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Table of the most used ACRONYMS  

AFM Atomic force microscope 

bFGF Bovine fibroblast growth factor 

CNS Central nervous system 

EB Embryo body 

ECM Extracellular matrix 

FA Focal adhesion 

FBS Fetal bovine serum 

HEMA 2-hydroxyethyl methacrylate 

HSQ Hydrogen Sylses Quioxane 

IHC Immunohistochemistry 

IF Immunofluorescence 

NIL Nanoimprinting Lithography 

PDMS Polydimethylsiloxane 

SDIA Stromal cell-derived inducing activity 

RA Retinoic acid 

SEM Scanning electron microscope 

SCFS Single-cell force spectroscopy 
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ABSTRACT 

The objective of this project was to develop new nanotechnology-based strategies to increase 

embryonic stem cells (ESCs) differentiation into neuronal lineage. In particular it was chosen to investigate a 

nanostructured physical support for in vitro stem cell culture in which both the nanometrical topography and 

mechanical properties are well controlled and characterized. 

 Nanopatterned substrates were designed to have physical properties as close as possible to the in 

vivo microenvironment where stem cells normally grow and differentiate based on the assumption that 

mimicking the natural niche equilibrium is of fundamental importance for stem cell fate. 

 First, an original nanotechnological approach to fabricate the substrates for in vitro neuronal 

precursors culture was developed. 

Secondly the substrate geometrical and mechanical parameters were optimized in order to achieve 

the maximum differentiation yield of ESCs-derived neuronal precursors (NPs). It was reached a neuronal 

yield of 74±7% at 48 hours after NPs differentiation induction, which represents the highest yield ever 

published using nanopatterned substrates with controlled and highthroughput reproducible nanometrical 

features for cell culture. 

Moreover it was demonstrated that the mechanical properties of the substrate play a major role with 

respect to other parameters, such as substrate composition and geometry. A time-dependent analysis 

showed that the first hours after cell seeding are crucial in the determination of the final differentiation yield.  

A further control of ESCs differentiation by manipulating the substrates physical parameters, required 

a deep understanding of the cell-substrate interaction, therefore it was studied the behavior of neuronal 

precursors when placed and grown on different artificial substrates using atomic force microscope, scanning 

electron microscope, and single cell force spectroscopy measurements. The latter lead to a quantification of 

the forces that develop between neuronal precursors and substrate and provided a clear relationship 

between adhesion forces and differentiation. My results suggested the importance of the physical parameter 

involved in the regulation of the neuronal differentiation and to new guidelines for future applications in 

regenerative medicine. 
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1. INTRODUCTION 

The importance of controlling the neuronal differentiation and therefore the therapeutic potential of 

ESCs for neurodegenerative disorders has been widely recognized (Ben-Hur et al., 2004; Björklund and 

Lindvall, 2000). In general stem cells are a powerful source of cells thanks to their capacity of unlimited 

replication with an high potential as a therapy for all kind of degenerative disorders. However severe 

limitations still hinder the application of these emerging technologies at a clinical level (Delcroix et al., 2010) 

and, at present, there are no long term treatment currently available for neurodegenerative disorders.  

Stem cells, when removed from their in vivo niche and cultured in vitro, can be forced to differentiate 

into a given cell lineage, using specific biochemical factors, such as growth factors and cytokines (Barberi et 

al., 2003), and can be transplanted for the treatment of cellular damage. However the differentiation process 

is still inefficient, hard to control and usually results in a heterogeneous population with an high risk of 

teratomas formation (Ding and Schultz, 2004; Thomson et al., 1998). For these reason new protocols are 

currently investigated with the ambitious goal of obtaining a complete and controlled differentiation.  

In addition to enhancing the biochemical signal, gaining a fundamental understanding of the cell-

substrate interaction is required to reproduce in vitro the same characteristics of the natural stem cell niche. 

Indeed cells interact with the external environment not only through chemical cues but also by sensing 

physical properties of their environment (Curtis and Varde, 1964; Weiss and Garber, 1952). The natural 

environment of stem cells has a complex chemical and physical structure which differs enormously from that 

of the glass coverslips used in standard cell cultures. The chemistry, physics and mechanics of the micro 

and nanoenvironment where stem cells differentiate influence and determine the phenotype, fate and 

functions of differentiated cells (Engler et al., 2007; Kloxin et al., 2010a; McNamara et al., 2010a; Tee et al., 

2011). 

Current in vitro studies take great care of the biochemical cell environment (e.g., culture medium), but 

often completely neglect the mechanical environment. Culture dishes are usually made of plastics or glass, 

both being orders of magnitude stiffer than most biological tissues and presenting an extremely flat surface 

which is never observed in nature. These mechanical and geometrical mismatches are likely to bias cell 

culture and hinder more effective culture control. Moreover a deeper understanding of the cell-substrate 

interaction would avoid artifacts and enable a more accurate control of the cellular fate (Franze, 2011). 
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To improve the efficiency of the differentiation process new substrates that mimic the natural 

extracellular matrix (ECM) and thus emulate the actual in vivo conditions should be designed and the main 

factors controlling stem cell fate should be determined. .  

While the relevance of the substrate for in vitro cell culture is increasingly unquestionable, the 

importance of substrate interaction and topography may vary for different cell lineage. There is an extensive 

literature that employs micropatterns for cell culture, while, probably for the greater technological difficulties, 

nanopattern are less addressed in spite of the fact that neurons, and in general all types of cells, interact with 

the ECM at nanoscale level (Abrams et al., 2000b; Maheshwari et al., 2000).  

The nanotopography is not the only parameter to be considered, indeed each tissue has specific 

mechanical properties. The tissue or matrix environment can be as physically diverse as those of brain, 

muscle and bone (Engler et al., 2004; Flanagan et al., 2002; Holmbeck et al., 1999). 

The nanotopography and the mechanical properties of the substrates are often considered separately, 

but there is a significant interplay between these two major aspects, since changing substrate geometry will 

intrinsically change its mechanical properties. Therefore a definitive study able to provide to each factor the 

correct weight is absolutely necessary to set new guidelines for stem cell differentiation. 

 

2. Stem cell differentiation  

Stem cells are defined as cells with the ability of self-renew and differentiate into specialized cells in 

response to appropriate signals (Ding and Schultz, 2004). Because of the ability to give rise to different types 

of functional cells, stem cells have a great potential as therapeutics to regenerate and repair damaged 

tissues. Indeed stem cells have key roles to support and develop tissue homeostasis. In vivo the fertilized 

oocyte (the zygote) and the descendants of the first two divisions are totipotent cells. Totipotent cells are 

able to form the embryo as well as the trophoblastic cells of the placenta. After roughly four days, these 

totipotent cells begin to specialize by forming a hollow ball of cells known as the blastocyst (Fig.2a). The 

blastocyst forms a cluster of cells, called the inner cell mass (ICM) (black aggregate shown in Fig 2a), from 

which the embryo develops. The cells that compose the ICM are pluripotent and are able to give rise to cells 

of three germ layers that comprise the embryo; however they are unable to differentiate into the placenta and 

supporting tissues (Alison et al., 2002; Gottlieb, 2002). 
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Fig 2a: representation of a blastcyst with the external translucent layer (trophectoderm) that will form placenta and 

the darker mass ( inner cell mass) that will give rise to the embryo. 

The potential for a cell to differentiate decreases during the development and six weeks after 

fertilization foetal tissue derived from stem cells becomes multipotent. These multipotient cells are able to 

give rise to a subset of cell lineages. Each cell lineage constitutes an entire tissue or group of related tissues, 

for example haematopoietic stem cells. Finally unipotent cells are able to differentiate into only one mature 

cell type. 

Generally stem cells used for in vitro cell culture are classified as embryonic stem cells (ESCs) and 

adult stem cells.  

ESCs derived from the ICM and, when cultured in vitro, are still capable to give rise to all the type of 

cells.  

Adult stem cells derive from adult tissue. They are multipotent stem cells able to generate progeny of 

multiple distinct cell types. Mesenchymal stem cells (MSCs) for example are multipotent cells derived from 

the adult bone marrow capable to give rise to all the mesodermal-derived tissues (Caplan, 1991; Ciapetti et 

al., 2006; Sanchez-Ramos et al., 2000). Neuronal stem cells are also multipotent stem cells present in both 

developing and adult central nervous system (CNS). They are capable to self-renewal and to differentiate 

into astrocytes, oligodendrocytes and neurons (Gould et al., 1999; Ma et al., 2009).  

Progenitor cells are also extracted from adult tissue and they can give rise to a specific type of cells; 

they are committed to a specific lineage. Neuronal progenitors (NPs) for example are lineage restricted and 

only capable of fewer divisions. Recently it was demonstrated the possibility to reprogramming adult cells 



7 

 

into pluripotent stem cells, called induced potential stem cells (iPSCs) which exhibits similar properties to the 

ESCs (Takahashi and Yamanaka, 2006; Zhao et al., 2010). 

Both the self-renewal and the differentiation are fundamental properties of stem cells for the 

regenerative medicine, which aims to guide the tissue growth for functional recovery and/or dictate stem cell 

differentiation into the appropriate cell type.  

 

2.1 Stem-cells bio-chemical neuronal differentiation 

Stem cells neuronal differentiation can be obtained by using those biochemical factors that play an 

important role in the natural embryo development. For each type of stem cell the biochemical differentiation 

protocol would recapitulate the natural in vivo differentiation, therefore different protocols are need to obtain 

the neuronal differentiation from each stem cell type (ESCs, MSCs, NPs).  

 

2.1.1 Embryonic stem cells biochemical neuronal differentiation 

The ESCs are capable of unlimited proliferation in vitro (Evans and Kaufman, 1981) and they retain a 

stable diploid karyotype, following extensive passages in culture. 

The pluripotent nature of mouse ESCs was demonstrated by their ability to contribute to all tissues of 

adult mice, including the germline, following their injection into host blastocysts (Bradley et al., 1984). The 

ability to form derivatives of all three embryonic germ layers is maintained even after prolonged culture 

(Thomson et al., 1998). All these characteristics make ESCs unique and with an enormous potential as an 

unlimited source for tissue engineering, regenerative medicine, drug discovery and studying human 

developmental biology (Amit et al., 2000). 

To establish and maintain the stemness, mouse inner cells mass were cultured over irradiated mouse 

fibroblast feeder cells such as murine embryonic fibroblasts (MEFs). These cells are a basal layer for mouse 

ESCs; they produce factors such as leukemia inhibitor factor (LIF), Extracellular matrix and a general cellular 

environment that prevent the loss of pluripotency of ESCs.  

LIF interacts with the dedicated transmembrane receptor LIFR that dimerises with gp130 (Fig 2.1.1A). 

This interaction starts a signalling pathway that finally activates the STAT3-mediated transcription that has a 
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key role for the maintaining the undifferentiated state of ESCs (Keller, 2005; Matsuda et al., 1999; Niwa et 

al., 1998). 

In addition to STAT3, two other transcription factors, Oct3/4 (Niwa et al., 2002) and Nanog (Chambers 

et al., 2003), have been shown to play pivotal roles in maintaining the undifferentiated state of ESCs.  

ESCs differentiation involves autoinductive stimulation of the mitogen-activated protein kinase 

(ERK1/2) pathway by fibroblast growth factor-4 (FGF4) (Kunath et al., 2007; Stavridis et al., 2007). It was 

proposed that the LIF and serum/BMP signals act downstream of phosphor-ERK to block ESCs commitment 

(Ying et al., 2008). A schematic representation of LIF signalling is reported in figure 2.1.1A. 

 

 

Fig 2.1.1A: The LIF STAT3 signalling pathway promotes stem cell self renewal (Winslow T, Kibiuk L 2001) 

During the last decade, many different protocols have been developed to promote neuronal 

differentiation from ESCs in vitro. Each of the three major neuronal cell types of the central nervous
 
system 

— neurons, astrocytes, and oligodendrocytes — can
 
be derived, and relatively pure populations of each type 

can be
 
isolated when cultured under appropriate conditions (Barberi et al., 2003; Okabe et al., 1996). In 
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addition to the generation
 
of these different neuronal populations, some differentiation procedures allow the 

selective derivation of specific neuronal subtypes such as glutamatergic (Bibel et al., 2004), dopaminergic 

(Barberi et al., 2003; Morizane et al., 2002), GABAergic (Chatzi et al., 2009) and seratonergic (Lee et al., 

2000) neurons. The protocols for differentiation to specific types of neurons
 
have included the sequential 

combination of regulators (cytokines and growth factors) that
 
are known to play a role in the establishment of 

these lineages
 
in the early embryo (Keller, 2005). For instance, midbrain dopaminergic neurons

 
have been 

generated in the embryo bodies (EBs) system by overexpression in the
 
cells of the transcription factor 

nuclear-receptor-related factor1
 
(Nurr1), and the addition to the cultures of SHH and FGF8 (Kim et al., 2002) 

. More recent studies have demonstrated the
 
development of cholinergic, serotonergic, and GABAergic 

neurons
 
in addition to dopaminergic neurons, when differentiated on

 
MS5 stromal cells in the presence of 

different combinations
 
of cytokines (Barberi et al., 2003; Keller, 2005).  

Despite the use of growth factors favouring differentiation of a particular cell type, the resulting ES-

derived cultures were heterogeneous. None of the approaches used on murine ESCs has yet been shown to 

give 100% yield of cells with the required phenotype, so methods to purify the populations are required 

(O’Shea, 1999). The protocols for neuronal differentiation of ESCs can be grouped into three different 

approaches (see Fig 2.1.1B): 

1. Embryo bodies formation using  

 retinoic acid (RA) treatment (Bain et al, 1995; Fraichard et al, 1995) 

 sequential culture of EBs in serum followed by serum-free medium (Okabeet al. 1996) 

 Serum-free floating culture of embryoid body-like aggregate (SFEB culture) (Watanabe et al. 

2005). 

2. differentiation of ESCs as a monolayer in serum-free medium (Tropepe et al. 2001; Ying et 

al. 2003b) 

3. stromal cell-derived inducing activity (SDIA) (Barberi et al, 2003; Kawasaki et al, 2000; 

Morizane et al, 2002). 
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Fig 2.1.1B: three different classes of protocol for the ES differentiation (Keller, 2005)  

SDIA protocol was chosen to differentiate NPs from ESCs due to the higher neuronal yield obtained 

and to the possibility to avoid the use of RA (that is a teratogenic agent). 

This approach includes the culture of ESCs on stromal (or mesenchymal) cells that promote neuronal 

differentiation when used as feeders. The SDIA method does not involve EBs formation and each 

differentiating colony grows from a single ESCs in two dimensions under serum-free conditions. SDIA 

method mimics the time course of early development of the midbrain: for instance, tyrosine hydroxilase (TH) 

positive dopaminergic neurons appear on induction days 6–8, while TH is first detected in the fetal mouse 

midbrain on mouse embryonic day 11.5 (E11.5). Given that ESCs behave like the inner cell mass (E4), and 

that the neuronal fate is determined during gastrulation (E6.5-E8) period, the expression required for TH 

induction in vitro correlates well to that seen in the embryo (Kawasaki et al. 2000; Morizane et al. 2002). 

The molecular nature of SDIA is still unknown and is thought to be due to membrane-bound factor(s) 

and/or soluble factor(s) secreted from stromal cells (Kawasaki et al., 2000). 

On induction day 12, neurons represent 52% of total cells: 16% are dopaminergic, 18% GABAergic, 

9% cholinergic and 2% serotonergic (Kawasaki et al, 2000). Morizane et al (2002) obtained 20-30% of 

dopaminergic neurons, which represented 40-50% of SDIA-treated cells. The percentage of dopaminergic 

neurons is higher in respect to other methods.  
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Barberi et al (2003) improved the protocol for the selective generation of dopaminergic, serotonergic, 

cholinergic, GABAergic and motor neurons, as well as neural stem cells (NSCs), astrocytes and 

oligodendrocytes. 

The advantages of SDIA method are the technical simplicity, and the efficient and fast differentiation 

induction. Coculture with stromal cells
 
provides the beneficial growth promoting effects of the particular

 
cell 

line used. This method allows rapid and efficient derivation of most central nervous system phenotypes. The 

regional fate specification can be controlled by manipulation of external medium conditions and by sequential 

patterning cues that seem to recapitulate in vivo development. Some difficulty can be encountered when 

attempting
 
to separate the ES-cell-derived cells from the stromal cells

 
(Keller, 2005). 

2.1.2 Mesenchymal stem cells biochemical neuronal differentiation 

MSCs are stem cells of mesodermal origin that can be derived from the adult bone marrow. MSCs are 

multipotent in nature and able to differentiate into osteoblasts, chondrocytes, adipocytes, cardiomyocytes, 

hepatocytes, endothelial cells and neuronal cells (Fig 2.1.2) (Caplan, 1991; Ciapetti et al., 2006; Sanchez-

Ramos et al., 2000; Satija et al., 2009).  

 

Fig 2.1.2: picture of cell population derived from MSCs and from neural stem cells. 

http://stemcells.nih.gov/info/basics/basics4.asp 
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In addition MSCs have a trophic effect in tissue repairing since they secrete a variety of cytokines and 

growth factors that have both paracrine and autocrine activities. These secreted bioactive factors suppress 

the local immune system, inhibit fibrosis (scar formation) and apoptosis, enhance angiogenesis, and 

stimulate mitosis and differentiation of tissue-intrinsic reparative or stem cells (Caplan and Dennis, 2006).  

MSCs neuronal differentiation was first demonstrated by Woodbury et al., (2000). In this study a 

neuronal supporting medium composed by dimethylsulfoxide (DMSO) and butylated hydroxyanisole (BHA) 

was used to guide the neuronal differentiation. Other groups used RA to induce neuronal differentiation 

(Mareschi et al., 2006). Different protocols involve the use of neurotrophic cytokines, such as human 

epidermal growth factor (hEGF) and bovine fibroblast growth factor (bFGF) which can induce differentiation 

into neurons with a neuronal yield of the 66% six days after the differentiation induction (Long et al., 2005). 

The use of this type of adult stem cells is advantaged with respect to the ESCs because of the ethic 

problems concerning the use of embryos and because of the rejection of allotransplantation which causes a 

big dilemma in the regenerative medicine field. 

The MSCs cells are readily accessible, overcoming the risks of obtaining neural stem cells from the 

brain, and provide a renewable population even if MSCs potential is restricted with respect to the ESCs. 

Moreover, MSCs grow rapidly in culture, precluding the need for immortalization, and differentiate into 

neurons exclusively with use of simple protocols (Woodbury et al., 2000).  

 

2.1.3 Neuronal Stem cells biochemical differentiation 

In the adult, neural stem cells persist within the forebrain ventricular zone, and give rise to a variety of 

more restricted progenitor phenotypes. The three major neuronal progenitors which can be found in the adult 

brain are: ventricular zone and hippocampal neuronal progenitors and white matter glial progenitors 

(Goldman and Sim, 2005; Martinez-Serrano et al., 2001; Nunes et al., 2003). Each of these phenotypes 

exists within a local environmental niche, which tightly regulates both the mitotic activity and derivatives of its 

resident progenitors. The subventricular zone (SVZ) of the lateral ventricles and the subgranular zone of the 

hippocampal dentate gyrus in the adult have consistently been shown to contain stem-cell-like precursors 

capable of driving neurogenesis and gliogenesis (Gage, 2000). These region were defined as highly 

specialized central nervous system germinal niches (Fig 2.1.3A). In the CNS niches cells with different 

potential are in tight contact. For example, as reported in Fig 2.1.3A in the SVZ astrocytes, are in intimate 



13 

 

contact with the rapidly dividing transit amplifying (type-C) cells and the lineage-committed (postmitotic) 

migratory neuroblasts (type-A cells). The cell lineage differentiation pathway goes from type-B, through type-

C to type-A cells, with type-B cells believed to be the self-renewing primary precursors (Fig 2.1.3A bottom 

panel) (Doetsch et al., 1999). Cell proliferation and differentiation in this prototypical germinal niche depend 

on the physical contact between the lineage-committed (postmitotic) migratory neuroblasts (type-A cells), 

true stem cells (type-B cells) and rapidly dividing transit amplifying cells (type-C cells), the basal lamina and 

brain microvessels (Fig 2.1.3) (Martino and Pluchino, 2006).  

