to 

each 8-well LabTek plate. After 2 minutes of incubation, Matrigel culture were scrapped with 

the P1000 tips, transferred into 2 mL eppendorf and incubated on ice for 40 minutes or until 

Matrigel has dissolved. Solutions were centrifuged and resting pellet (cells) has been treated 
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with RIPA with protease inhibitor for 10 minutes on ice. Subsequently solutions were 

centrifuged at full speed for 20 minutes at 4’C. Supernatant was collected, and the protein 

concentration was determined by using a protein BCA kit (Pierce, 23225). Western blotting was 

performed with a Life Technology SDS-PAGE Electrophoresis System. 15-μg protein samples 

were resuspended and heat denaturized in a reduced sample buffer, and then 

electrophoresed/separated on NuPAGE® 4-12% gradient Bis-Tris precast polyacrylamide gels 

(Life Technologies) with MES running buffer. The gel were blotted to nitrocellulose membrane; 

and sequentially probed with primary antibodies against β1-integrin (BD, 610468), beta-

catenin (BD, 610153), FAK (BD, F15020), Rac1 (BD, 610650) and peroxidase-conjugated goat 

anti-mouse secondary antibodies. The blots were analyzed by autoradiography using enhanced 

chemiluminescence solution (ECL Plus, General Electric Healthcare, Milwaukee, WI) 

Mass Spectrometry (performed by MS platform in CEA)  

 Protein digestion 

The gel bands were manually excised and cut in pieces before being washed by 6 

successive incubations of 15 min in 25 mM NH4HCO3 and in 25mM NH4HCO3 

containing 50% (v/v) acetonitrile. Gel pieces were then dehydrated with 100 % 

acetonitrile and incubated for 45 min at 53°C with 10 mM DTT in 25mM NH4HCO3 and 

for 35 min in the dark with 55 mM iodoacétamide in 25mM NH4HCO3. Alkylation was 

stopped by adding 10 mM DTT in 25mM NH4HCO3 and mixing for 10 min. Gel pieces 

were then washed again by incubation in 25 mM NH4HCO3 before dehydration with 

100% acetonitrile. Modified trypsin (Promega, sequencing grade) in 25 mM NH4HCO3 

was added to the dehydrated gel pieces for an overnight incubation at 37°C. Peptides 

were then extracted from gel pieces in three 15 min sequential extraction steps in 30 µL 

of 50% acetonitrile, 30 µL of 5% formic acid and finally 30µL of 100% acetonitrile. The 

pooled supernatants were then dried under vacuum. 

 Nano-LC-MS/MS analyses.  

The dried extracted peptides were resuspended in 5% acetonitrile and 0.1% 

trifluoroacetic acid and analysed by online nanoLC-MS/MS (Ultimate 3000, Dionex and 

LTQ-Orbitrap Velos pro, Thermo Fischer Scientific). Peptides were sampled on a 300 

µm x 5 mm PepMap C18 precolumn and separated on a 75 µm x 250 mm C18 column 

(PepMap, Dionex). The nanoLC method consisted in a 15-minutes gradient ranging 

from 5% to 45% acetronitrile in 0.1% formic acid at a flow rate of 300 nL/min. MS and 

MS/MS data were acquired using Xcalibur (Thermo Fischer Scientific). Spray voltage 

and heated capillary were respectively set at 1.4 kV and 200°C. Survey full-scan MS 

spectra (m/z = 400–1600) were acquired in the Orbitrap with a resolution of 60,000 

after accumulation of 106 ions (maximum filling time: 500 ms). The twenty most intense 
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ions from the preview survey scan delivered by the Orbitrap were fragmented by 

collision induced dissociation (collision energy 35%) in the LTQ after accumulation of 

104 ions (maximum filling time: 100 ms). 

 Bioinformatics analyses.  

Data were processed automatically using Mascot Daemon software (version 2.3.2, 

Matrix Science). Concomitant searches against Mus musculus and classical contaminant 

protein sequence databases and the corresponding reversed databases were performed 

using Mascot (version 2.4). ESI-TRAP was chosen as the instrument, trypsin/P as the 

enzyme and 2 missed cleavage allowed. Precursor and fragment mass error tolerances 

were set respectively at 10 ppm and 0.6 Da. Peptide modifications allowed during the 

search were: carbamidomethyl (C, fixes) acetyl (N-ter, variable) and oxidation (M, 

variable). The IRMa software (Dupierris et al., Bioinformatics, 2009, 25:1980-1, version 

1.31.1) was used to filter the results: conservation of rank 1 peptides, query homology 

threshold p < 0.01, single match per query and 2 unique peptides per protein match. 

Lens-free real-time imaging  

Our lens-free imaging device, which has been previously described (Chapter 7.2), 

features an Aptina CMOS sensor (MT9P031 RGB, 25 mm2, 5 M pixels, 2.2 µm pixel pitch). 

Illumination consisted of 525 nm LED butt-coupled to a 150 µm pinhole. A Labtek plate is 

placed on the protective cap of the CMOS sensor, the acini are approximately 1 mm above the 

CMOS sensor and 5 cm below the LED. To maintain the sensor temperature at approximately 

37°C, it is switched off during two consecutive acquisitions, and a fan is used to extract the 

heat from the sensor box. This setup allows us to record the lens-free hologram that results 

from the interference between the partially coherent incident light and the light scattered by 

the cells and/or the acini. Next, holographic reconstruction was performed to reconstruct the 

image of the cell culture from the lens-free hologram. This type of holographic reconstruction is 

based on the previously described phase retrieval algorithm (Fienup, 1982; Meijering et al., 

2012). This method allows us to decipher the overall shape of each cell and acini and identify 

their precise location in the X-Y plane from the holographic pattern. No refinements were 

applied to reconstruct the acini. After the holographic reconstruction, the tracking of cell 

migration was performed using image sequences, and the velocity was calculated using ImageJ 

MTrackJ (Meijering et al., 2012).  

Image J plug-ins and macros 

For the preparation of Figure 7-6 following Image J setting were used: 

 Macro for 3D LUT – author: Kota Miura (EMBL, Heidelberg) 

 Pluging Volume Viewer – author: Kai Uwe Barthel (Internationale Medieninformatik, 

HTW, Berlin) 
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