Together, CNS stem cells and all types of precursor/progenitor are, broadly speaking, neural 

precursor cells (NPs). In this thesis I will use NPs as a generic term encompassing both neural stem and 

early progenitor cells. 
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Fig 2.1.3A: Cytoarchitecture of the niche(s) in the subventricular zone of the adult brain. Representation of the 

cellular population on the SVZ in contact with blood vessel reported in the text . In the right-hand side insets, gadolinium-

enhanced-weighted magnetic resonance images of both a healthy rodent and human show the healthy periventricular 

(SVZ) region. The bottom panel shows that the lineage differentiation pathway goes from type-B, through type-C to type-

A cells, with type-B cells believed to be the self-renewing (indicated by circular arrows) primary precursors.  
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Neurons obtained from NPs were transplanted in model animals and gave rise to functional neurons 

(Ding et al., 2006; Sheen et al., 1999).  

NPs can be propagated continuously in presence of fibroblast growth factor-2 (FGF2) and epidermal 

growth factor (EGF) (Borghese et al., 2010) either in suspension as neurospheres (Koch et al., 2009) or as 

adherent culture. 

NPs differentiation can be controlled using a coculture system or biochemical protocols. It was 

demonstrated that NPs, cocultured with hippocampal neurons, differentiated into neurons expressing MAP-2 

and with the capability to generate an axon potential current (Ding et al., 2006). To obtain astrocytes it was 

used the fetal bovine serum (Obayashi et al., 2009) while for the neuronal differentiation nerve growth factor, 

RA and laminin were used. (Boote Jones and Mallapragada, 2007). Neuronal medium without mitogenic 

factors with the addition of brain derived neruotrophic factor (BDNF) (Ding et al., 2006) or a gradient of Sonic 

Hedghog (for dopaminergic neuronal differentiation), FGF8 and BDNF (Park et al., 2009) were also used to 

enhance the neuronal differentiation.  

NPs showed a great promise in treating diseases that are unresponsive to standard therapies. NPs 

have a more restricted cell fate, but have the potential for use in autologous cell therapies and avoid the 

ethical issues surrounding the derivation of ESC lines (Boote Jones and Mallapragada 2007). However the 

biggest disadvantage for the autologous cell therapy with NPs remains the inaccessibility of neuronal 

precursors which lie in the deep brain stem cell niches (Woodbury et al., 2000).  

Pardal et al., 2010 demonstrated the possibility to obtain neuronal precursors from carotid bodies 

which have the capability to generate neurospheres as demonstrated in Fig 2.1.3B panel A composed by 

nestin+ precursors cells and dopaminergic precursors cells (Fig 2.1.3B panel B). However just few neurons 

were obtained when neurospheres were attached to adherent plates because progenitors migrated out of the 

core and differentiated into smooth muscle actin (SMA)-positive myofibroblasts (Fig 2.1.3B panel D and E) 

(Pardal et al. 2010). 
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Fig 2.1.3B: Formation of neurospheres and multipotency of carotid body (CB) stem cells in vitro. A. Bright field 

picture of neurospheres formed by dispersed CB cells after 10 days in culture. B. Immunohistochemical analysis of a 

neurosphere thin section (bright field on the left), illustrating the presence of nestin+ progenitors within the neurosphere 

core, and TH+ glomus cells within the bleb (right). C. Grown neurosphere (20 days in culture) with two large blebs 

containing differentiated TH+ cells. D. Differentiation into smooth muscle cells (SMA+) of the carotid body progenitors 

upon replating of the neurospheres to adherent substrate. A higher magnification image of the area depicted in (D) is 

shown in panel (E). Scale bars: 100 μm in panels (A) and (E), 50 μm in panels (B) and (C), and 1 mm in panel (D). 

(Pardal et al., 2010). 

 

2.2 Micro and nanotopography directs stem cells neuronal differentiation 

During the natural tissue development stem cells are interacting with various physical, such as micro 

and nanoscaled topography, membrane elasticity and biochemical cues present in their microenvironment 

(Abrams et al., 2000). For example the maintenance and differentiation of neural stem cells in brain niches 
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seems to depend on their physical contacts with the basal lamina, which acts as a scaffold as well as 

modulating cytokines and growth factors release from local cells (Martino and Pluchino, 2006).  

 The ECM is the main support for cell growth and functions and it is composed by fibrous proteins and 

glycosaminoglycans with a 3D complex distribution. The chemical and topographical composition of ECM 

can differ significantly from a tissue to another such as bone and brain. The chemistry, physics and 

mechanics of the micro and nano-environment where stem cells differentiate influence and determine the 

phenotype, fate and functions of differentiated cells (Engler et al., 2006; Kloxin et al., 2010; McNamara et al., 

2010; Tee et al., 2011).The natural environment of stem cells differs enormously from that of the glass 

coverslips used in standard cell cultures. For that reason a huge effort was given to the realization of a 

substrate which could mimic the natural ECM from the physical point of view.  

Since the beginning of the last century it was known that cells respond to shape cues (Carrel and 

Burrows, 1911) and over the last decade the effect of micro and nano-topography have been well 

documented. Microtopographies, which include micropits, microgrooves and micropillars guide the cell body 

by physical confinement or alignment. These micropatterns have been shown to influence cellular adhesion, 

spreading, contact guidance, cytoskeletal architecture, nuclear shape, nuclear orientation, programmed cell 

death and transcript levels (Britland et al., 1996; Chen et al., 1997; Clark et al., 1987; Dalby et al., 2002c; 

Kantawong et al., 2009; Wójciak-Stothard et al., 1995).  

Evidences reported that nanoscale dimensions are important in the design of the next generation of 

tissue-engineering materials, as these features are capable of modulating cell responses. Interaction with 

nanotopographies can alter cell morphology (Dalby et al., 2002a), adhesion (Gallagher et al., 2002), motility 

(Berry et al., 2004), proliferation (Dalby et al., 2002b), endocytotic activity (Dalby et al., 2004), protein 

abundance (Kantawong et al., 2009a), and gene regulation (Dalby et al., 2002d). Nanotopographical 

responsiveness has been observed in diverse cell types including fibroblasts (Dalby et al., 2002b), 

osteoblasts (Price et al., 2003), osteoclasts (Webster et al., 2001), endothelial (Dalby et al., 2002a), smooth 

muscle (Thapa et al., 2003), epithelial (Andersson et al., 2003), and epitenon cells (Gallagher et al., 2002).  

A relevant results for biomaterial design was the discovery of the smallest surface features which can 

influence how cells respond to materials. To date, the smallest feature size shown to affect cell behavior was 

10nm (Dalby et al., 2002d), which illustrates the importance of considering the topographical cues presented 

to cells during in vitro culture and implantation of devices.  
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As a growing number of precision nanofabrication techniques become available to the stem cell 

biologist, such as nanoimprinting lithography and photolithography (Wilkinson, 2004), it becomes possible to 

begin to dissect out the effects of nanotopography on stem cells and use the materials as noninvasive tools 

to investigate cellular functioning. 

2.2.1 Topography of the ECM 

Using high resolution microscopy techniques it was possible to characterized the topography of the 

ECM with nanometrical resolution. For example the basement membrane, which is a ubiquitous component 

of the ECM, is composed by a mixture of pores, ridges and fibers with nanometrical dimensions (Abrams et 

al., 2000). In particular the basement membrane of the anterior corneal epithelium was characterized by 

TEM, SEM and AFM, that provided a measure of the mean elevation of features with a broad distribution 

around 150nm. Mean fiber diameter as measured by SEM was about 74 nm, with pores occupying 

approximately 15% of the total surface area (Fig 2.2.1A) (Abrams et al., 2000). 

 

Fig 2.2.1A: Scanning electron micrograph of the corneal ephitalial basement (Abrams et al., 2000b) 

The nanometrical characteristics of the ECM can differ significantly depending on the tissue, indeed it 

was demonstrated by the same group that the anterior basement membrane of corneal epithelium has larger 

and less dense features respect to the posterior membrane (Abrams et al., 2000). 

It is not surprisingly that each tissue has a particular type of nanometrical features and therefore the 

cell react in a different manner in relation to the topographical characteristics of the matrix.  

In the last decade a lot of groups focused their attention into the cellular response to the nano-

topographical stimuli of the external environment.  
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Neuronal growth, alignment and neuritis branches are affected by topographical cues demonstrating a 

particular behaviour in response to anisotropic and isotropic topographical stimuli which are a simplified 

representation of the in vivo ECM geometrical characteristics (Fig 2.2.1B)  

 

Fig 2.2.1 B: Types of anisotropic and isotropic topographies on the left column, and the corresponding 

characteristics of the natural ECM on the right column, mimicked by the synthetic structures.  

A number of studies on microgrooved topography have indicated that neurites respond to topography 

in terms of alignment or outgrowth increase, with longer neuritis on deeper groove in the range from 0.2 to 4 

μm (Hirono et al., 1988; Miller et al., 2002), and no effect observed on feature depth less than 200 nm.  
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One approach to elicit neuronal guidance and reconstruct an in vitro environment as similar as 

possible to the in vivo one is to coculture neurons with other cells, with and without additional topographical 

guidance features. By themselves, cells provide both biochemical and topographical cues to regenerating 

axons. For example, aligned monolayers of Schwann cells can direct neuronal outgrowth to follow the 

direction of alignment even in the absence of other topographical cues (Thompson and Buettner, 2006). 

Synthetic surfaces could mimic Schwann cells topography as reported in Fig 2.2.1B. 

Isotropic topographies have been presented to neurons in the form of nano- or micron-scale pillars 

and holes and nano-roughness (Kriparamanan et al., 2006). It has been suggested that regardless of cell 

type, cells respond to isotropic features with dimensions less than 5μm with a smaller, rounded morphology 

with less organized cytoskeletons (Martínez et al., 2009). . 

Due to the importance of guidance cue to regenerate neurons on a synthetic substrate, it was 

proposed the use of micro, nano-structured materials as a guidance for stem cells neuronal differentiation 

which allow cell development to be tailored to specific application without the need of biochemical factors 

(Yim et al., 2007). 

 

2.2.2 ESCs maintenance and differentiation on nanopattern  

The importance of physical cues was recently tested on the proliferation and differentiation of ESCs. 

Grating-like topography enhanced ESCs spontaneous differentiation is absence of feeder layer and 

differentiation medium (Markert et al., 2009; Smith et al., 2009) and an even greater enhancement was 

shown when differentiation medium was used in conjunction (Smith et al., 2009). 

The effect of 504 different patterns on ESCs differentiation and proliferation was tested by Markert et 

al. 2009 using BioSurface Structures Array; i.e: a microstructured surface library made of silicon lines, bars 

and pillars coated with tantalum oxide with a lateral size varying from 1 to 8 µm, with 1 µm spacing and 

different heights from 0.6 to 6 µm (Fig 2.2.2a) 
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Fig 2.2.2a: BSSA library series A–J includes square and round pillars with 16 different combinations of lateral 

dimensions of the structure (X) and gap between the structures (Y). (X,Y) = (1.1), (1.2), (1.4), (1.6); (2.1), (2.2), (2.4), 

(2.6); (4.1), (4.2), (4.4), (4.6); (6.1), (6.2), (6.4), (6.6). Series K consists of eight different iterations of the lateral 

dimension (T) of a “shark skin”-like structure, all with the same gap between individual structures (1 μm). T = 1, 2, 3, 4, 5, 

6, 7, or 8. X, Y, and T are all in μm. (L) Photo of the BSSA. (Markert et al. 2009)  

 

Even if in the medium was present LIF on the bars structures (Fig 2.2.2a, panel K) ESCs differentiate 

more than on the flat surface. On pillar like structures the ESCs proliferation was promoted on the smaller 

feature sizes, bigger heights and with more spacing distance even without LIF in the culture media. 

Independently Smith et al. (2009) showed that ESCs differentiation could be enhanced by grating-like 

structures like poly-(L-lactic acis) (PLLA) nanofibrous architecture with diameter ranging from 50 to 500 nm. 

If an osteogenic media was added to the ESCs culture the differentiation effect was even stronger than on 

flat surfaces with the expression of osteogenic proteins.  

On the contrary a 3D nanofibrillar surfaces composed of polyamide nanofibers, commercially available 

matrix Ultra-Web, can promote the proliferation and self-renewal of ESCs through mechanisms involving Rac 

and upregulation of Nanog and c-Fos (Nur.E.Kamal et al., 2006). 

Other circular ECM protein patterns, made using microcontact printing on Matrigel
TM

, were used to 

promote proliferation or induce differentiation of ESCs (Peerani et al., 2007). Spots with hundreds of micron 
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of diameter were printed using ECM proteins and endogenous signals. The effect on ESCs fate controlled by 

colony size was demonstrated, indeed on smaller spots colony tended to differentiate while on the larger 

spots they remained undifferentiated.  

Human ESCs direct differentiation into neuronal lineage was demonstrated on glass coverslips 

nanogrooved patterned array 350 nm width and 500nm height without any additional biochemical cues (Lee 

et al., 2010). Although very promising this study did not provide a quantitative analysis of the neuronal yield. 

Indeed as reported in Fig 2.2.2b panel b, c, e and f taken from Lee’s paper, which show ESCs cultures 5-10 

days after plating on nanopatterned surfaces, the Tuj positive neurons are not more than the 10% of the 

whole cell population. The homogeneity of the culture is fundamental for in vivo transplantation of ESCs and 

therefore it is important that no undifferentiated cells are implanted in the host animal because of the the risk 

of tumor formation (Molcanyi et al., 2009). In the discussed paper no Tuj positive cells were present on flat 

glass coverslips; however in literature it was demonstrated a spontaneous neuronal differentiation of ESCs 

(Gerrard et al., 2005; Reubinoff et al., 2000) that is small but makes the Lee’s results questionable. 

 

Fig 2.2.2b: Immunofluorescence staining of hESCs with neural and glial markers. (a, d) hESCs were 

immunolabeled for DAPI, Tuj1 and HuC/D (human neuronal protein: RNA-binding protein). (b, e) hESCs were 
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immunolabeled for DAPI,Tuj1 and MAP2 (mature neuronal protein: macrotuble associated neuronal protein2). (c, f) 

hESCs were immunolabeled for DAPI, Tuj1 and GFAP (glial fibrillary acidic protein). hESCs cultured for five days (a, b, 

c) and ten days (d, e, f) on the 350-nm ridge/groove pattern arrays (Lee et al., 2010).  

 

2.2.3 MSCs differentiation on nanopattern 

Due to the easy access and the multipotency of MSCs, many studies were performed using MSCs as 

cellular model for their differentiation using only physical cues.  

It was demonstrated that pillar-like structures favored the proliferation of MSCs (Dulgar-Tulloch et al., 

2009; Khor et al., 2007). In particular it was shown that 200 nm is the optimal feature size for human MSCs 

adhesion and proliferation. This effect is specie-specific indeed for rat MSCs grown on TiO2 nanotubes the 

best size for cell attachment and proliferation was 15 nm (Park et al., 2007). If an induction media was added 

in the cell culture an osteogenic differentiation was observed.  

Grating-like topographies have been shown to induce the differentiation and not the proliferation of 

MSCs. Neuronal differentiation was obtained using gratings with line width of 350 nm, 1 and 10 m made of 

PDMS (Yim et al., 2007). The effect of the nanopattern on the differentiation into neuronal lineage was 

stronger in comparison to the RA effect (Fig 2.2.3 A). In particular smaller grooves sizes presented an higher 

MAP2 expression in comparison to flat and to the 1 and 10 m large grooves (Fig 2.2.3 B).  

 

Fig 2.2.3 A: Immunofluorescent staining of Tuj1 and GFAP, of hMSCs cultured on nanopatterned PDMS, 

nanopatterned PDMS in the presence of RA, unpatterned PDMS and unpatterned PDMS in the presence of RA.Tuj1 is 

shown in red, GFAP in green. In all panels the DAPI nuclei counter-stain is shown in blue, bar = 50 μm. The direction of 

the gratings on the nanopatterned PDMS is indicated with a white arrow. B: quantitative analysis of MAP2 expression in 

hMSCs cultured on gratings with widths of 350 nm, 1 μm and 10 μm. (Yim et al., 2007) 
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As demonstrated in the figure 2.2.3 A some DAPI nuclei on nanopatterned PDMS + RA (which 

combination was demonstrated to generate an higher neuronal yield) were not positive for Tuj, so even in 

this case, the homogeneous population was not obtained.  

3D scaffolds made of poly(L-lactic acid)-co-poly-(3-caprolacone)/collagen nanofibrous were used for 

human MSCs neuronal differentiation in combination with biochemical factors (BDNF, EGF and β-

mercaptoethanol) (Prabhakaran et al., 2009). Even if the mechanism at the base of the differentiation of 

MSCs into neuronal lineage was not clarified this study demonstrated the potential for the generation of 

functional neurons from patient-derived MSCs. 

 

2.2.4 NPs differentiation on nanopattern 

Topography often works synergistically with appropriate biochemical cues also regarding neuronal 

precursors differentiation. It was demonstrated that micropatterned polystyrene substrates chemically 

modified with laminin induced the rat hippocampal progenitors cells neuronal differentiation (Recknor et al., 

2006). This effect was stronger when astrocytes were used as a coculture with NPs.  

Polyethersulfone fiber mesh coated with laminin with different diameters were used to differentiate rat 

hippocampus-derived NPs. Different fiber diameter were tested: 283±45 nm, 749±153 nm and 1452±312 nm 

and it was demonstrated that the 700 nm diameter fibers had a stronger effect on NPs differentiation 

(Christopherson et al., 2009).  

Due to the difficult accessibility of the NPs in the CNS niches a possibility is to differentiate ESCs in 

vitro and obtain NPs. ESCs derived NPs increased their neuronal differentiation when grown on 

polycaprolactone fiber matrices. In particular micro and nano-fibers, aligned and with random orientation, 

were compared and a significant increase of neuronal differentiation was obtained on aligned nanofibers 

(86%) with respect to the micrometrical once (62%) after 15 days of culture (Mahairaki et al., 2011).  

Therefore an effect of nanofibers on neuronal differentiation was demonstrated but it is not clear yet 

whether the alignment of the fibers or their dimensions or the combination of the two are the main 

responsible for the neuronal differentiation induction. Moreover with fiber-based 3D scaffold it is possible to 

control fibers diameter but not their disposition in terms of distance between fibers. Indeed to study which 
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physical properties of nanopatterns might influence neuronal differentiation it is necessary to obtain 

nanostructures with precisely controlled dimension and position (Christopherson et al., 2009).  

The precise control of geometry and/or mechanical properties of the substrate is possible only on 2D 

systems. 

2.3 Matrix elasticity directs stem cell neuronal differentiation 

In the last decade the role of the substrates elasticity acquired a great importance regarding the stem 

cell differentiation induction. Indeed cells during embryogenesis divide and make the morphological 

movements necessary for the formation of the new tissues, thus cells both generate and experience 

tensions, compression and shear forces (Keller et al., 2003). Mammalian cells not only sense applied 

mechanical forces, but also sense the mechanical properties of their environment, such as the elasticity of 

the substrate on which they grow. It was demonstrated that substrate stiffness influences how strongly cells 

adhere, how much force they exert and their degree of spreading (Discher et al., 2005; Goffin et al., 2006; 

Yeung et al., 2005). 

Of particular interest to CNS regeneration are studies that have examined neuronal, glial and NPs 

responses on substrates elasticity. In 2001 (Balgude et al., 2001) explores the structure-function relationship 

between dorsal root ganglion (DRG) neurite extension and agarose gel mechanical properties. They 

demonstrated that neurites extension was inversely correlated with the mechanical stiffness of agarose gels.  

Flanagan et al., (2002), studied the neuronal behavior on soft gels using mouse primary spinal cord 

neurons plated onto polyacrylamide gels of varying deformability. On gels with an E ranging from 0.1 to 1 

kPa the neurites formed three times more branches, critical for synaptic connections during development, 

than on stiffer gels and glia did not survive even if specific media for their growth were used.  

Later, it was demonstrated that using mixed culture of cortical neurons and astrocytes, the neuronal 

growth was enhanced on softer substrates made of polyacrylamide gels with E200 Pa (Fig 2.3a A) and 

fibrin substrates with E250 Pa (Fig 2.3a C) while astrocytes were the most abundant cell type on harder 

polyacrylamide gels with E9 kPa (Fig 2.3a B) and fibrin substrates with E 2 kPa (Fig 2.3a D) (Georges et 

al., 2006). 
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Fig 2.3a: Cultures of dissociated embryonic cortices at 1 week in vitro on soft (A) and hard (B) PA gels and soft 

(250 Pa) (D) and hard (2.1 kPa) (E) fibrin gels. Neurons were labeled for bIII-tubulin (red) and astrocytes for GFAP 

(green). All cell nuclei on PA gels were labeled with DAPI (blue). The prevalence of astrocytes is apparent on hard PA 

gels and to a lesser extent on hard fibrin gels, which are still much softer than the hardest PA gels. The percentage of 

total cells on soft PA gels (C) and fibrin gels (F) that were neurons (bIII-tubulin positive) was significantly higher than on 

hard gels (p , 0.01). (Georges et al., 2006) 

 

The work of Engler et al., (2006), which demonstrated that MSCs differentiation was modulated by 

matrix elasticity, attracted the interest of a vast scientific community to the possibility to induce stem cell 

differentiation just playing with the mechanical properties of the substrates. Indeed MSCs culture on soft 

collagen-coated gels mimicking brain elasticity promotes cell adhesion, spreading and differentiation into 

neuronal lineage (Fig 2.3b i) while stiffer substrates induce myogenic and osteogenic phenotypes (Fig 2.3b 

ii).  
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Fig 2.3b:(A) Solid tissues exhibit a range of stiffness, as measured by the elastic modulus, E. (B) The in vitro gel 

system allows for control of E through crosslinking, control of cell adhesion by covalent attachment of collagen-I, and 

control of thickness, h. MSCs are initially small and round but develop increasingly branched, spindle, or polygonal 

shapes when grown on matrices respectively in the range typical of E brain (0.1–1 kPa), E muscle (8–17 kPa), or stiff 

crosslinked-collagen matrices (25–40 kPa). Scale bar is 20 mm. Inset graphs quantify the morphological changes versus 

stiffness, E: (i) cell branching per length of primary mouse neurons , MSCs, and blebbistatin-treated MSCs and (ii) 

spindle morphology of MSCs, blebbistatin-treated MSCs, and mitomycin-C treated MSCs (open squares) compared to 

C2C12 myoblasts (dashed line). 
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An homogeneous population of neural stem cells was tested on substrates with different Young’s 

modulus to prove the differentiation induction of soft substrates on neuronal differentiation (Saha et al., 

2008). In particular they confirmed the previous results from (Georges et al., 2006) that in serum-free 

neuronal differentiation media a peak of Tuj+ cells was observed on 500 Pa substrates while on harder gels 

1-10 kPa the glial differentiation was predominant.  

Another group studied the NPs differentiation into all the primary CNS lineages on porous scaffolds 

made of hydrogels coated with laminin (Leipzig and Shoichet, 2009). They proved that the proliferation of 

NPs could occur when Young’s Modulus was smaller than 10 kPa and it was maximal at 3 kPa. They also 

confirmed previous observation that the stiffness of the hydrogel could change the type of differentiation 

when coupled with suitable differentiating media. When the hydrogel stiffness was lower than 1 kPa neuronal 

differentiation was enhanced (32.9±2% of Tuj
+
 cells), while on stiffer substrates with E > 7kPa the 

oligodendrocyte differentiation was enhanced (71.8±2.7% of RIP-positive oligodendrocytes).  

All these works have been performed in order to demonstrated the importance of mechanical 

properties to the success of substrates designed to engineer central nervous system tissue. However in 

none of these experiments the particular geometrical structure was considered and there is a possibility that 

the effect depends on a combination of mechanical and geometrical properties, if not of the latter alone. 

 

3. Cell-substrate interaction 

The ECM mainly interact with cells trough adhesion molecules, mechanical forces and protein 

distribution while cells react to this stimuli trough cytoskeleton and nucleus modification and gene expression 

activation.  

The following chapters will focus on the forces interplayed during cell-substrate interaction, how cells 

sense these forces and how cells react to the substrates changing the cytoskeleton architecture and regulate 

genomic expression and function (this is also known as mechanotrasduction). 
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3.1 Cell-substrate adhesion 

The cell-ECM interaction provide structural stability and regulate cell growth, differentiation, migration 

and survival. A genetical deletion of adhesion receptors, ligands and adhesion-associated components are 

lethal at early stage of development (Fässler and Meyer, 1995; Löhler et al., 1984; Monkley et al., 2000).  

Specific interactions between receptors and ligands and non-specific interactions, such as 

hydrophobic and electrostatic interactions, play essential roles in mediating cells adhesion.  

As will be explained in detail in the chapter 3.2, focal adhesions (FAs) are the sites within the cell 

membrane of attachment with the substrate. The dynamic of the FAs is subject to a complex regulation 

including integrin binding to ECM components and the reinforcement of the adhesion plaque by recruitment 

of additional proteins (Bershadsky et al., 2006). Moreover integrins mediate the bidirectional stimuli between 

the cell and the ECM activating direct mechanotransductive signaling and indirect molecular cascades that 

regulate transctiption factors activity and therefore gene expression. It is also straightforward to think that the 

adhesion of stem cell to the substrates can regulate their differentiation. Indeed it has been proposed that 

ESCs in vivo undergo integrin-dependent activation of ERK1/2 during early gastrulation, inducing cell 

differentiation and the formation of primitive ectoderm (Liu et al., 2009). It was proposed a model in which 

integrin signaling might become activated through increasing binding of integrins to the ECM components 

(Yee et al., 2008), whereby focal adhesion kinase (FAK) increased recruitment to the adhesion plaque 

induces downstream ERK-dependent differentiation. This considerations provided an insight of the 

mechanism of focal adhesion-dependent differentiation and indicated that the differentiation could be 

regulated by the substrate physical properties. 

The qualitative and quantitative assessment of FA forces has been a challenging task for a long 

period.  

During the last twenty years magnetic beads and optical tweezers were used to measure biomolecular 

forces (Ashkin et al., 1990; Smith et al., 1992). Although these techniques can measure biological forces 

down to the single molecule range, it is hard to locate inter-molecular interactions. In contrast, on live cells, 

biomolecular interactions occur in specific locations. Therefore there is a growing need of a method to that 

can measure intramolecular and intermolecular interactions of biological samples, both with high sensitive 

and high spatial resolution (Müller et al., 2009).  
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To quantitatively determine the interaction strength of cells with proteins of the ECM, AFM force 

spectroscopy was considered useful. At the beginning single molecule force spectroscopy was developed to 

quantify the interaction of single and isolated cellular receptor with ECM ligand (Florin et al., 1994; Moy et al., 

1994). However the surface receptors isolated from the cellular membrane are often in the truncated forms 

without the hydrophobic spanning regions important for the protein folding and function. Therefore the 

function of isolated receptors may differs from their in vivo counterparts because they might show a 

functional state which does not necessarily resembles the native state (Helenius et al., 2008). Improvements 

of the single molecule force spectroscopy permitted to study the interaction forces and the dynamics of a 

variety of cell surface proteins (integrins, caderins, selectins) with high sensitivity and spatial resolution on 

living cells thanks to the possibility to position the tip at a certain location of the cellular membrane 

(Baumgartner et al., 2000; Zhang et al., 2002; Zhang et al., 2004). This setup cannot measure the overall 

cell adhesion of a living cells to a substrate or to another living cells. To overcome these limitations an AFM 

based single cell force spectroscopy assay was developed (Helenius et al., 2008). A cell is attached to the 

AFM tipless cantilever (Fig 3.1a panel A and B) and is brought into contact with the substrate or with another 

cell for a desired period after that the cantilever is withdrawn with a maximal z-length of 100m (Fig 3.1a 

panel B).  
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Fig 3.1a: single cell force spectroscopy experiment. A: a cell attached to the edge of a tipless cantilever. B: cycle 

of approaching (a) adhesion (b) detachment (c) and withdraw of the cell to the substrate. C: example of force-distance 

curve with small jumps (j) referred to single ruptures and plateau (t) which are tether extracted from the cell membrane 

(Taubenberger et al., 2007). 

This technique, named single cell force spectroscopy (SCFS), allows to detect a wide range of forces 

from 5 pN to 100 nN (Fig 3.1a panel C). It is therefore possible to study the adhesion of the all cells as a 

single entity (Benoit et al., 2000; Taubenberger et al., 2007) as well as single ligand-receptor pair (Helenius 

et al., 2008). Another advantage of the SCFS is the high precision in which can be spatially and temporary 

manipulated during the experiment and the possibility to characterize how the cell modulates receptor-ligand 

interactions to communicate with the environment (Zhang et al., 2002) 

One of the first experiments with SCFS investigated the adhesion forces between two cells of 

Dictyostelium discoideum. The cells are brought into contact and separated after a given contact time. That 

experiment showed the possibility to extract 3 major information by the force-distance curve obtained: the 

maximal force needed to detach the two cells, the single unbinding events belonging to the cellular receptors 

bound and the force required to form membrane tethers (Benoit et al., 2000). 
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In the case of specific binding, membrane tethers are expected to attach via a receptor-ligand bond at 

their very tip. The force describing the formation of rupture of a membrane tethers do not reflect that of the 

receptor-ligand bond attaching the membrane tether. The force required to form a membrane tether only 

depends on the properties of the cell membrane and the underlying cytoskeleton (Sun et al., 2007), and it is 

constant for pulling distances extending over several microns. 

It was verified the ability of the plasma membrane to locally produce multiple interdependent tethers 

(Fig 3.1b) (Sun et al., 2005). In this study it was demonstrated that the forces to extract tethers from the 

membrane are independent of the nature of attachment to the cantilever. Moreover the large variation of the 

tether pulling forces measured at several locations on individual cell reflects the existence of heterogeneity in 

the membrane properties. 
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Fig 3.1b: The schematics on the top illustrate the state of the experiment at points A, B, and C along the retraction 

curve. A, B, and C correspond, respectively, to points with three tethers attached, two tethers attached, and one tether 

attached. L stands for the total length of all simultaneously pulled tethers (Sun et al., 2005). 

Tethers are implicated into cell-cell adhesion and studies suggested they might also provide a 

pathway for intracellular and intercellular communication formed by a mechanism of cell adhesion 

(Schmidtke and Diamond, 2000) 

 

3.2 Integrins and focal adhesion 

Adherent cells lines are able to anchor to the underlying substrates through different types of adhesion 

proteins clusters named focal adhesion (FA) which have different size, shape and chemical composition. 

About 40 years ago the FA complexes were initially described using interference-reflection microscopy and 

electron microscopy (Abercrombie et al., 1971; Izzard and Lochner, 1976). These studies revealed that 

matrix adhesion occurs at many specialized, elongated small regions (usually a few microns in length) along 

the plasma membrane, which are tightly connected with the substrate (Abercrombie et al., 1971; Izzard and 

Lochner, 1976).  

The most important adhesion proteins for cell-substrate interaction is the cell-ECM protein family. Cells 

anchor to the ECM through adhesions that are mediated by integrins. Integrins are heterodimers of  and β 

subunits (Fig 3.2A) that contain a large extracellular domain responsible for ligand binding, a single 

transmembrane domain and a cytoplasmic domain (Schwartz et al., 1995). Integrins are divided into three 

families according to their β-chain. These proteins recognize the RGD sequences (i.e. a sequence of amino 

acids arginine, glycine and aspartic acids) contained in the protein of the ECM (such as fibronectin, 

vitronectin and laminin) (Ruoslahti and Obrink, 1996). The intracellular domain of integrins binds to 

cytoskeletal components such as α-actinin, talin, vinculin and FA kinase (see Fig 3.2A) (Critchley, 2000; 

Geiger, 2001). These interactions, that couple membrane-matrix adhesion to the cytoskeletal arrangements, 

are required for cell motility and proliferation. 
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Fig 3.2A: simplified representation of the cellular transmembrane integrins which bind collagen from the 

extracellular environment and F-actin inside the cell. Talin and vinculin and FAK bridge the interaction between integrin 

and actin (Brakebusch and Fassler, 2003)  

 

FAs has also variants: fibrillar adhesion and focal complexes.  

FAs are not a static protein assemble, indeed cellular adhesion to the ECM go through a complicated 

force-sensitive maturation process. The initiation of the focal complexes occurs when a successful integin-

ligand bond is formed thus attracting cytoskeletal and signaling proteins (Miyamoto et al., 1995). These 

nascent cell–ECM adhesions, named focal contacts, are structures of <1 μm in diameter at the edges of 

lamellipodia (Fig 3.2B panel C) and usually disassemble within tens of seconds, or else mature into slightly 

larger focal complexes that persist for only a few minutes (Parsons et al., 2010).  

A fraction of these focal complexes mature into larger FAs (from 2 to 5 m long) which are flat 

elongated structures that are several micron- squared in area and are located at the periphery of a cell (Fig 

3.2B, a) (Abercrombie and Dunn, 1975). FA mediate a strong adhesion to the substrate. Development of 

FAs is stimulated by the GTPase Rho-A, and is driven by actomyosin contractility (Geiger, 2001). However, 
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even within stable FAs, proteins are constantly exchanged, with lifetimes from tens of seconds to at most a 

few minutes (Wehrle-Haller, 2007).  

 

 

Fig 3.2B: Immunofluorescence microscopic localization of the main forms of integrin-mediated matrix adhesions. 

a: labeling of phosphotyrosin which marks FA. b: fibrillar adhesion which is labeled by tensin. c: focal complexes 

immunostaining for phosphotyrosin (Geiger, 2001). 

In relation to the cell-substrate interaction a change in the physical structure, in terms of geometrical 

and mechanical properties, can influence the position of integrin, other adhesion molecules or clusters in the 

membrane, their motility along the cell surface, their aggregation potentialities. A lot of effort was put into 

studying the spacing and periodicity between integrins since the discovery that collagen fibers are 

characterized by a well defined nanometric periodicity, ranging from 60 to 70 nm depending of the collagene 

type. (Curtis and Wilkinson, 2001).  

 Arnold et al., (2004) designed an hexagonally close-packed rigid template of cell-adhesive gold 

nanodots coated with cyclic RGDfK peptide (Fig 3.2C). They studied the correlation between integrin 
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clusters, FA formation, actin stress fibers and cellular adhesion and spreading. The diameter of these 

adhesive dots was 8 nm, which allowed the binding of one integrin per dot. These dots were positioned with 

high precision at 28, 58, 73, and 85 nm spacing at interfaces. A separation of more to 73 nm between the 

adhesive dots results in limited cell attachment and spreading, and dramatically reduces the formation of FA 

and actin stress fibers.  

 

 

 

Fig 3.2C: Characterization of adhesion molecules in cells attached to interfaces with different spacing of the 

adhesive dots. Au dots are functionalized by c(RGDfK)-thiols and areas between cell-adhesive Au dots are passivated by 

PEG against cell adhesion. A separation of Au/RGD dots by >73 nm causes limited cell attachment and spreading and 

actin stress fiber formation, because of restricted integrin clustering. This is indicated by no focal adhesion activation 

(FA-), whereas distances between dots of <58 nm caused FA activation (FA+). (Arnold et al., 2004) 

 

The same approach was used to study agrin distribution and the adhesion between this glycoprotein 

and neurons (Wolfram et al., 2008). Indeed agrin is a specific neuronal adhesion protein which functions in 

neurodevelopment (Gautam et al., 1996). Agrin is expressed predominately by neurons of the CNS (Burgess 

et al., 2000; Neumann et al., 2001). Agrin was attached to gold nanoparticles with 5m diameter and with a 

specific distance in the nanometric range. Wolfram et al. (2008) demonstrated that neuronal adhesion 

decreased very fast when the spacing between agrins increased from 60 to 90 nm, showing a space-

dependent threshold. They also proved that this adhesion is partially integrin dependent. 

. 
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3.3 Mechanotransduction 

The process in which the physical stimuli from the ECM generate biochemical response into the cell is 

named mechanotrasduction.  

Cells interact with ECM through proteins which can be mechanically switched between conformations. 

The external mechanical stimuli are transmitted into the nucleus, resulting in adaptive gene and protein level 

changes. As previously described signaling cascades can be activated at the FAs, leading to an indirect 

downstream effect on the gene expression. Also a direct mechanotrasduction was proposed in which 

physical pulling of the cytoskeleton on the nucleus has the potential to modify gene transcription factors by 

imposing mechanical forces on nuclear components.  

The mechanotrasduction is a multi-step processes: mechanotransmission, mechanosensing and 

mechanoresponce (Vogel and Sheetz, 2006). 

 

3.3.1 Mechanotrasmission and mechanosensing: 

Forces have to be transmitted to the mechanosensitive elements before being sensed. Indeed the 

adhesion receptors are strongly implicated in this process but equally important are the cytoskeletal 

structures that adhesion receptors universally connect to, which allow adhesions to resist to the deformations 

generated by externally applied forces. The cytoskeleton is composed of filaments, such as F-actin, 

intermediate filaments and microtubules, that are relatively stiff on the micrometric - scale and are stable on 

minute-to-hour timescales (Gardel et al., 2008). This mechanical continuity allows forces to propagate 

relatively long distances along filaments in the cell, a process known as mechanotransmission. 

The actors of the mechanosensing are the proteins which links ECM to cellular cytoskeleton which 

change their conformation to accommodate the applied force and hence their functions.  

Although the conformational changes are specific to each system, the underlying physical response is 

similar. These initial conformational changes must be followed by a second step in which the new 

conformation triggers downstream events. The best studied examples at the structural level are bacterial 

mechanically gated ion channels (Sukharev et al., 2001), which open in response to increased lateral tension 

in the plasma membrane during osmotic swelling (Fig 3.3.1A). Similar ion channels are present in all 

organisms and are essential for survival under changing osmotic conditions.  
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Another well-studied example is talin-1 (Fig 3.3.1A right panel), which connects integrins to F-actin, 

thereby transmitting forces between actomyosin filaments and the ECM (Ziegler et al., 2008). Talin-1 binds to 

vinculin, which also links to F-actin and is recruited to adhesions in response to applied forces. Curiously, 

many of the vinculin-binding sites on talin reside within the interior of bundles composed of four or five α-

helices and are therefore inaccessible. Both biochemical and cellular studies provide evidence that tension 

unfolds these bundles to expose vinculin-binding sites, thereby allowing vinculin recruitment (del Rio et al., 

2009) 

 

Fig 3.3.1A: Example of force-induced conformational changes. For example membrane tension can cause the 

opening of the ion channel (left panel). Right panel: talin connects the integrin cytoplasmic tail to F-actin; tension on talin 

exposes cryptic vinculin-binding sites, and the subsequent binding of vinculin (green) reinforces the linkage (Hoffman et 

al., 2011).  

Tensile force could also modify the functionality of the adapter protein p130Cas in the promotion of 

integrin signaling (Sawada et al., 2006a). When phosphorylated on tyrosin residues by Src-family kinases, 

p130Cas binds several guanine-nucleotide exchange factors (GEFs) that activate small GTPases (Defilippi 

et al., 2006). The stretching of cell enhances the tyrosine phosphorylation, leading to GEF binding and 

activate Ras-related protein 1 (Sawada et al., 2006b; Tamada et al., 2004). 
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 Tensile strain has been shown to promote relocation of a transcriptional coactivator (myocardin-

related transcription factor A) from the cytoplasm into the nucleus, via a Rho-dependent pathway (Zhao et 

al., 2007) 

The sensed mechanical signals generate a downstream activation of complex cellular signaling and 

transcriptional networks that are not necessarily correlated with the intensity of the applied force (Hoffman et 

al., 2011). Both integrin-mediated and cadherin-mediated adhesion enlarge the strengthen in response to 

tension (Schwartz and Simone, 2008). Distinct to the very rapidly protein recruitment described earlier, the 

feedback signaling pathways are activated over minutes and the activation of gene expression operate over 

hours of days. These pathways can change the composition and the structure of adhesion and the 

cytoskeleton.  

3.3.2 Mechanoresponce 

The mechanoresponce of a cells to substrate rigidity is cell-specific and seems to be correlated with 

the rigidity of the native environment of the cell which differs significantly between tissues (Georges and 

Janmey, 2005). The rigidity of the substrate might tune the binding strength of the cell by changing the force 

acting on the receptor-ligand bond. It was demonstrated that there is a stiffness-dependent increase of in the 

time required for the receptor-ligand unbinding and therefore a higher matrix rigidity would increase the bond 

lifetime (Evans, 2001). Indeed during spreading and migration, cells are continually encountering new 

ligands. Even if the cell is stabilized in a tissue there is a continuous turnover of contact and cytoskeletal 

proteins on the time scale of minutes or less (Schwartz and Simone, 2008). In that way the cell is 

continuously testing the stiffness of the environment. 

It has been proved that the osteogenic differentiation of MSCs is highly dependent on the FA 

formation (Hart et al., 2007). In particular an increase of integrin-substrate interaction with an increased of 

FA frequency and elongation, induces the osteospecific differentiation (Sjöström et al., 2009). Cells on soft 

materials exert lower forces than cell on stiff materials decreasing tension on force-bearing elements. These 

mechanisms are the same whether forces are generated internally or externally (Discher et al., 2005). 

Therefore the mechanisms activated in a cell which is growing on a soft substrate are the same mechanisms 

activated in case of slow forces applied to the cell (Hoffman et al., 2011).  

Fig 3.3.2A explain the force-dependent changes in FA exchange rates on soft (b) and stiff (c-d) 

materials. 
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Fig 3.3.2A: The FA cluch. a: the F-actin linked to integrin is moving backwards towards the nucleus. b-d: 

representation of force-dependent changes in FA exchange rates on soft (b) and stiff (c-d) materials (Hoffman et 

al.,2011) .  

 On soft substrates or in response to slowly applied forces the lifetime of the whole adhesion is short 

with a moderate exchange rate of ligand-receptor (Fig 3.3.2 A, b). In contrast on rigid material or exposing 

cell to rapidly and large forces, distinct behaviors could be distinguished. In the case of absence of FA 

strengthening (Fig 3.3.2A, c), increases the dissociation of molecules, vinculin and talin, between FA and 

actin, with a subsequent rapid rebinding. This generate a shorter adhesion lifetime. In the case of FA 

strengthening with an increased recruitment of FA proteins (Fig 3.3.2A, d) the protein-FA dissociation is 

slower. This exposes cryptic binding sites and requites proteins that reinforce adhesion and, acting on 

laminin, causes conformational changes (Hoffman et al., 2011).  

The forces between ECM-integrin-cytoskeleton are built more rapidly in cells on rigid materials than on 

compliant surfaces (Bruinsma, 2005; Chan and Odde, 2008). This more rapidly applied forces can more 

probably generate conformational changes in cytoskeletal protein than causing bond dissociation (Ferrer et 

al., 2008).  
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Also nanotopography presents nanoscale features to cells that can lead to changes in the number, 

size, and arrangement of FAs (Biggs et al., 2007), redistribution of cyto- and nucleoskeletal elements, and 

altered cell and nuclear morphologies (Dalby et al., 2007a). Thus, nanostructured surfaces induce 

rearrangements of cellular architecture that promote both signaling effects and direct mechanical changes in 

the cell.  

The combination of chemical signals and physical forces leads to the changes in transcript and protein 

abundance that have been observed using microarray studies of various cell types on nanopits (Dalby et al., 

2008), nanopillars (Dalby et al., 2007a), nanoislands (Dalby et al., 2002d), nanogrooves (Biggs et al., 2008) 

and partially disordered nanopatterns (Dalby et al., 2007b). 

 This suggested model implied the activation of a signaling cascades initiated by the F-actin 

recruitment to the adhesions sites (Fig 3.3.2B), leading to sequential post-translational modification 

(principally phosphorylation) events that transfer the message into the nucleus, and stimulate transcriptional 

effects. Physical pulling on FAs can promote their growth in response to tyrosine phosphorylation of the 

GTPase Rho (Riveline et al., 2001), which illustrates the mechanosensitivity of these sites (Fig 3.3.2B). Rho 

induces formation of the focal contacts by activation of two essential pathways, ROCK dependent and mDia1 

dependent. The main function of the ROCK-dependent pathway is to activate myosin II–driven cell 

contractility (Riveline et al., 2001).  

An isoform of the cytoskeletal motors non-muscle myosin II (NMMII) was demonstrated to be the 

responsible for the MSCs regulation of differentiation induction by different substrates rigidity (Engler et al., 

2006) 
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Fig 3.3.2B Scheme which explains the tension force generation in the process of ROCK- and mDia1-dependent 

formation of focal contacts.  

.A picture which summarize the mechaosensing and mechanoresponce is illustrated in figure 3.3.2C in 

which periodic tests of the substrates, protein conformational changes and substrate modifications were 

made during the time. The initial cell-substrate interaction causes a rapid motility and signalling responses. 

As cell pulls the environment, this changes ECM creating new signals, such the ones generating by 

fibronectin unfolding. Intracellular signals alter the internal protein expression and, over the time, the forces 

generated change cellular shape (Vogel and Sheetz, 2006). 
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Fig 3.3.2C: cellular processes of mechanosensing and response (Vogel and Sheetz, 2006). 
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Summary of the state of the art: 

 Cell therapy is the most promising approach for the treatment of 

neurodegenerative disorders (Delacroix et al. 2010) 

 Embryonic stem cells are a source of cells but the biochemical protocols of 

differentiation cannot guarantee the 100% of neurons with the risk of 

undifferentiated cells transplantation (Ding et al 2004)  

 The tumorigenic potential of ESCs was reduced but not completely abolished 

when cells were differentiated in vitro into neuronal precursors before 

implantation (Arnhold et al., 2000; Ben-Hur et al., 2004; Kim et al., 2002). 

 The natural environment of stem cells has a complex chemical and physical 

structure that differs enormously from that of the glass coverslips used in 

standard cell cultures 

 The effect of substrate topography on ESCs, MSCs and NPs differentiation into 

neuronal lineage has been investigated at the nanometrical scale (respectively 

Lee et al. 2010; Yim et al. 2007; Mahairaki et al. 2011) 

 The effect of substrate elasticity was also demonstrated to influence MSCs and 

NPs differentiation; in particular soft substrates with a Young’s Modulus similar 

to the one of the brain ECM induced neuronal differentiation (Engler et al 2006; 

Leipzig et al 2009; Saha et al. 2008)  

 Cells respond to the physical properties of the substrate changing their shape 

and regulating their gene expression (Yeung et al 2005; Vogel et al, 2006).This 

mechanism, known as mechanotrasduction, involves as first step the adhesion 

proteins which form focal adhesion complexes (Geiger et al 2001). It lead to 

hypothesize a direct link between stem cell adhesion and differentiation. 

Open questions: 

 The NPs differentiation was demonstrated to be a good alternative for 

regenerative medicine approach with respect to the ESCs neuronal 

differentiation, however, how to obtain an high neuronal differentiation in 

vitro using a nanometrical controlled and highthroughput reproducible 

substrates? 

 Are the topographical or the mechanical properties of the substrates or both 

fundamental to guide the differentiation of NPs? 

 What happens in the early stage of interaction between NPs and substrate? 

These interactions are important for the neuronal differentiation? 
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4. METHODS 

 

4.1 Embryonic stem cell culture and differentiation 

4.1.1 ESCs culture 

TBV2 is a wild-type ES cell line from a 129S2 mouse embryo. They were preserved in liquid nitrogen 

and de-frozen before the experiment. TBV 2 mouse ESCs were maintained undifferentiated in colonies on 

murine embryonic fibroblast (MEF) feeder in ES medium. ES medium is composed of Knockout Dulbecco’s 

modified eagle medium (D-MEM) supplemented with 15% FBS (Fetal Bovin Serum, from Sigma), 0.1 mM 

non-essential amino acids, 50µM 2-(beta) mercaptoethanol, 2 mM L-Glutamine, 100 U/ml penicillin, 100 

µg/ml streptomycin (all from Inviytrogen) and 2000 U/ml of Leukaemia inhibitor factor (LIF, Chemicon). ES 

medium was changed every day adding LIF. MEF were cultured using D-MEM (containing Glutamax and 

Pyruvate) with 15% of FBS, 100 U/ml penicillin and 100 µg/ml streptomycin. When MEFs were 100% 

confluent their duplication was inhibited by adding Mitomycin C (Sigma-Aldrich, St.Louis, MO) (1 µg/ml) to 

the medium overnight. The next day, Mitomycin C was copious washed with a solution of 1% PBS. 

Separately ES cells were trypsinized to single cells and plated (with a concentration of 50.000 cells/ml of ES 

medium) on Mitomycin C-inactivated MEFs. In these conditions MEFs cannot proliferate but can produce 

LIF, necessary to maintain ES cells in their undifferentiated state.  

Each single ES cell duplicated several times generating a colony which became visible after 2 days. 

After 4 days of ES culture to avoid the confluence, colonies were trypsinized, diluted and plated on newly 

prepared feeder layer of Mitomycin C-inactivated MEFs.  

 

4.1.2 ESCs neuronal differentiation induction 

ESCs were induced to differentiate into neurons using the stromal cell-derived inducing activity (SDIA) 

protocol (Barberi et al., 2003). Undifferentiated ESCs were plated on Mitomycin C treated Stromal feeder cell 

line MS5 which are a preadipocytic mesenchymal stem cells. ESCs were seeded on MS5 layer as single-cell 

at a density of 250 cells/cm
2
 in Knockout Serum Replacement (KSR, Invitrogen, Carlsbad, CA) and cultured 

for 6 days. During the 6 days NPs differentiation was induced and within the first 3 days ESCs-derived cells 

had formed small epithelial colonies. The KSR medium was changed every day.  

At day 6 the ES-derived epithelia structures were then mechanically separated from MS5 cells 

monolayer, by incubating the cells with Hank’s balanced salt solution (HBSS, Sigma-Aldrich, St.Louis, MO) 

supplemented with 0.15 M Hepes (Sigma-Aldrich, St.Louis, MO) for 15 minutes at room temperature and 
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flushing through the pipette tip near the colony without removing MS5 feeder. HBSS is a calcium-free 

solution that interferes with cell-adhesion proteins, such as cadherins. The detached ESCs colonies were 

suspended with KSR medium and plated on 15 g/ml polyornithine (Sigma-Aldrich, St.Louis, MO) - 1g/ml 

fibronectin (Invitrogen, Carlsbad, CA) -coated dishes. After 30 minutes the medium was changed with N2 

medium containing 10ng/ml basic fibroblast growth factor (bFGF, R&D Systems, Minneapolis, MN). N2 

medium is composed by α-MEM supplemented with 10% of DMEM, 2 mM glutamine, 1 mM pyruvate, 0.c1 

mM non essential amino acids, glucose 30%, NaHCO3 7.5%, HEPES 0.1mM, 2-mercaptoethanol 50M, 

insulin 25 mg/l, human Apo-transferrine 100 mg/l, putrescine 100 µM, selenite 30 nM and progesterone 20 

nM. Cells were induced to proliferate in the presence of bFGF for 4 days without adding any other factors 

such as Sonic Hedgehog or fibroblast growth factor (FGF) 8 scheduled in the original SDIA protocol by 

Barbieri et al. 2003. The medium was gently changed every day removing 70% of the liquid from the well, 

not to leave NPs without medium.  

NPs after amplification with bFGF were led towards the neuronal differentiation by removing bFGF and 

plating on laminin-coated nanopatterned substrates. To detached NPs from fibronectin-coated dish they 

were incubated with HBSS solution and after 10 minutes at room temperature were mechanically dissociated 

by pipette flushing. Dissociated cells were resuspended into a N2 medium and then plated at a density of 

3x10
4
 cells/cm

2
 on 15µg/ml polyornithine-1µg/ml laminin-coated nanopattrerned PDMS substrates. N2 

medium was changed every day without further addition of laminin. 

Cells were fixed after the desired period of time in 4% paraformaldehyde (Sigma-Aldrich, St.Louis, 

MO) containing 0.15% picric acid (Sigma-Aldrich, St.Louis, MO) in phosphate-buffered saline (PBS, 

Invitrogen, Carlsbad, CA) and stored in the fridge at +4°C. 

 

4.2 Immunohistochemistry (IHC) 

Immunoistochemistry is the technique we used for the revelation of an antigen (proteins) by means of 

an antibody conjugated with fluorophores. The technique is well established and commonly used since 1941 

(Coons et al 1941).  

We used as antibody for IHC is the immunoglobulin IgG, which is Y-shaped and consist in 2 identical 

light chains polypeptides and 2 identical heavy chains polypeptides linked together by disulfide bridges and 

noncovalent subunit interactions (Fig 4.2A).  

The amino terminal ends of the light and heavy chains are called the variable regions because they 

correspond to amino acids that impart antigen specificity and are derived from different IgG genes. The 
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heavy chain determines the AB class and the tail of the Y is called Fc. The light chain is composed by a C-

terminal half of the chain that is constant and an N-terminal that is variable. The Fab part of the antibody is 

the antigen-binding portion of the IgG and contains C and N-terminals of the light and heavy chain. The Fc 

portion permits the binding between an Ab with another Ab complementary. This part is the responsible for 

the background staining due to the unspecific binding of Fc to the sample. To saturate the unspecific bounds 

of the Fc segment of Ab with the cell surface, the cell culture was incubated with 0.5% of BSA (Sigma) in 

PBS for 30 minutes at room temperature and then incubated for 45 minutes in humid sample holder at room 

temperature with primary antibody, for the Ag recognition, with the specific dilution. 

 

 

 

 

Fig 4.2A: structure of an IgG http://www.biochem.arizona.edu/classes/bioc471/pages/Lecture10/Lecture10.html 

 

The specific binding of an Ab to the Ag is occurs via N-treminal parts of the heavy and light chains in 

the antigen binding site (fid 4.2A).  

The region of the antigen which recognized by the antibody are the epitopes. The Ab recognized the 

tertiary structure of the epitope through non-covalent binding interactions.  

The antibodies we used for specific detection are polyclonal or monoclonal antibodies. Polyclonal 

antibodies are made by injecting animals with Ag and, after a secondary immune response is stimulated, 

isolating antibodies from whole serum. Thus, polyclonal antibodies are a heterogeneous mix of antibodies 

that recognize several epitopes. Monoclonal antibodies, made by fusing myeloma cells with the spleen cells 
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from a mouse that has been immunized with the desired antigen, show specificity for a single epitope and 

are therefore considered more specific to the target antigen than polyclonal antibodies.  

For IHC detection strategies, antibodies are classified as primary or secondary reagents. Primary 

antibodies are raised against an antigen of interest and are typically unconjugated (unlabelled), while 

secondary antibodies are raised against immunoglobulins of the primary antibody species. The secondary 

antibody is usually conjugated to a linker molecule or directly bound to the reporter molecule itself. We used 

as reporter molecule a fluorophore which is FITC or TRITC or commercial derivatives like Alexa Fluorofors 

(Fig 4.2B). The signal amplification by using the secondary antibody, conjugated with a fluorophore, is due to 

the binding of several second Ab to the primary Ab. To permit Ab to enter inside the cells and interact with 

the proteins, the cell were first fixed with paraformaldehyde for at least 20 minutes, then washed twice to 

eliminate paraformaldehyde, saturated with 0.1M Glycine (Sigma-Aldrich) for five minutes, then 

permeabilized with a detergent Triton (Sigma) X-100 0.1% for other 5 minutes. After every step cells were 

washed with PBS 1%.  

Some example of the antibodies we used are represented in figure 4.2B: mouse monoclonal antibody 

against neuronal class III β-tubulin - Tuj1 (Covance, Berkeley, CA) which is an IgG2a (Fig 4.2B red staining) 

which labeled early neurons; mouse monoclonal antibody anti-nestin (Chemicon International) which is an 

IgG1 (Fig 4.2B left panel, green staining) that is an intermediate filament which marked the NPs. We used 

polyclonal rabbit antibody anti-TAU (Gottingen, Germany) which stained the axons of mature neurons; and 

monoclonal mouse antibody to Nanog (Abcam, Cambridge, UK) which is a trascriptor regulator involved in 

the ESCs proliferation and self-renewal. The monoclonal mouse antibody anti-laminin (Sigma, Saint Louis, 

USA) was used for the evaluation of the laminin distribution on the substrates. 

After the hybridization with the primary antibody cells were washed with PBS and then incubated with 

the secondary antibody. The secondary antibodies used are: goat anti-rabbit-594 Alexa (Invitrogen, 

Carlsbad, CA), goat anti-mouse immunoglobulin (Ig) G1-FITC and IgG2a-TRITC (Southern Biotech, 

Birmingham, AL). Alexa Fluor 488 phalloidin was used to mark F-actin as reported in Figure 4.2B right panel 

(Molecular Probes). The incubation time was 30 min at room temperature (20-22C). The cellular nuclei were 

stained with 2µg/ml in PBS Hoechst 33342 (Sigma-Aldrich, St.Louis, MO) for 5 minutes. Finally glass 

coverslip was mounted on a glass with 20 µl of Vectashield mounting medium (Vector) to preserve the 

fluorescence. Glass coverslips were conserved in a dark box at 4°C to reduce the fotobleaching of the 

fluorophores. An example of the IF images acquired on neuronal culture are reported in figure 4.2B.  

In figure 4.2B on the left early neurons were stained with Tuj1 and NPs with nestin 
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Fig 4.2B: Immunofluorescence images acquired with the confocal microscope. Left: Nestin (green) and Tuj1 (red) 

staining of ES-cell derived culture 12h after differentiation induction. Right: Tuj1 (red) and Actin (green) staining of a 

mature neuron 96h after differentiation induction. Neuclei are labeled in blue with Hoechst.  

 

Images were acquired using a Zeiss Axioskop 2 MOT fluorescent microscope with a Zeiss plan-

NEOFLUAR 20x objective with the purpose to evaluate the neuronal yield. IF images were acquired 

randomly to cover the 60-70% of the total area of the sample. Cells were counted for the evaluation of the 

neuronal yield using the program Imaging processing and analysis in Java (ImageJ) as reported in the data 

analysis section. For more detailed images a 40x oil immersion Plan-NEOFLUAR objective with 1.3 of 

numerical aperture (NA) was used. 

A E2-C1 Nikon C1 confocal microscope Silver Version 3.9.1 with a Nikon apo-TIRF 100x and 1.49 NA 

oil immersion objective was used to study the neuronal morphology with a better resolution with respect to 

the epifluorescence imaging. Images were obtained also with 40x and 0.75 NA Nikon Planar Fluo DIC while 

we used the objective 20x, 0.50 NA Planar Fluor to acquired large field images. 

Images were opened with the imaging software NIS elements B.R 3.2 (Nikon Corporation, Japan) and 

saved in tiff format. 

 

4.2.1 Statistical analysis 

In this paragraph and in the rest of thesis the following notations will be used: 

 Experiment: a NPs cell culture belonging to the same passage of ESCs  

 Substrate: a particular type of geometry on a material (i.e: 250 nm width and 360 nm height PDMS 

pillars) 
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 Sample: a single coverslips 

Therefore a substrate was reproduced on several samples and each experiment was tested on 1 or 2 

samples per each substrate. 

The percentage of ESCs differentiation and cells survival are presented as mean values ± standard 

deviation. These data were collected from 4 to 7 independent experiments. ES-derived NPs were plated on 

all the substrates we wanted to test. After fixation and IF assay, a large area of the sample was analyzed 

using fluorescence microscope acquiring approximately 60 random images per sample (300 fields every 

substrate) each one covering a field of view (FoV) of approximately 0.6 mm
2
. On average 17 cells were 

present on each FoV, and around 1000 cells per sample were considered using Hoechst staining. I 

discarded all the images in which no cells where observed in the FoV or in which colonies were so large with 

superimposed cells that hinder a reliable cell count. To evaluate statistical significance between glass and 

PDMS substrates an unpaired Student’s t-test was applied.  

 

4.3 Nanoimprinting lithograpphy 

We used Nanoimprinting Lithography (NIL) to fabricate silicon master with large area uniform 

nanopatterns. NIL is a high throughput, high-resolution parallel patterning method which is used to replicate 

a pre-defined nanopattern on a two dimensional sample by mechanical contact and three dimensional 

material displacement (Schift, 2008). It allows to create 2D structures with sub-10 nm resolution. Among the 

different available types of NIL, we used the thermoplastic nanoimprint lithography (T-NIL) that was 

developed by Prof. Stephen Chou's group. In a standard T-NIL process, a thin layer of imprint resist, the 

thermoplastic polymer MR-I 7020, is spin coated onto the sample (Fig 4.3 A). Then the mold, which has 

predefined nanotopological patterns, is brought into contact with the sample and they are pressed together 

at high pressure (50 bar) for 10 minutes at 140° C until the resist is completely displaced from the stamp 

relieves (see Fig 4.3: B). When heated up above the glass transition temperature of the polymer, the pattern 

on the mold is pressed into the softened polymer film. After being cooled down, the mold is separated from 

the sample and the pattern resist is left on the sample. The patterned resist is first homogenously thinned by 

plasma etching to remove any incidental residual layer (see Fig 4.3: C). A layer of nickel is deposited (see 

Fig 4.3: D) by sputtering or evaporation and lift-off technique. At this point we have stripes of nickel on bare 

substrate in the locations where the stamp was thicker (see Fig 4.3 E). Finally the pattern is transferred to 

the samples by etching (the proocess could by dry or wet) the regions not covered bythe nickel layer(See Fig 

4.3 F) and finally the Nickel mask is removed by acid etching (see Fig 4.3: G).  
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Fig. 4.3: schematic representation of nanoimprinting lithography. A: deposition of the resist and press mold. B: 

remove mold. C: plasma etching. D: metal deposition. E: lift-off. F: ICP-RIE etching. G: acid etching.  

We employed single step or double step thermal NIL and plasma etching to fabricate gratings of lines 

and arrays of dots into silicon samples starting from a few primary masters.  

 

4.3.1 Master fabrication  

Commercial gratings of lines (250 and 500 nm of width and period, respectively) produced by 

Interference Lithography (IL) and etched into silicon to a depth of 320 nm were purchased from Amo GmbH. 
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Silicon moulds with depth of 50 to 400 nm and containing different types of patterns (gratings and 

arrays of pillars or holes) were obtained from the primary gratings by single step or double step NIL process 

followed by high aspect ratio, inductively coupled dry plasma etching. The double step NIL process was 

developed to easily originate new patterns and consisted in a combinatorial process of union or intersection 

of primary patterns carried as topographic reliefs at the surface of NIL stamps (Fig. 4.3.2A). 

 

4.3.2 Fabrication of PDMS-nanopillars and grooves 

The substrates for cell culture were obtained by mold casting. The first step is the complete cleaning 

of the glass coverslips from the organic materials attached to the glass. Coverslips were washed first in 

acetone and then in 2-propanol twice, under continuous sonication, for 10 minutes each step, at 30°C.  

The base and curing agent of Sylgard 184 PDMS elastomer, were mixed in a ratio 10:1 (or 50:1) and 

then de-gassed in a vacuum bell at few mbar for at least 30 min. A 10 µm thick PDMS layer was spin coated 

at 4000 rpm for 1 min on glass coverslips (24 mm diameter), and de-gassed again at the same conditions. 

1.5x1.5 cm
2
 silicon master with the selected topography (grooves or holes with different etching depths) were 

functionalized in a solution of octadecyltrichlorosilane in heptanes (23 µl/100 ml) to ease the release from the 

sample after the molding step; the functionalized masters were used as molds on the PDMS layer. The stack 

of glass/PDMS/mould was kept under 150 kPa for 30 min at room temperature in order to allow the filling of 

the master cavities by the PDMS, then the temperature was raised to 120°C for 1h for curing, with a heating 

ramp set to 2°/min. After cooling the system was brought back to room temperature and the masters were 

gently separated from the patterned samples (Fig 4.3.2A).  
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Fig 4.3.2A: Technologies for the fabrication of nanopatterned substrates: NIL for Silicon masters production and 

Soft-lithography, PDMS embossing and curing, for the replication of the nanopattern on PDMS substrates 

  

Table 4.3.2 reports the list of the substrates used for the experiments with the respective periodicity, 

height and width.  

TYPE METHOD PERIOD HEIGHT WIDTH 

Flat PDMS PDMS curing Flat 

  

Grooves Hot & Press 

500 nm, 

180 nm 

120nm 

250 nm, 

90 nm 

Pillars Hot & Press 

1 m 

500 nm, 

50, 120, 220, 400 nm 

35, 80, 180, 360 nm 

500 nm 

250 nm, 
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500nm 

500nm 

160nm 

100, 340 nm 

200nm 

150 nm 

Table 4.3.2: list of PDMS substrates. 

 

PDMS is intrinsically an hydrophobic material. High aspect-ratio structures made of PDMS in contact 

with water tend to collapse to minimize the surface exposed to the water, and re-arrange in groups of 2, 4 

and 6 pillars (Fig 4.3.2) changing the nanoscale geometry and the mechanical properties of the substrate. To 

avoid this effect PDMS was permanently made hydrophilic using a 2-hydroxyethyl methacrylate (HEMA) 

coating reproducing a process reported in literature (Bodas and Khan-Malek, 2007) The polymer is 

hydrophobic; however, when the polymer is exposed to water it will swell due to the molecule's hydrophilic 

pendant group. Depending on the physical and chemical structure of the polymer, it is capable of absorbing 

from 10 to 600% water relative to the dry weight. The binding between HEMA and our substrates made the 

PDMS hydrophilic.      

The process to functionalize the substrates with HEMA consists of treating the PDMS with O2 plasma 

at a pressure of 100 bar, flow rate 20 sccm and a RF power of 100W for 30 s, leading to a hydroxy-

terminated PDMS surface (see Fig 4.3.2B). HEMA is then spin coated on the modified PDMS at 1500 rpm 

for 15 s. The HEMA-coated PDMS was finally treated with O2 plasma at the previous conditions for 5 min to 

facilitate the pendent segments in pre-treated PDMS undergo cross-linking with HEMA under the influence of 

plasma (see Fig 4.3.2B) (Bodas and Khan-Malek, 2007b). 

 

Fig 4.3.2.B: Mechanism for surface functionalization of PDMS with oxygen plasma and HEMA (Bodas and Khan-

Malek, 2007a) 
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We used this protocol on nanopatterned PDMS substrates and we observed a long term hydrophilic 

stability, with respect to the plasma treatment alone which lasts less than 12 hours. However we were not 

able to reproduce the 2 weeks stability reported by Bodas et al. 2007 in air at room temperature, therefore 

experiments were always run after the hydrophilization process. Moreover, to maintain the hydrophilization 

substrates were immersed in PBS 1% during the first hours after HEMA treatment. 

We analyzed the substrates behaviour in water with AFM and, as shown in figure 4.3.2C the HEMA 

treatment prevents the PDMS pillars pairing effect. 

 

Fig 4.3.2C: AFM images in water of PDMS pillars before and after HEMA treatment. a and b: no treated PDMS 

pillars which in water tend to collapse one to the other forming groups of 4 and 6 pillars (a) or couple of pillars (b). c: 

PDMS pillars after HEMA treatment which are isolated and just a couple over a 5X5 m
2
 formed a pairing. 

 

HEMA was necessary to avoid the formation of pillars aggregation, however the hydophilicity of the 

substrates favoured also the adhesions of the cellular residues derived to the mechanical dissociation of the 

NPs, resulting in more dirty samples. A comparison between cell culture plated on PDMS without any 

treatment and on PDMS treated with oxygen plasma and then HEMA is reported in figure 4.3.2D a and b 

respectively. 
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Fig 4.3.2D: IF images of ESCs-derived neurons plated on PDMS substrates without any treatment (a) 

And on PDMS substrate with HEMA treatment (b). Neurons are labeled with Tuj1. 

 

4.3.3 Fabrication of glass pillars 

Hard, glass-like nanostructured substrates were fabricated as represented in Fig 4.3.3. 350 nm thick 

Hydrogen Sylses Quioxane (HSQ) based resist (FOX-16, Dow Cornig Corp., USA) was spin coated on top of 

circular glass cover slides with 24 mm of diameter (Fig 4.3.3a). The residual solvent in the film was removed 

by annealing on a hot plate at 200°C for 15 min. A silicon master with pillars of 220x220 nm base, 250 nm 

height and 500 nm period was used to perform a NIL process on a film of mr-7010a resist, spin coated on 

the HSQ-coated glass cover slide (Fig 4.3.3 b). After the removal of the residual layer by oxygen plasma, the 

pattern resulting from the NIL process was transferred by lift-off of 10 nm of chromium (Fig 4.3.3 c), which 

was subsequently used as etching mask in a fluorine-based plasma etching process in an ICP reactor 

(SPTS Technologies), resulting in extended arrays of pillars in the HSQ layer. A final height of 360 nm was 

achieved after 10 min of etching process, i.e. at an etching rate of 0.6 nm/s (Fig 4.3.3 d). After the etching, 

the Cr was removed in a wet etching bath (35 mL acetic acid in 600 mL water and 200 g of ammonium 

cerium nitrate salt); finally, the HSQ structure was converted to a silicon oxide by an overnight thermal 

treatment at 400°C in air. We preferred to use this methods and not the direct etching of glass coverslips) 

because the commercial glass is composed by a mixture of different oxides with different impurities (i.e: lead 

and sodium) that results in inhomogeneous dry etching. Indeed the different materials would be etched with 

different velocity hindering the production of well defined vertical walls. On the contrary fused silica or quartz 

or a layer of HSQ spin coated on the coverslips with the correct dimensions are homogeneous materials 
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which can be etched with plasma resulting in an homogeneous pattern as demonstrated in figure 4.3.3.panel 

e. 

 

Fig 4.3.3: Fabrication of nano-patterned glass substrates . a) HSQ (FOX-16) spin coating; b) Si master NIL on Mr-

7010a coated on the top of glass+HSQ; c) Cr sputtering; d) etching in a fluorine-based ICP reactor; e) SEM images of 

glass pillars obtained (scale bar 1m) 

 

4.4 Submicron imaging 

4.4.1 Scanning Electron Microscopy: 

A scanning electron microscope (SEM) was used to characterize the geometrical properties of the 

substrates and the cell-substrates interaction with nanometrical resolution. 

The images were taken in a Zeiss Supra40 SEM. A representation of an SEM setup is schematized in 

image 4.4.1A. 
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Fig 4.4.1A: schematic representation of an SEM 

 

In a typical SEM, an electron beam is emitted from an electron gun equipped with a tungsten filament 

cathode (Fig 4.4.1A). The electron beam, which has an energy ranging from 3 to 10 kV, is focused by one or 

two magnetic lenses to a spot about 0.4 nm to 5 nm in diameter. The beam passes through pairs of scanning 

coils or pairs of deflector plates in the electron column, typically in the final lens, which deflect the beam in 

the x and y axes so that it scans over a rectangular area of the sample surface. When the primary electron 

beam interacts with the sample, the electrons lose energy by repeated random scattering. The types of 

signals produced by an SEM include secondary electrons, back-scattered electrons (BSE), characteristic X-

rays. The signals from secondary electrons derived from interactions of the electron beam with atoms at or 

near the surface of the sample. In the secondary electron imaging the SEM can produce very high-resolution 

images of a sample surface. For that reason the vast majority of SEM images of our samples were acquired 

using the secondary electron scattering. A wide range of magnifications is possible, from about 10 times to 

more than 500000 times, about 250 times the magnification limit of the best light microscopes. Back-

scattered electrons (BSE) are beam electrons that are reflected from the sample by elastic scattering. BSE 

are often used in analytical SEM along with the spectra made from the characteristic X-rays. Because the 

intensity of the BSE signal is strongly related to the atomic number (Z) of the specimen, BSE images can 

provide information about the distribution of different elements in the sample. Characteristic X-rays are 

emitted when the electron beam removes an inner shell electron from the sample, causing a higher-energy 
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electron to fill the shell and release energy. These characteristic X-rays are used to identify the composition 

and measure the abundance of elements in the sample. 

Each type of electrons emitted can be detected by specialized detectors. Electronic amplifiers of 

various types are used to amplify the signals, which are displayed as variations in brightness on a cathode 

ray tube. The scanning of the cathode ray tube display is synchronized with that of the beam on the 

specimen in the microscope, and the resulting image is therefore a distribution map of the intensity of the 

signal being emitted from the scanned area of the specimen.  

For biological sample SEM is useful because of the high resolution which permit to reveal important 

nanometrical features of the cells which are below the resolution of standard optical microscopes. SEM 

samples has to be dehydrated since the SEM chamber is in high vacuum. Cellular cultures are first fixed with 

paraformaldehyde then washed 3 times in PBS 1%, and finally dehydrated through 5 min incubation steps at 

increasing concentration of ethanol (50%, 70%, 95%) ending with high purity 100% ethanol. The sample 

immersed in 100% ethanol is placed in a critical point drying set up (in our case a SAMDRI.PVT.3D from 

Tousimis Rockville, MD 20851, USA). Critical point drying is useful to remove the liquid in a controlled way. 

As the substance in a liquid body crosses the boundary from liquid to gas, the liquid changes into gas at a 

finite rate, while the liquid body's volume decreases. When this happens within a heterogeneous 

environment, surface tension in the liquid body pulls against any solid structures the liquid might be in 

contact with. Delicate structures such as cell walls tend to be broken by this surface tension (see Fig 4.4.1B 

panel a and b). To avoid this, the sample can be brought via two possible alternate paths from the liquid 

phase to the gas phase without crossing the liquid–gas boundary on the phase diagram (see Fig 4.4.1B 

panel c and d). 
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Fig 4.4.1B: SEM images of neuronal culture with or without the supercritical point drying. a samples simply 

dehydrated with ethanol and by exposure of the sample to air. The cell body appears shrunk and taller with respect to the 

one represented in panel c after supercritical point drying treatment. B represent a growth cone after simple dehydration 

with the membrane collapsed; while d is a similar growth cone after the super-critical point drying. 

 

The samples were then metalized with a thin layer of Pd (less than 10 nm) using an Ar sputtering 

process, in order to avoid local charging during SEM imaging. Images were acquired in the patterned regions 

of the substrates to visualize the interactions between neurites and nanopillars (Fig 4.4.1B). PDMS covered 

by a thin film of gold were easily charged by the electron beam and it was necessary to work with a small 

voltage acceleration. However the resolution needed for our purpose was largely achieved and it was 

possible to perform a quantitative analysis of the neurites behavior over nanopillars.  

 

4.4.2 Atomic force microscopy:  

Atomic force microscope is a scanning probe technique which permit to acquire images in liquid at 

high resolution without dehydration process and in condition ideal for biological samples. Moreover, with a 

suitable sample holder, AFM can be performed at nanometric resolution also on living cells. AFM uses a 
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probe that consist of a sharp tip at the end of a micrometrical cantilever generally made of Silicon or Silicon 

Nitride. For the characterization of PDMS substrates we used gold coated cantilevers NT-MDT NSG (NT-

MDT Moscow, Russia) with a spring constant of 0.4-2.7 N/m. The tip with a nominal radius of 10 nm interacts 

with the surface of the sample, at the atomic level through attractive or repulsive forces, depending on the 

imaging regime. The AFM tip determines with its structure the interactions with the surface. The values of 

these interactions are recorded while the tip and the cantilever are scanned on the sample surface allowing 

the reconstruction of the sample topography with sub nanometric resolution. When the tip is brought into 

proximity of a sample surface, forces between the tip and the sample lead to a deflection of the cantilever, 

which acts like an ideal spring (Fig 4.4.2). The deflection of the cantilever is measured using a laser beam 

which is reflected by the cantilever to a mirror and into a four quadrant photodiode. The photodiode is 

adjusted till the reflected beam hit the centre of the quadrant photodiode and the signal is near zero. Any 

deviation from the rest position of the cantilever is transduced into a positive or negative voltage on the 

photodiode output. The feedback speed - the rapidity with which the deflection recovers the set point value 

after the tip has encounter a height step – is regulated by a parameter which is usually named feedback 

gain. While in general the higher the feedback gain the better the tip follows the sample profile, while imaging 

very soft samples as PDMS nanopillars it is important to continuously adjust the feedback gain to maintain 

the tip-sample interaction strong enough to be able to follow precisely the sample profile, but weak enough to 

avoid the tip sticking inside the PDMS sample. .  

To create a topographic map, the tip is raster-scanned in contact with the sample surface and the 

cantilever deflection is recorded and converted in actual height. Piezo-actuators made of piezoelectric 

ceramics are typically used to control the z position with the desired accuracy (Fig 4.4.2). Piezoelectric 

ceramics are a class of materials that expand or contract in the presence of a voltage gradient or, 

conversely, create a voltage gradient when forced to expand or contract (Gallego-Juarez, 1989). 
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Fig 4.4.2: Representation of AFM setup and mage acquisition. 

 

It is possible to operate with AFM in 2 modes: contact mode and dynamic (or tapping) mode. When 

the tip is in contact with the sample, AFM measures the repulsive forces between the tip and the sample. In 

this conFiguration the tip lightly touches the sample with a constant scan force. Even applying a small 

scanning force, the PDMS nanopillars morphology is deformed by the interaction with the AFM tip.  

In tapping mode, the cantilever is forced to oscillate at or close to its resonance frequency. The 

change in oscillation amplitude with respect to the set point oscillation, provide information about the 

sample's characteristics. Tapping mode provided us better results with respect to contact because of the 

reduced interaction with the sample. Therefore for the substrate characterization we used the tapping mode 

in liquid and the setpoint and the gain were changed during the scanning to minimize the interaction with the 

soft sample. Some examples of AFM images acquired in liquid of PDMS nanopillars are previously shown in 

figure 4.3.2. 

We used a Nanowizard II AFM (JPK, Berlin, Germany) combined with an inverted optical microscope 

(Zeiss Axiovert 200, Göttingen, Germany). For substrate characterization, random areas of 10X10 µm were 

scanned with a sampling of 256x256 to have an idea of the homogeneity of the pattern. While areas of 5x5 

microns were scanned by AFM with a sampling of 512x512 or 1024x1024 pixels for the precise geometrical 

characterization of the substrates. Post processing was performed using JPK Image Processing (Berlin, 

Germany).  
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4.5 Force spectroscopy measurement: 

Beside applications directly related to the microscopy field, AFM can be used to measure forces down 

to the pN range, thanks to the nanometrical resolution in the z-axis and the possibility to control the force 

applied by the cantilever to the sample. Indeed with AFM is possible to perform force spectroscopy analysis 

to study the mechanical properties of a single molecule (Smith et al., 2009b) or of an whole cell (Zhang et al., 

2002). Moreover we could measure adhesion forces between cell and substrate thanks to the single cell 

force spectroscopy analysis technique .   

 

4.5.1 Force spectroscopy on substrates: 

To study the mechanical properties of the nanopatterned substrates we performed an AFM force 

spectroscopy analysis using Nanowizard II AFM (JPK, Berlin, Germany).  

We have chosen to use a silica bead of 5 m diameter to measure the pillar elasticity and not an AFM 

tip first of all because we are interested to study the effective E tested by the NPs when they are plated on a 

carpet of nanopillars, and not the rigidity of a single pillar. Moreover when a nanometrical tip exerts a force 

on a larger pillar it could generate a compression, a bending, a shear or a tilting of pillar depending on the tip 

position on the sample during the measurement (Schoen et al., 2010). Due to the lack of methods to control 

this interaction it is also not possible to discriminate between the different pillars’ behaviors. Therefore 

extremely variable values of Young’s Modulus would result. A possible solution we investigated was to 

attach a bead at the end of a tipless cantilever. The bead in that way interacts with more pillars at the same 

time. We obtained a compressibility value of the substrates, measured with a bead, which we will denote as 

EB which depends on the bead size and should not be intended as a material properties that is an empiric 

sum of all the possible sample deformations (Fig.4.5.1A).  
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Fig 4.5.1A: representation of the interaction between the bead and the nanopillars. In the case of rigid pillars the 

bead cannot indent the sample with low forces, while in the case of PDMS nanopillars the bead generate a deformation 

made of the sum of pillar compression (the one under the center of the bead) banding, sharing and tilting of the other 

pillars in contact with the bead. 

 

To perform this measurement we used V-shaped, 100 m long silicon nitride cantilever with a nominal 

spring constant of 0.32 N/m from NANOWORLD (PNP-TR-TL-20). 

The cantilever without the bead was first calibrate in liquid on a glass coverslip. Silica beads were first 

sonicated and a drop of 5 µl of them was dispersed on a glass coverslips. Also a drop of UV-curable glue 

was dispersed in the same glass coverslip forming thin lines of glue close to the silica beads.  

The tipless cantilever was engaged on a clean area of the glass and then aligned on the top of a glue 

lines few microns far away from it. A force-curve with a set-point of 1nN and a z-length of 10 µm with a 

speed rate of 10 µm/s was performed to attach glue just on the end of the cantilever. The cantilever was then 

brought in contact with an isolated bead and a force-spectroscopy curve is obtained with a delay of 30 

seconds between the extended and the retracted curve to permit the adhesion of the bead to the cantilever. 

Moreover a slow left-right movement was performed to facilitate the bead detachment from the sample and 

the adhesion to the cantilever.  

The glue was cured with direct UV exposition (using an UV lamp with a DAPI filter) for 30 minutes. 

SEM images of the silica bead attached to the cantilever are reported in figure 4.5.1B. 
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Fig 4.5.1B: SEM images of the silica bead attached with a UV-curable glue to the end of a tipless cantilever.  

 

The cantilever with the bead was first calibrated in liquid and then used to acquire force-distance 

curves on the patterned area. The calibration was repeated at least 4 times to average the sensitivity values 

and to obtain a more precise spring constant value. 

PDMS pillars were laminin coated and immersed in a buffer solution (PBS 1%) to reduce the adhesion 

with the probe. Around 5 maps of 10X10 µm with 10 points each side were acquired for each sample on 

different areas.  

The loading force was adjusted to reach an indentation of the 20% of the height of the nanostructures. 

Examples of force-distance curves are reported in Fig 4.5.1C. As demonstrated in figure 4.5.1C, the higher 

are the pillars the deeper the bead can indent the sample; therefore a control of the applied force is 

necessary not to overcome the threshold of indentation which has to be not higher than the 15-20% not to 

feel the underlying sample rigidity. 

 

Fig 4.5.1C: Mechanical characterization of the nano-patterned substrates using AFM force spectroscopy. Left: 

AFM cantilever with a bead attached to the end. Right: examples of force-distance curves acquired on different 

substrates. 
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For the data analysis the JPK imaging processing software was used as reported afterwards and the 

predominantly used Hertz model was applied to calculate the apparent sample elasticity (Hertz H, 1881).  

To obtain a statistically significant EB values, about 500 force-distance curves were acquired for each 

sample and at least 3 samples were analyzed for each substrate. The elastic values were averaged and 

represented as mean ± standard deviation.  

The elastic value of the nanopatterned substrates was reposted into table 4.5.1. 

Pitch (nm)  Height (nm)  Wide (nm)  EB (Kpa) 

500  35  250  267 ± 105  

500  100  250  164 ± 82  

500  360  250  40 ± 30  

500  100  150  53 ± 21  

500  160  200  49 ± 20  

500  340  150  26 ± 20  

Flat 2%  -  -  38 ± 13  

  

Table 4.5.1: list of nanopatterned substrates geometrical and mechanical characteristics  

 

4.5.2 Single cell force spectroscopy (SCFS) analysis: 

Single cell force spectroscopy analysis permits the measurement of the adhesion forces between an 

entire cell with the sample. A cell is first forced to adhere firmly to a tipless cantilever and then is brought in 

contact with the sample surface for a given period of time with a controlled force and then withdraw with a 

constant speed. The cell is then progressively detached from the sample and the force applied during this 

process induces a bending on the cantilever which is converted into force with the standard procedures used 

in AFM force spectroscopy. The standard AFM set-up however does not permit this type of measurement 
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because of the piezo excursions in the z-axis are usually limited to 15 m which is the same order of 

magnitude of the cell height. During detachment, the cell is significantly elongated in z direction, and larger z 

range are required. For SCFS was added to the Nanowizard II AFM (IPK Instrument, Berlin, Germany) a 

CellHesion module (JPK Instrument, AG) to permit the extension of the vertical range up to 100 m by 

closed-loop piezo-driven movements of the sample holder. 

In a typical experiment tipless silicon nitride cantilevers V-shaped, 200 m in length, having a nominal 

spring constant of 0.06 N/m (VEECO NP-010) were prepared by removing with a H2SO4 solution every 

organic residual. The day before the SCFS experiment the cantilever was activated with O2 plasma 

treatment for 3 minutes at a pressure of 100 bar, flow rate 20 sccm and a RF power of 100W for 3 minutes. 

Cantilevers were immediately functionalized with fibronectin 10 g/ml to enhance cell adhesion and stored in 

PBS 1% at 4°C. In these conditions cantilevers can be stored for a week. Before each SCFS experiment 

cantilevers were calibrate in liquid on a rigid glass surface. 

NPs, before being attached to the cantilever, were mechanically dissociate from the petri dish after an 

incubation of 15 minutes with HBSS solution. Isolated cells were counted and around 10
3 

were suspended 

into 1.5 ml of N2 medium and added to the AFM sample holder.  

The AFM cantilever was aligned on the top a floating single cell. Healthy NP were chosen at the 

optical microscope for their rounded and smooth surface with smaller dimensions with respect to the MS5 

cells which could be present as contamination after ES cell-derived colonies detachment from MS5 feeder. A 

single cell was pressed on the bovine serum albumin (BSA)-coated surface with a contact force of 200 pN 

for 30 seconds. BSA is the most abundant protein in the blood and binds reversibly an incredible variety of 

ligands, blocking the sites for cell-sample adhesion and promoting in that way the NP adhesion to the 

cantilever than the adhesion to the sample.  

A gently movement of the cantilever on a direction parallel to the glass plane helps in reducing the cell 

attachment to the sample. The captured cell was lifted from the surface and maintained in the medium far 

from the sample for at least 15 minutes to form a firm adhesion with the cantilever . 

 The cell was lowered onto the portion of the sample under investigation, which was previously laminin 

coated, until a contact force of 500 pN is reached, and then kept stationary for a defined contact time 

ranging from 20 seconds to 5 minutes using the AFM closed loop feedback mode. After that time the cell 

was withdrawn at a constant speed of 5 m/sec for 50-70 m. Bonds between cell and sample break 

sequentially until cell and sample are completely separated. During approach and retraction, the force 
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exerting an effect on the cantilever which is proportional to the cantilever deflection, was recorded in force-

distance curves (Fig 4.5.2). 

The retraction force curve is typically characterized by a maximum at which the majority of the cell can 

be considered separate from the sample (Fdetach ). Several adhesion points are still anchored to the sample 

and further moving away the cell the membrane elongates with the formation of tethers which detach 

individually. These individual ruptures manifest as step-like events which are either preceded (Fig 4.5.2 

zoomed box) or not (long plateau at 10 and 30 µm of figure 4.5.2) by a ramp-like increase of force. Each 

step is an unbinding event, the rupture of a single or multiple adhesive subunits (single or small aggregate of 

receptors) from the sample. 
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Fig 4.5.2: representation of a cicle of SCFS measurement with the force-distance curve in the right. The first 

panel refers to the approaching blue curve; the second panel shows the interaction with the sample at a certain force 

(green curve); the third panel is represented the withdraw of the cantilever with the cell still attached to the sample (light-

green curve) and the last one the cellular detachment step by step to the sample (red curve). In the force-distance curve 

the maximal Fdetach is highlighted with an arrow. Single unbinding events are shown in the box.  

 



70 

 

We used SCFS analysis to compare the adhesion of NPs on the different substrates (PDMS pillars, 

flat PDMS and glass pillars) at different contact times: 20, 40, 80, 160 and 320 seconds. For this analysis the 

same cell was used to acquire three force-distance curves for each contact times in a random sequence. 

The longer contact times (> 160 sec) were performed at the end of the experiment because at such long 

contact times cells could develop a strong interaction with the sample and therefore detach from the 

cantilever.  

In the case of the PDMS a sample half patterned and half flat was fabricated for that purpose so that 

the same cell was used to investigate both interaction with patterned and flat geometry. 

Between single force-distance measurement the cell was left retracted to recover for a period of time 

superior to the cell-sample contact time. 

 For SCFS analysis around 30 force distance curves for each time point and for each substrate were 

analyzed with JPK Image processing (Berlin, Germany) and data represent into graphs using IGOR Pro 5 

(WaveMatrics Portland, USA). 

 

4.6 Data analysis 

4.6.1 Immunofluorecence images: 

To count the number of neurons over the total number of cells the acquired images were uploaded 

and analyzed with ImageJ, a java based Imaging processor, merged together and manually counted. The 

neuronal differentiation is the results of the number of Tuj positive cells over the total number of integer 

nuclei resulted from DAPI staining. More than 1000 of cells for each sample were counted to increase 

statistical significance  

To measure the neuronal length a plugin (NeuronJ) from ImageJ was used. As shown in figure 4.6.1 

the single neurites in panel a and b were manually traced by a cursor (pink line Fig 4.6.1 c and d). The 

software recorded the length per neurites and the total length measured in pixel scale that is possible to 

convert into m. The average length per neurite was calculated and compared between the neurons plated 

on the nanopatterned substrates and the ones plated on the flat PDMS substrates.  
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Fig 4.6.1B: neurites lengths analysis using Image J and the plug-in Neuron J. a and b are the original images and 

c and d are examples of the cursors tracing the neurites. 

 

4.6.2 Force spectroscopy measurement: 

JPK imaging processing software was used to analyze force-distance curves. The batch processing 

program was used to process the all 500 curves for each sample. E was derived from force-displacement 

curves obtained when the deflection of the AFM cantilever was monitored as it approached the sample.  

The force-distance curves are adjusted before the fitting with the Hertz model: the vertical deflection 

calibration is applied by adjusting the sensitivity and the spring constant of the cantilever; the base line offset 

is subtracted to adjust the 0 force to the plateau of the extended curve; the x offset is automatically adjusted 

and the contact point is calculated as the point in which the cantilever interacts with the sample. Once insert 

the characteristics of the indenter (the radius silica bead R) on the formula the program can determine the 

elasticity value of the pillars by fitting the indentation data with the Hertz model  (Hertz, H. 1881 Ueber die 
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Berührung fester elastischer Körper. J Reine Angew Math 92: 156–171) describing the indentation of a silica 

bead in a soft sample, predicting that the force F produced was: 

                                                                          

Where Rc is the radius of the tip curvature and  is the Poisson’s ratio, assumed to be 0.5 for PDMS. 

EM was obtained by a best linear fit of the force-distance curve. The contact point between the tip and 

the membrane was detected by the cantilever deflection according to the noise defined in the off contact part 

of the force-displacement curve. 

This value is exported on an Excel file and is averaged with the others obtained by the same sample. 

 

4.5.3 Single cell force spectroscopy measurement: 

Force distance curves were operated with the same JPK image processing software (JPK instrument 

AG, Berlin, Germany). Each curve was analyzed separately and the final results saved as a text, analyzed 

with Excel and represented on graphs with IGOR Pro 5 (WaveMatrics Portland, USA).  

To analyze each curve some steps are needed to implement:  

 for each curve the vertical deflection calibration is applied by adjusting the sensitivity and the spring 

constant of the cantilever (Fig 4.6.3A) 

 

Fig 4.6.3A: calibration of the deflection by adjusting sensitivity and spring constant. 
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 the base line offset is subtracted to adjust the 0 force to the plateau of the retraction curve (Fig 

4.6.3);  

 

Fig 4.6.3: baseline adjustment. 

 

 the x offset is automatically adjusted and the contact point is calculated as the point in which the 

cantilever starts to pull the cell away from the sample;  

 the steps of the return force-distance curve were identify and quantify automatically with a resolution 

of pN (Fig 4.6.3C);  

 

Fig 4.6.3C: step identification of the retraction curve 
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 the minimum value of that curve is calculated and it corresponds to the maximum force needed to 

detach the cell from the sample (Fig 4.6.3D);  

 

Fig 4.6.3D: minimum value recognition 

 

 finally the area under the force-distance curve could be calculated and it corresponds to the work (J) 

needed to detach the cell from the sample. 

 The final results were divided on the base of the contact time and averaged, the standard deviation 

was calculated and reported as error bars on the graph Fdetach VS contact time. 

For the step analysis the values of step height were grouped on the base of the cell-sample contact 

time. The results of different experiments with different NPs were averaged and represented in a graph 

(unbinding events/force)  

To analyze the tether formations, only the steps preceded by a plateau longer than 1 µm were 

considered. The data acquired for all the experiments at each contact time were averaged and the length, 

the number and the force of these steps were analyzed.  
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5. RESULTS AND DISCUSSION I: PDMS substrates 

5.1 PDMS substrates for neuronal differentiation 

Due to the mechanical characteristic of the brain ECM described in chapter 2.3, Polydimethylsiloxane 

(PDMS) was chosen as a substrate for ESCs neuronal differentiation. PDMS is biocompatible and the softest 

material among those that are patternable with nanometric precision. The major drawback of PDMS is its 

hydrophobicity that was corrected making the material hydrophilic by the O2 plasma and HEMA treatment 

described in detail in the method section paragraph 4.3.2. 

 

5.1.1 ESCs direct differentiation on PDMS VS glass 

Lee et al., 2010 demonstrated that nanogrooves on glass coverslips could enhance the neuronal 

differentiation of ESCs without the use of biochemical factors, just through the topographical cues mediated 

by the nanopattern.  

To verify if the PDMS has the same effect we initially investigated the ESCs adhesion, survival and 

differentiation on flat PDMS in comparison with the glass coverslips.  

To evaluate the spontaneous neuronal differentiation of undifferentiated ESCs, the method described 

by Lee et al (2010) was followed. Briefly, ESCs were cultured for at least 2 passages on a mitomycin-

inactivated and confluent MEF feeder layer, and then plated on flat PDMS and on glass coverslips, both 

coated with polyornithine and laminin. Around 710
4
 ESCs were plated on each sample and cultured for 24 

hours. After that time the medium was changed with the neuronal medium and at day 5 cells were fixed and 

immunostained for class III β-tubulin and F-actin. As shown in figure 5.1.1, a large number of MEF, positive 

for actin, were still present, in particular on glass coverslips. 

Less ESCs colonies (the cell aggregate with a rounded morphology) and MEF adhered on PDMS (Fig 

5.1.1 b) with respect to the glass coverslips were observed. The dimension of ESCs colonies was clearly 

smaller on PDMS.  

Moreover, we compared the neuronal differentiation: Tuj1 was expressed at the same level on both 

substrates, indeed after 5 days of differentiation, the 10% of ESCs differentiated into neurons on both 

substrates. 

We concluded that the direct differentiation of ESCs on PDMS was not a promising choice to attempt 

to reach the complete neuronal differentiation. For these reasons we decided to obtain ESCs-derived NPs 

using the stromal cell-derived inducing activity (SDIA) protocol (Barberi et al., 2003) and then plate the NPs 

on the nanopatterned PDMS substrate. 
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Fig 5.1.1: IF images of ESCs culture (+MEF feeder layer) plated for the neuronal differentiation on (a) glass 

coverslips and on (b) PDMS. Both substrates are polyornithine and laminin coated. Actin was stained in green with 

phalloidin and tubuline βIII in red with Tuj1. Images were acquired with a confocal microscope and with a 20X objective. 

 

5.1.2 Neuronal precursors survival on PDMS 

We verified if PDMS is a suitable substrate for neuronal precursors growth. Before NPs plating, PDMS 

was coated with polyornithine and laminin using the same concentration and time of the glass coverslips 

coating.  

We analyzed survival of neuronal precursors on PDMS substrates and we compared it with that on glass 

coverslips in standard culture conditions. Figure 5.1.2 displays two representative images of NPs fixed 48 hours 

after seeding. Nuclei were stained with Hoechst and neuronal class III -tubulin with Tuj1. Only the not-apoptotic 

nuclei were counted, the positive small spots presented in both images are attributed to cellular fragments 

originated from the mechanical dissociation of the neuronal precursors and therefore were not considered.  

The neuronal differentiation was similar on both substrates and close to 40%.  

On average the same number of cell was plated on PDMS and on glass substrates but the number of 

cells adhering on the PDMS substrates, 48 hours after plating, was 1.9 times higher than on glass. This 

difference is statistically significant (unpaired Student’s t-test provided a p-value=10
-6

). These results proved 

that PDMS substrates not only are suitable for NP culture but also provide better culture conditions than 

standard glass coverslips. 
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Fig 5.1.2: IF image of cells plated on glass (a) and on PDMS substrates (b). Early neurons were labeled in green 

(Tuj1) and the nuclei in blue (Hoechst).  

 

5.2 Effect of the nanopatterned substrates on neuronal differentiation: Nanopillars Vs 

Nanogrooves 

The first discrimination that we investigated within our main purpose of using nanostructured substrates to 

enhance the differentiation yield was among 1D and 2D nanostructures. Pillars and grooves made of PDMS 

were fabricated with soft lithography technique and their topography was characterized with AFM before being 

used (see paragraph 4.4.2). The geometrical properties of the substrates are reported in table 5.2A. 

TYPE METHOD PERIOD HEIGHT WIDTH 

Flat PDMS PDMS curing Flat   

Grooves Hot & Press 500 nm 120nm 250 nm 

Pillars Hot & Press 500 nm 90nm 250 nm 

  

Table 5.2A.: list of substrates with the corresponding geometrical properties 

For this screening pillars 250nm width and 90 nm height (see Fig. 5.2 e,f) and nanogrooves (250nm width 

and 120nm height; see also Fig. 5.2 c) were used. 
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Samples were fixed 48 hours after differentiation induction and immunostained for Tuj1 (as before), nestin 

(precursor cells marker), and Hoechst. 

Interestingly, on both types of patterned substrates the neuronal differentiation increased with respect to 

flat PDMS (table 5.2 B).  

Evaluation of cell survival from three sets of independent experiments revealed that the number of cells 

that survived on PDMS nanopillars was 2.5 times higher than on nanogrooves. In fact, a density of 5000 

cells/cm
2
 was calculated for cultures plated on nanopillars compared to 1600 cells/cm

2
 on nanogrooves. As 

shown in Fig.5.2 d and f, which are representative of a large number of IF images obtained (see paragraph 

4.2.1), more nuclei were detected on nanopillars than on nanogrooves.  

Moreover, on nanopillars neuronal differentiation was more pronounced than on nanogrooves. In 

particular on 500 nm period pillars neuronal yield doubled (60±1.7%) with respect to flat PDMS (29±0.2%) while 

the differentiation on 500 nm period grooves was 54±1.4%.  

For these reasons nanopillars were chosen as the best substrate to guide neuronal precursors 

differentiation towards neuronal lineage. 
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Fig 5.2: Analysis of nanopatterned substrates. a, c, e: AFM images (3D reconstruction) of flat PDMS, grooves with 

500nm period and 120nm depth, and pillars with 500nm period and 90nm depth respectively. b, d, f: Tuj1 and Nestin 

expression in ES-derived neurons plated on the three corresponding patterns 48h after differentiation induction. 

 

 

 

 

 



80 

 

substrates  survival  differentiation  

Flat PDMS   2000 cells/cm
2
  29±0.2% 

PDMS grooves  

250nm width  

500nm period  

120nm height  

2000 cells/cm
2 
 54±1.4% 

PDMS pillars  

250nm width 

500nm period 

 90 nm height   

 5000 cells/cm
2
  60±1.7% 

 

Table 5.2B: list of substrates with their geometrical characteristic, the value of neuronal differentiation and survivalare 

reported  

5.3 Discussion: 

We have chosen the PDMS as substrate for the ESCs derived neuronal cultures because it is not only 

a soft material easy to imprint but also a widely used substrate for cell culture, manipulation, and lab-on-a-

chip applications (i.e: commonly used for microfluidic devices).  

On the basis of what was published in literature about the direct neuronal differentiation of human 

ESCs on nanogrooves (Lee et al., 2010) we designed a similar experiment using PDMS. Mouse ESCs were 

plated on PDMS to verify the compatibility of the substrates with ESCs culture. As shown in Fig 5.1.1 the 

number and dimension of ESCs colonies on PDMS were clearly lower than on the glass substrates, when 

both substrates were coated with polyornitine and laminin. Moreover the neuronal differentiation on both 

substrates was similar and about the 10%. Therefore we decided not to plate directly ESCs but to 

differentiate them into neuronal precursors, using a SDIA protocol (see paragraph 4.1.2), and then, after 

dissociation, to plate the NPs on the PDMS substrates. 

Also in this case we firstly verified if PDMS allows the NPs adhesion, survival and differentiation and, 

as reported in figure 5.1.2, NPs survived 1.9 times more on the PDMS with respect to the glass coverslips. 
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The flat PDMS had no effect on the neuronal yield, indeed the differentiation on the two substrates was 

comparable. 

With the purpose to increase the neuronal differentiation, nanometrical features were created in PDMS 

substrates and it was demonstrated that they had an effect on neuronal differentiation with respect to the flat 

PDMS. In particular nanopillars both increased neuronal survival and differentiation (Fig 5.2). 

In literature the effect of PDMS nanopillars on the neuronal differentiation have not been exploited so 

far, while PDMS nanogrooves were shown to have an effect on neuronal differentiation of MSCs (Yim et al., 

2007a). Another group used glass nanogrooves to differentiate PC12 cells in combination with nerve growth 

factor (NGF) (Ferrari et al., 2011). It was demonstrated that no visible differentiation of PC12 cells appeared 

before stimulation with NGF. Both groups observed a neurites alignment along the nanogrooves while on 

PDMS nanogratings with ridges 250 nm width we didn’t observed any alignment. This fact was probably due 

to the smaller dimensions of our cells, to the different material or to the different cellular model we used. 

Indeed the bipolar selection was achieved by focal adhesion maturation (Ferrari et al., 2010) which is 

modulated by the physical and chemical properties of the substrate (Arnold et al., 2004; Bershadsky et al., 

2006; Geiger, 2001; Tessier-Lavigne and Goodman, 1996). Therefore, the different physical properties of 

PDMS with respect to glass substrates could justify the observed differences on neurites alignment.  

Finally each cell type has a specific interaction with ECM and reacts to nanotopography and to 

substrate composition in a different manner (Anselme et al., 2010). For this reason it is not contradictory that 

hESCs differentiated into neurons on nanometrical grooves while ES-derived neuronal precursors 

differentiation was enhanced more on nanopillars with respect to nanogrooves..  

PDMS pillars can induce neuronal differentiation for 3 major reasons: first the substrates have a 

compliance similar to that of the ECM; second nanopillars geometry could match and optimally adapt to the 

properties of the cytoskeletal organization and structure (Gerecht et al., 2007; Guilak et al., 2009) by altering 

integrin subunit expression, focal adhesion formation and organization (Yim et al., 2007); third the 

combination between the mechanical and the topographycal effect. 

 

6. RESULTS AND DISCUSSION II: Role of the nanotopography on the differentiation 

induction 

To investigate the geometrical contribution of the nanopattern on the neuronal differentiation, different 

topographies on different materials were tested. 
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6.1 Effect of pillars period and height  

Several geometrical parameters could influence differentiation: e.g. nanostructure shape, aspect ratio, 

periodicity and array structure (square, hexagonal, etc), randomness (periodic, quasi-periodic, Fibonacci-like, 

random) etc. We focused our attention on those that are easier to tune with large areas fabrication tools, 

nanopattern period and height. Moreover we concentrated our attention on pillar rather than on grooves as 

the former, in our cellular system, promoted neuronal differentiation more effectively. We fabricated two sets 

of samples: the first one consisting of square arrays of 250 nm width nanopillars with period of 500 nm and 

height of 35, 80, 180 and 360 nm respectively; the second consisting of square arrays of 500 nm width 

nanopillars with period of 1µm and heights of 50, 120, 220 to 400 nm respectively.  

Substrates topography was characterized with AFM in liquid before the use and their cross section 

profile was reported in figure 6.1A (a-d and i-l).  

We replicated the complete set of nanopillar substrates in 7 independent experiments. ES-derived 

neurons were fixed 48 hours after plating, immunostained for Tuj1, nestin and Hoechst (Fig. 6.1). 

Approximately 700-800 cells per sample (~5000 cells per type of substrate) were counted for the evaluation 

of neuronal yield while a smaller subset of experiments, two samples for each substrate (1500 cells every 

substrate), were analyzed for nestin expression.  

For both periodicities neuronal yield increased with the increase of pillars height. More Tuj1 positive 

neurons were present when ES-derived NPs were cultured on higher pillars, as it is shown in the 

representative images in Fig 6.1 panel h and p. On the contrary, a higher percentage of immature cells 

(nestin
+
) were present on flat PDMS and decreased with increasing pillars height, further indicating that 

differentiation into neurons was enhanced on higher pillars.  
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Fig 6.1A: Neuronal differentiation increases with pillars height. Characterization of substrates profile acquired with 

AFM in tapping mode in liquid, and immunostaining for Tuj1, Nestin and Hoechest of ES cells derived neurons. a-d: AFM 

cross section profiles of pillar 500nm period and respectively 35 (a), 80 (b), 180 (c) and 360 (d) nm height, e-h: IF images 

of cells differentiated on the corresponding substrate. i-l: cross section profiles of 1µm period and 50(i), 120(j), 220(k) 

and 400(l) height pillars, m-p: the corresponding IF stained images. 

An unexpected behavior was observed with pillars of 180 nm height and 500 nm period which showed 

a lower percentage of Tuj1
+
 cells than those of 35 and 80 nm heights. Moreover the number of nestin

+
 cells 

was higher, indicating that more cells remained in the precursors stage. This behavior was observed in all 

180 nm height and 500 nm period samples. On the set of pillars with 1µm period the number of Tuj1
+
 cells 
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increased with the pillar height (Fig 6.1B b) while nestin
+
 cells decreased on 220 and 400 nm high pillars. 

Tuj1 and nestin staining resulted complementary (grey area Fig 6.1B e and f). Indeed, the sum of Tuj1
+
 and 

nestin
+
 cells is close to 100% for all samples with the exception of the 220 nm height and 1 µm pillars, where 

it is around 80%. This observation indicates that the majority of cells Tuj1
-
 were still at the precursors stage 

and not committed to a different cellular lineage. Only a small percentage of them (<2%) (with the exception 

of 220 nm height and 1 µm pillar) differentiated into other cellular types or remained at the embryonic stage.  

Pillars with a 500 nm period produced a larger effect on Tuj1 expression than those with a 1µm period, 

(see Fig 6.1B a and e). In conclusion the highest neuronal differentiation at 48 hours after plating was 

reached with 360 height and 500 nm period pillars (61.5±4.3%) (Fig 6.1B e red line).  

 

 

 

Fig 6.1 B: a, b: the graphs represent the % of Tuj positive neurons in relation to pillars height on 500 nm period 

pillars (a) and on 1 m period pillars (b). c, d: % of nestin positive neuronal precursors versus pillar height on 500 nm 

period pillars (c) and on 1 m period pillars (d). 
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e, f: Tuj1 (red line) and Nestin (blue spots) staining on 500nm period pillars (e).Tuj1 (blue line) and Nestin (red 

spots) staining on 1µm period pillars (f). The grey area corresponds to the sum between nestin
+ 

and Tuj1
+
 cells on each 

substrate. 

6.2 Characterization of neuronal culture 

To understand if the nanopatterned PDMS induces the differentiation into a particular type of neuron, 

an analysis of the neuronal subtype specification was performed on the pillars which gave the higher 

neuronal yield. Cell cultures were fixed 96 hours after NPs plating to allow neurons to express specific 

markers of neuronal subtype and stained for GABA (to mark inhibitory GABAergic neurons), TH (tyrosine 

hydroxilase, marker for dopaminergic neurons) and GFAP (to mark glial cells).  

Although after 4 days of culture the PDMS pillars gave again higher neuronal yield (79 ± 4% Tuj1
+ 

neurons versus 61 ± 2.3% Tuj1
+
 cells observed on control samples Fig 6.2A), there were no significant 

differences in the composition of the culture: 11.7 ± 3% TH
+
 dopaminergic and 25.7 ± 3% GABAergic 

neurons on pattern, and 13 ± 3% TH
+
 and 25 ± 0.3% GABA

+
 cells on control sample were observed 

respectively as reported in figure 6.2B a-c and the figure 6.2B b-d. The rest of the neurons are presumably 

composed of excitatory glutamatergic neurons. 

 

Fig. 6.2A: IF image of ES-derived neurons on flat PDMS and on PDMS nanopillars. Neurons were labelled with 

Tuj1(green) and GABAergic neurons were labelled with the Ab anti-GABA (red). 
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Fig 6.2B: fluorescence image of GABAergic and DOPAminergic neurons on PDMS nanopillars 96 hours after 

differentiation induction. a, b: epifluorescence images of neurons after 96 hour of differentiation induction a, b: Tuj 

positive cells are labelled in green a: GABA
+
 cells are labelled in red; b: DOPAminergic neurons are labelled with anti-TH 

in red. c and d: confocal image of c:GABA stained neurons; d: TH stained neurons.  

 

No GFAP+ glial cells were observed which is probably due to the absence of fetal bovine serum (FBS) 

in the differentiation medium. Therefore we observed that PDMS nanopillars did not change the composition 

of the culture in terms of different neuronal subtypes indicating that the addition of specific biochemical 

factors to the culture medium is required to obtain defined neuronal phenotypes. 
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6.3 Quantification of the residual population of primary ESCs 

It was suggested that a critical threshold of undifferentiated ESCs may be required for teratoma 

formation to occur (Harkany et al., 2004; Lee et al., 2009; Nussbaum et al., 2007). Theoretically, a single 

self-renewing undifferentiated ESCs should be sufficient to populate a tumor given the perfect 

microenvironment. However, various factors may prevent teratoma formation and it was demonstrated that 

as few as 400–500 mouse ESCs can lead to teratoma formation in immunodeficient mice (Harkany et al., 

2004) and between 5 x 10
4
 and 10

5
 cells are required for tumor formation in immunocompetent animals 

(Nussbaum et al., 2007). The same threshold was seen with human ESCs, indeed, animals that received 1 × 

10
4
 human ESCs in the heart or 1 × 10

3
 cells in the skeletal muscle, did not develop teratomas (Lee et al., 

2009).  

We verified the presence of undifferentiated ESCs in neuronal culture on PDMS pillars 48 and 96 

hours after NPs plating, immunostaining the cells for Nanog, a transcription factor involved in self-renewal, 

which labels stem cells at the embryonic stage.  

48 hours after differentiation induction around 2 x 10
3
 cells/ml (corresponding to 5% of the total cell 

number) were positive for Nanog (Fig 6.3 a) while at 96 hours just 150 cells/ml (0.3% of the total cells) were 

Nanog positive and therefore not differentiated (Fig 6.3 b). 

Protocols of transplantation of ESCs-derived neuronal progenitor cells into animals used 400 000 cells 

suspended into 7 l of serum-free media and injected them into the animal (Ben-Hur et al., 2004; Harkany et 

al., 2004; Nussbaum et al., 2007). Considering this number, in our experimental conditions, 96 hours after 

differentiation on PDMS nanopillars, around 100 cells would still be undifferentiated. This value is lower than 

the threshold for tumor formation, thus indicating that our protocol can be a promising one for regenerative 

medicine. 

 



88 

 

 

Fig 6.3: ESCs derived neuronal precursors on PDMS pillars stained for embryonic marker Nanog. a: after 48 

hours and b: after 96 hours of neuronal differentiation induction. Neurons are stained for Tuj1 in red and nuclei with 

Hoechst. 

 

6.4 SEM analysis to study the cell-substrate interaction 

In order to understand whether the different topographies influence neuronal morphology and growth 

behavior, we acquired scanning electron microscope (SEM) images of ES-derived neurons grown on 

different substrates. Approximately 200 neurites were analyzed for each pillar height and three different 

behaviors were distinguished (Table 6.4). A random growth behavior is defined when neurites stretched out 

on the base and on the top of pillars regardless of the pillar presence (grey arrow in Fig 6.4 a and b). A top 

growth behavior is defined when neurites contact only the top of the pillar and never the base of the 

substrate (black arrow in Fig 6.4 e and f). A top-to-bottom growth behavior is identified when neurites near 

the soma grow on the top of the pillars for a significantly long portion, and eventually fall to the base of the 

nanostructures (Fig 6.4 c, d white arrow). For substrates with pillar height <120nm the majority of neurites 

show a random growth (Fig 6.4 a, b) even though, for shorter periodicity (and higher aspect ratio) a 

significant portion, up to 20%, show a top growth. For pillars height >360nm the majority of the neurites show 

a top growth, regardless on the periodicity. For pillars height in the intermediate range, 180-220nm, the 

morphology is less defined. Indeed all three behaviors are present, with majority of top-to-bottom growth (Fig 

6.4 c, d). The SEM analysis points out a correlation between the increased differentiation on higher pillar 

described in Fig.6.3 a-d, and the top growth behavior represented in Fig 6.4 e and f. 
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Fig.6.4: SEM images of neuronal filopodia which grew on nanopillar with different period and height: a-c: 1 µm 

period and respectively 50, 220 and 400 nm height; d-f 500nm period and respectively 35, 180 and 360 nm height. Scale 

bar 2 µm. 

 

Period Height TOP RANDOM TOP-to-BOTTOM 

1 m 50nm 2.5% 94.6% 2.9% 

1 m 120nm 5.4% 93.3% 1.3% 

1 m 220nm 35.5% 25% 40% 
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1 m 400nm 97.6% - 2.4% 

500nm 35nm 16.7% 82.4% 0.8% 

500nm 80nm 21% 72.4% 6.6% 

500nm 180nm 12% 38% 48.6% 

500nm 360nm 96.3% 1.6% 2.1% 

 

Tab. 6.4: Distribution of the neurites growth on nanopillar with different period and height. 

 

6.5  Effect of the geometry on the neuronal differentiation 

We verified if a nanopillar array with the same geometry of the PDMS nanopillars generates the same 

effect on the neuronal differentiation induction, independently on the material used. To that purpose we 

fabricated glass substrates with the nanotopography, 360nm height and 500nm period, that on PDMS 

provided the highest neuronal yield. The effect of PDMS and glass-like nanopillars on neuronal differentiation 

was evaluated together with flat synthetic glass, flat PDMS and commercial glass coverlips as controls. ES-

derived neurons were fixed after 48 hours and immunostained for Tuj1, nestin and Hoechst (Fig 6.5A). We 

observed that the neuronal yield and the neuronal survival on the flat synthetic glass substrates and on the 

commercial glass coverslips were comparable, indicating the absence of a chemical effect depending on the 

process used to generate the nanotopography on glass.  

Fig 6.5A a and b show two representative fluorescence images of ES-derived neural cultures on soft 

PDMS and hard glass pillars respectively, Fig 6.5A c and d on flat glass and on flat PDMS. The observed 

neuronal yield is reported in the box plot below (Fig 6.5 B). All the substrates under investigation provided 

comparable differentiation yield, with exception of PDMS pillars that showed an increase of about 20%. 

Indeed, on glass nanopillars the differentiation was of 40±7% and on PDMS pillars of 61±10%. Interestingly, 

imposing a nanostructure on hard substrates did not induce any increase in the differentiation yield, and the 

change in material alone, from glass to PDMS also is not relevant. The only effective modification was the 

combination of nanopattern with the use of a soft material suggesting the critical relevance of substrate 

stiffness. 
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.  

Fig 6.5A: neuronal precursors differentiation induction on rigid pillars, on soft PDMS nanopillars and on flat 

controls. IF representative images of ES derived cell culture on glass pillars (a) on PDMS pillars (b), on flat glass (c) and 

on flat PDMS (d).; Neurons were labeled with Tuj1 (green), neuronal precursors with nestin (red) and nuclei were stained 

with Hoechst. 
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Fig 6.5B: box plot which represents the distribution of the neuronal differentiation on flat controls (PDMS, glass-

like substrate and glass coverslips) and on nanopatterned substrates (glass and PDMS nanopillars). The values inside 

the boxes represented the range between the first and the third quartile (the half of the values) and the line in the box is 

the median. The average value of differentiation was written as percentage in the right of each box.  

 

 

6.6 Discussion: 

The experimental evidences here reported indicate that topography plays an important role in tuning 

differentiation, but cannot be the sole mechanism. When we fabricated substrates with the same topography 

on synthetic glass we didn’t obtain an enhancement of the neuronal differentiation. Indeed, neuronal yield on 

glass pillars 360 nm height and 500 nm period was comparable to the differentiation on flat synthetic and 

commercial glass and on flat PDMS (Fig 6.5B, box plot). Therefore we can argue that neuronal differentiation 

was not enhanced by substrate geometry alone.  

 On the other hand, SEM analysis showed that the pillar topography enhanced a particular type of 

neurites behavior: increasing pillars height, more neurites grew in contact only with the top of the pillars. This 

behavior suggests that the differentiation enhancement could be due to the broader access to the 

extracellular medium, which is more abundant for higher pillars. This behaviour migh explaine the 

dependence of neuronal differentiation on pillar hight. However this explanation is not in agreement with the 
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differentiation yield obtained on the glass pillars with the same geometry, where neurites are expected to 

behave in the same way, contacting the top of the pillars.  

Finally, differentiation yield does not depend significantly on periodicity, separation and size of the 

pillars because pillars with different heights presented different neuronal yield in spite of the fact that they 

share the same 2D geometry. We can conclude that the effects on differentiation do not rely on the area on 

which cells interact with the substrate, nor on distance between pillars. It was demonstrated that the 

distribution of focal points stimulates integrin subunit expression and focal adhesion formation and 

maturation (Ferrari et al., 2010; McNamara et al., 2010; Teo et al., 2010). In our case the spatial 

arrangement of focal points seems not to play an important role. This maybe due to the larger distance 

between pillars (250 nm) with respect to what was demonstrated in literature to be the distance between 

integrins clustering activation (58-73 nm) (Arnold et al., 2004).  

Summarizing the use of the geometry alone cannot explain the enhancement of neuronal yield that we 

obtained on the higher PDMS pillars. For that reason the mechanical properties of the substrates have to be 

addressed.  

 

7. RESULTS AND DISCUSSION III: Role of the mechanical properties on the 

differentiation induction 

Different PDMS pillars geometries might induce a variation on the substrates mechanical properties. 

Indeed, the spring constant of a pillar is determined by the materials Young’s modulus E and the dimensions 

(height L and diameter D). The total deflection of a pillar is related to the aspect/ratio (L/D) of the pillar and 

the Poisson ratio of the elastomer (Schoen et al., 2010). Increasing the aspect ratio, pillars will be deflected 

with smaller forces. To understand the role of the mechanical properties of the substrate on neuronal 

differentiation induction we characterized the PDMS substrates mechanical properties measuring the EB of 

the substrates with AFM force spectroscopy.  

Substrate elasticity was plotted versus neuronal precursors differentiation to identify the presence of a 

correlation between the two elements. 

The substrate elasticity can be tailored by fabricating different PDMS nanostructures using the well 

established percentage (10%) of cross-linker or maintaining the traditional flat geometrhy but reducing the 

percentage of cross-linker. However, the amount of cross-linker determines the types and amount of residual 

monomers, which are mobile and preferentially migrate on the surface of the substrate (Lee et al., 2003). 

 



94 

 

 

 

7.1 Pillar substrates EB 

As reported in the methods chapter (4.5.1) a 5 m diameter bead was attached at the end of a tipless 

cantilever and used as an indenter to measure substrates elasticity. We have chosen a bead with a diameter 

comparable to that of cellular body to mimic the interaction between cell and pillar substrates during cellular 

plating. Using an AFM tip as an indenter it is possible to measure the effective elastic response of the 

substrate, which is a combination of several effects, namely the compression, the shearing and the bending 

of the pillars below the bead (Schoen et al., 2010). These parameters do not depend on the exact location of 

force application. For small displacements this response is linear with the force and it is possible to introduce 

an effective elastic modulus of the substrate measured with a bead which we will denote as EB. EB depends 

on the bead size and should not be intended as a material property. We chose a bead size comparable to 

that of a neuronal precursor before plating, so that the measured stiffness can be interpreted as the effective 

stiffness experienced by the cell when plated. 

We initially measured the EB of 500nm period nanopillar substrates with different heights described in 

the chapter 6.1. Representative force-curves of different substrates were reported in figure 7.1a 

 

Fig 7.1a: force-distance curves obtained on flat PDMS (dark-blue) and on 250 width pillars and 50 nm height 

(blue), 100nm height (sky-blue) and 360 nm height (pink). 

 

Using the Hertz model we extracted a value of E and we averaged it on the 1000 curves obtained for 

each pillars height. The average EB was plotted un relation to pillars height in figure 7.1b.  

By simply changing PDMS geometry is possible to vary the EB between 40 and 300 kPa (Fig 7.1b) 
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Fig. 7.1b: EB of 250nm wide pillars plotted in relation to the pillars height. 

 

We compared the measured EB with a calculated Ebend that considers only the bending effect and is 

obtained by the formula : 

a

k
E bend
bend

4

9


 

where a is the radius of the contact area between the cell and the pillar and  

3

3

l

EI
kbend    

E is the bulk Young modulus of the used material, I is the inertial momentum of the pillar and l is its 

length (Ghibaudo et al., 2008). In the Appendix II we discuss the empiric and the theoretical method to 

evaluate the substrate elasticity. The two models are in agreement for high aspect ratio structures, where 

bending is the dominant effect. For smaller aspect ratio pillar substrates, where bulk compression is more 

relevant, the calculated Eeff is significantly higher than the measured one. (graph AI).  

 

7.2  Neuronal differentiation in relation to pillar substrates EB 
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Neuronal differentiation obtained in chapter 6.1 was plotted in relation to pillar substrates elastic 

properties and we observed a clear correlation between substrate rigidity and differentiation yield. Neuronal 

differentiation increased clearly on softer substrates (Fig 7.2a). 

 

Fig 7.2a: trend of differentiation on different EB nanopillar substrates. 

 

This result drove us to the fabrication of softer substrates to verify if the neuronal yield could further be 

increased. We followed two alternative strategies: increase the pillar aspect ratio and decrease the 

percentage of curing agent.  

Using PDMS with 10% of curing agent (i.e. maintaining the same chemical conditions of the previous 

experiment) we fabricated pillars with larger aspect ratios and thus softer. In particular we fabricated 150nm 

width pillars with 2 heights: 100 and 340 nm and 200nm width pillars with 160 nm height (table 7.2). We 

measured pillar substrates elasticity with AFM force spectroscopy and the EB measured for the highest pillar 

substrates was around 26 kPa while the other two types of pillars had similar EB (see table 7.2). We also 

synthesized a flat PDMS with the 2% of cross-linker (Brown et al., 2005) which resulted in a EB of 38±13 kPa, 

similar to the elastic modulus of 360 nm height and 250 nm width pillars. 
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Table 7.2: list of substrates with smaller EB. 1
st
 column: AFM images and cross section profiles of 100, 160 and 

340 nm height pillars and flat PDMS with the 2% of cross linker. 2
nd

 column pillars period, 3
rd

 column pillars height, 4
th
 

column pillars width and 5
th

 column substrate EB 

 

Neuronal precursors were plated on the substrates described and their differentiation was evaluated 

48 hours after differentiation induction.  

As reported in figure 7.2 b neuronal differentiation again increased with the decreasing of the EB and 

on the highest pillars, with an EB of about 26 kPa, the differentiation reached the highest value, close to the 

75% (Fig 7.2 b red dots). Moreover neuronal yield resulted similar for the substrates with the same elasticity 

but with different geometry: 150nm width, 100nm height pillar (pink empty dot) and 200nm width and 160nm 

height pillars (Fig 4b orange dot).  
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Fig 7.2 b: Neuronal differentiation on substrates with different EB. Circles are referred to nanopillars while asterisk 

is referred to the flat PDMS with 10% of cross linker.  

 

Neuronal differentiation on flat PDMS with the 2% of cross-linker (Fig 7.2 c sky-blue box ) was very 

similar to the differentiation on nanopillars with an equivalent value of EB (Fig 7.2 c blue box) and significantly 

higher than on flat PDMS with the 10% of cross-linker. This result shows that the neuronal differentiation is 

enhanced on soft substrates irrespective of their topography. 
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Fig 7.2 c: box plot which shows a neuronal differentiation 48 hours after palting on: PDMS pillar substrates with EB 

of 40±10 kPa, on flat PDMS with 2% of cross-linker with EB of 38±13 kPa and on flat PDMS with 10% of cross-linker and 

an EB of 450±69 kPa 

 

Plotting all the data acquired on different substrates on the same graph (figure 7.2 d) we obtained a 

clear trend of neuronal differentiation in relation to the substrates elastic properties. Indeed, neuronal 

differentiation increased with the decreasing of the substrates EB. In particular we observed a dependence of 

neuronal precursors differentiation on substrate rigidity when EB was smaller than 100 kPa, while on rigid 

substrates with an EB higher than 400 kPa neuronal yield was comparable independently to the actual value 

of the substrate stiffness (see neuronal differentiation on flat PDMS and on glass coverslips Fig 7.2 d). 
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Fig 7.2 d: Graph: Neuronal differentiation over substrate EB plotted in the log scale. Each symbol corresponds to a 

type of substrate. The grey band is an eye guide to highlight the increased differentiation in relation with the EB. Table: 

list of substrates geometrical and mechanical characteristics with the corresponding value of neuronal differentiation and 

symbol refereed to the previous graph. 
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7.3 Discussion: 

In this chapter the mechanical properties of the substrates were correlated with the neuronal 

differentiation. 

As reported before, the substrate elasticity can be tailored fabricating different pillar geometries using 

the PDMS with the 10% of cross-linker, which was our strategy of choice, or by maintaining a flat geometry 

and reducing the percentage of cross-linker, as we did for the “flat 2%” substrate. 

The elastic properties of the substrates were estimated introducing a compressibility value (EB) as 

resulted from the average interaction with a 5 m diameter bead. This definition is completely empirical, 

however the observation that comparable EB induce comparable differentiation yield represent an intrinsic 

validation of our assumptions. 

We demonstrated that neuronal differentiation increased with the decreasing of substrates elasticity, 

independently from the geometrical characteristics of the substrate. Indeed, different pillar substrates with 

the same EB gave rise to the same neuronal yield and neuronal differentiation on flat PDMS substrates with 

2% of cross-linker was comparable to the one obtained with PDMS substrates patterned with nanopillars 360 

nm high and 250 nm wide which had similar elastic properties.  

However, the amount of cross-linker determines the types and the amount of residual monomers, 

which are mobile and preferentially migrate on the surface of the substrate (Lee et al., 2003). It was 

demonstrated that different compositions of PDMS may affect cell behavior (Lee et al., 2004). In particular it 

was shown that fibroblast didn’t grow nor attach when the cross linker percentage was below 5% (Mirzadeh 

et al., 2003). In our experiments with 2% concentration of cross-linker we didn’t observe a significant 

alteration on cellular attachment and growth with respect to the standard PDMS. However, our data were 

limited to 48 hours after plating, while the monomer effect was significant for longer times.  

For this reason, using a pure chemical approach in the context of regenerative medicine, can be 

dangerous, since long term chemical effects cannot be easily predicted.  

Therefore, an alternative way to obtain soft PDMS substrates without introducing a new variable, a 

potentially dangerous chemical modification, is to fabricate pillars with an high enought aspect-ratio. Our 

results demonstrated that by surface nanostructuring it is possible to control the mechanical properties of the 

substrate, and thus enhance NP differentiation obtaining a remarkably high neuronal yield (74±7% after 48 

hours), avoiding the introduction of less controllable chemical variables.  
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To use these information for medical applications, such as substrates for the in vitro amplification and 

differentiation of NPs before the transplantation, the mechanism at the base of the differentiation induction 

has to be understood. 

 

 

8. RESULTS AND DISCUSSION IV: Mechanism of neuronal differentiation induction on 

soft substrates 

The main role of the substrate during differentiation is to provide a suitable surface for adhesion and 

growth (Engler et al., 2006; Geiger, 2001; McBeath et al., 2004; Zajac and Discher, 2008). Adhesion is most 

critical just after cell plating, when precursors are suspended and then must encounter a solid structure onto 

which attach, grow and proliferate. If NPs do not find such a substrate, they would die in very short time. The 

rapidity of finding a suitable substrate and the following period in which the cellular mechanisms of adhesion 

are triggered and developed may play a crucial role in the differentiation process. For those reasons we 

analyzed the time dependence of cell-substrate interactions after neuronal precursors plating.  

 

8.1 Time course analysis of neuronal differentiation 

To evaluate whether the influence of the soft substrates on neuronal differentiation depends on time, 

we performed a time-course experiment using nanopillars with 360 nm height and 500 nm period.  

Neuronal precursors were plated at time 0 on seven nanopatterned substrates and on seven flat 

PDMS with the 10% of cross linker (controls), fixed at different times after plating and then immunoassayed. 

A pair of cultures, one grown over a control and one grown over nanopillars, were fixed for each sampling 

time (3, 6, 12, 24, 48, 72 and 96 hours). Fixed cells were immunostained for β-tubulin and for TAU, an axon 

associated protein used to monitor cells in a more advanced maturation state (Wang and Liu, 2008) as 

represented in Fig 8.1A.  

Neuronal differentiation was consistently higher for all the periods considered when cells were seeded 

on nanopillars, reaching almost 80% after 96 hours (blue circles in figure 8.1B) compared to the 61% 

obtained on flat PDMS at the same time. Both early (Tuj1
+
) and mature neurons (TAU

+
 and Tuj1

+
 indicated 

by the blue line) appeared earlier on nanopillars (Fig 8.1B red circles and lines). After 3 hours, the 15.1±0.3% 

of Tuj1
+
 neurons were present on nanopillars, while only the 8.4±0.4% was counted on flat controls. Six 

hours after plating (Fig 8.1A a, b) neuronal yield was 33±2.7% on nanopillars and 13±0.8% on controls. The 

average length per neurite (n=300) was 33.6 ±4.6 µm on nanopillars while 20±2.7 µm on controls. At 12 
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hours neurites were still longer (35 µm) on nanopillars than on controls (n=310) (25 µm) (Fig 8.1A c and d) 

with a small percentage of TAU
+ 

cells on patterned substrate. After one day almost no TAU
+ 

neurons were 

present over controls, while already 12% of mature neurons were observed in cultures over nanopillars.  

For longer periods, the differences between flat and pillars were less clear.TAU expression tended to 

reach the same level (Fig 8.1A b) and also neurites length became not significantly different in the two 

substrates. Indeed, 72 hours after plating neurites length was about 60 µm in both substrates and the 

29.9±0.3% of Tuj
+
 neurons were also TAU

+
 on the flat control while on nanopillars the 40.8±3.2% of neurons 

express TAU proteins (Fig 8.1A j and k; Fig 8.1B). After 96 hours neurites length was about 87 m on 

controls and 91 m on PDMS pillars and the differences between TAU
+
 neurons on the two substrates 

disappeared (Fig 8.1A l and m; Fig 8.1B).  
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Fig 8.1A: Time course representative images at 6h, 12h, 24h, 48h, 72h and 96h after the induction of neuronal 

differentiation by plating precursors on nanopillars and on flat PDMS. IF images show the staining for Tuj1, TAU (axonal 

protein) and Hoechest. 
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The data presented in the figure 8.1B regarding Tuj expression during the time were analyzed and 

fitted with the help of a mathematical model. Cell differentiation can be assumed to be an individual process, 

where the differentiation stage of the other cells in the culture is not relevant and the phenomenon is purely 

stochastic (Johnston and Desplan, 2008; Ying et al., 2003), or it can be assumed to be a collective process, 

where the presence of other cells in a mature state of differentiation increases the differentiation probability 

of the immature ones (Parekkadan et al., 2008). The question is still open and no clear evidence supporting 

one of the two hypotheses is nowadays available. 

We developed two distinct mathematical models for the two assumptions (appendix II). Since data 

cannot discriminate between the two models, either on flat surfaces or on nanopillars we adopted the 

hypothesis that cell differentiate independently from each other, for simplicity.  

Therefore we assumed that a certain fraction of the neuronal precursor’s population developed into 

neurons with a certain probability per unit time. This probability is the same for all precursors under the same 

environmental conditions belonging to that fraction. Therefore the neuronal population over time n(t) would 

be described by 

(1)          

 

Where t0 is the characteristic time in which a fraction 1-1/e (~63%) of the precursors differentiate into 

neurons and n is the percentage of precursors differentiated into neurons at infinite time. We fitted the time 

course data of the control samples with eq.1 and obtained a good agreement with the experimental data 

(see red continuous curve in Fig 8.1B), therefore we could extrapolate t0 = 30±5h and n = 67±4%. However, 

when we applied the same fitting procedures for the data obtained on nanopillars, a simple exponential 

function was not enough to obtain an agreement with the experimental data. Indeed two trends were clearly 

distinguishable, with a very fast differentiation rate at the beginning and a slow rate at later times. The 

equation which can fit these data becomes:      

(2)    

Where we hypothesized the presence of two precursor’s populations, one behaving as that on the flat 

substrates (n0) and one which differentiate faster, maybe because of the interaction with the nanopatterned 

soft substrate (np). Since together the two numbers represent the whole population of cells n0 + np =1. Again 

tp is the time characteristic (in which the 63% of the precursors differentiate into neurons) of the 
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nanostructured substrate. The result of the fitting procedure is shown by the blue continuous line in Fig 8.1B. 

From the fitting procedures we obtain tp = 5±2h, n = 78±2 n0= 60% and np = 40%. Therefore 40% of the 

neurons were influenced by the interaction with the nanopillars, and this interaction speeded up the 

differentiation process by a factor 6. This effect was very important in the first 12 hours, when the yield was 

more than twice on the nanostructured surfaces. For very long times the effect was less important with an 

improvement of about 15%. However n is 78±2 versus 67 for flat substrates, that is a smaller but still very 

important improvement in the struggle towards the goal of 100% yield.  

 

Fig 8.1B: the graph shows the variation of neuronal differentiation during the first 4 days after precursors plating. 

Blue circle indicates the differentiation on nanopillar while red one the differentiation on flat substrate. The curve between 

circles shows the fitting of the experimental points. Blue and red lines represent TAU expression on nanopillar and on flat 

PDMS respectively 

 

The faster activation of neuronal differentiation on the nanopillars is also supported by experimental 

data shown in Fig 8.1C. Indeed, the ratio of neuronal differentiation between the flat and the patterned 

substrate has a maximum value at 6 hours after plating and decreases after 12h. Therefore we concluded 

that PDMS nanopillars have an accelerating effect on neuronal differentiation. 
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Fig 8.1C: the graph represents the ratio between the differentiation on pillars and the differentiation on flat PDMS 

in the time scale.  

8.2  Cell-substrate adhesion 

The acceleration of the neuronal differentiation and the longer neurites observed on early neurons 

plated on the PDMS pillars is consistent with the hypothesis of a faster adhesion between neuronal 

precursors and nanopatterned substrate. 

To study the mechanical interactions between cells and substrates, during the first minutes after cell 

plating, a single cell force spectroscopy (SCFS) analysis was performed.  

The adhesion of neuronal precursors on PDMS pillars, flat PDMS and glass pillars was compared 

leaving the cell adhere on the substrate for a specific time period from 20 seconds to 5 minutes. It was not 

possible to perform SCFS analysis for period longer than 5 minutes, since after that time the interaction 

between the neuronal precursors and the laminin-coated substrate was too strong and cells detached from 

the fibronectin-coated cantilever.  

Using SCFS it is possible to leave the cell adhered to the substrate for a desired period of time with a 

determinate pressure applied from the cantilever to the cell and then to measure the adhesion forces exerted 

by the cells during the cantilever retraction with a sensitivity of 10 pN.  

A schematic cycle of SCFS experiment was represented in the method session, chapter 4.5.2. From 

the resulting force-distance curves (Fig 8.2A) the maximal detachment force (Fdetach), needed to remove the 

cell from the substrate, was determinate from the cantilever deflection during retraction. Fig 8.2A shows 3 

representative force-distance curves obtained on the PDMS nanopillars (blue curve), on flat PDMS (red 
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curve) and on glass pillars (yellow curve). The three curves were acquired after 60 seconds of contact time; it 

is immediately evident that the peak of adhesion on PDMS pillars is higher than on the other two substrates. 

 

Fig 8.2A: Three representative force-distance curves on PDMS pillars (blue curve), flat PDMS (red curve) and 

glass pillars (yellow curve). 

 

Fdetach was averaged from almost 30 events recorded for each substrate at each contact time. The 

averaged value of Fdetach± the standard deviation was plotted in the graph shown in figure 8.2B vs. the 

contact time for all the three substrates. 
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Fig 8.2B: graph of the maximum force needed to detach neuronal precursors from the 3 substrates after different 

contact times between 20 and 320 seconds. The trend of the Fdetach on PDMS nanopillars is represented in blue, on flat 

PDMS in red and on glass nanopillars in yellow.  

 

We found that the force needed to detach a NP from the PDMS nanopillars was significantly higher 

than the force needed to detach it from flat PDMS, that was in turn higher than that required for glass 

nanopillars, at all the plating times considered. This result showed that when NPs were plated on PDMS 

nanopillar, they needed just 1 minute to strongly adhere to the substrate.  

Similar measurements on flat and patterned PDMS were performed plating fibroblasts as a control 

experiment, and there were no differences in terms of adhesion between patterned and non patterned PDMS 

(Fig 8.2C) during the first 120 seconds. The increased adhesion on PDMS nanopillars seems to be 

characteristic only of NPs. 
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Fig 8.2C: fibroblast SCFS experimental result on PDMS nanopillars and on flat PDMS after a period of contact 

time ranging from 20 to 120 seconds. 

 

 As shown on the force-distance curve (figure 8.2A) we were able to extract tethers from NPs’ 

membrane. Indeed several plateaus of a length in the range between 1 to 15 m were present after 40 

seconds of adhesion time. Each plateau corresponds to a single tether and the height of the step can be 

associated to the force needed to pull a single tether out of the membrane (Sun et al., 2005). Tethers are 

membrane reservoirs with the main role to buffer changes in membrane tension (Titushkin and Cho, 

2006).Ttheir formation, elongation and rupture depend on the membrane viscosity and the underlying 

cytoskeleton (Sun et al., 2005). 

The forces needed to pull tethers from neuronal precursors were between 15 and 40 pN for all the 

substrates we tested (PDMS pillars, flat PDMS and glass pillars) as shown in right panel of figure 8.2D. The 

force distributions in the three substrates were comparable and had peaks around 20-30 pN. This result is in 

agreement with the tether extraction forces resulted using Hela cells as cellular model on fibronectin coated 

substrates (Friedrichs et al., 2010). Tethers length was comparable on the three substrates even if the 

distribution of lengths was more spread on the PDMS nanopillars. However, the differences between the 

three substrate were not significant (Fig 8.2D left panel) as expected since the tether length is more a 

property of the cellular membrane rather than of the membrane substrate interaction.  

On the contrary, tethers number which depends on the cell-substrate interaction, was larger for cells 

interacting with PDMS nanostructured substrates as shown in Fig 8.2D left panel.  
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Fig 8.2D. Left: tether length distribution on the 3 substrates; right : distribution of the forces needed to pull a tether 

out of the membrane. 

 

Single step analysis at different adhesion times reported in figure 8.2E showed a peak around 30 pN 

for all substrates. Only on PDMS pillars we observed also a small peak at 60 pN that we interpreted as 

originated by multiple cellular receptor-ECM ligand unbinding events. The entity of the interacting proteins is 

still not clear and further experiments will be fundamental to clarify the correlation between neuronal 

precursors adhesion an differentiation.  

 

 Fig 8.2E: single unbinding event analysis after 20 seconds and after 80 seconds of contact time on the 3 different 

substrates 

 

A different laminin adsorption could be the reason for a stronger adhesion of NPs on the PDMS 

nanopillars. To verify this issue we performed an immunofluorescence assay using an -laminin antibody. IF 

assay is not a quantitative analysis but provides a qualitative information about the average concentration 

distribution of the protein on the substrate and compare the concentration of the coated protein between 

different samples. As is shown in Fig 8.2F we didn’t observed an increased intensity on the patterned PDMS 

(Fig 8.2F b) with respect to the flat PDMS (Fig 8.2F c).  
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Fig 8.2F: Laminin staining of PDMS pillars and flat PDMS. a: direct comparison of patterned and flat PDMS using 

a 20X objective; b: IF image of a patterned area using a 40X objective; c: IF image of a flat area using the same 

conditions of the previous image. 

 

8.3 Discussion 

In this section the interaction between neuronal precursors and substrates were analyzed to study the 

mechanism responsible for the neuronal differentiation enhancement observed on the PDMS nanopillars.  

First of all, we demonstrated that the more pronounced effect of the nanopattern was in the first 6 

hours after neuronal differentiation induction. As shown in figure 8.1C, the differentiation on the PDMS 

nanopillars was 2.5 higher than the differentiation on the flat PDMS 6 hours after plating, while after 12 hours 

this ratio decreased. We can conclude that the role of the soft substrate takes place in the first 6 hours after 

neuronal precursors plating, while in the following period the differentiation evolution is mainly independent 

on the substrate. However, the advantage obtained in the early stage of differentiation is maintained, and the 

yield at the end of the time course was larger (78%) than flat PDMS (67%). It should be noted here that on 

higher pillars the yield was 74% at 48 hours and, after 4 days, it would reach about 90%, a really 

remarkable result.  

The acceleration of neuronal differentiation by the PDMS nanopillar was explained by a stronger 

adhesion of neuronal precursors to the nanopattern, as verified by SCFS analysis. Neuronal precursors 

adhered faster and stronger on PDMS nanopillars than on flat PDMS and glass nanopillars in the first 5 

minutes of cell-substrate interaction. In particular, a significant difference was observed after 80 seconds (Fig 

8.2B). Although the relatively small number of curves analyzed (around 30 for each substrates at each 

contact time) the single ruptures analysis showed that, on PDMS nanopillars, slightly more molecular bonds 

cooperated to focal adhesion formation with respect to flat PDMS. Indeed the number of individual focal 

adhesion rupture forces was larger on average (Fig 8.2D). Although a precise and reproducible rupture force 

(around 30 pN) on all laminin-coated substrates and a small second peak at the double force (60 pN) were 

obtained, we still need more evidences to assign this ruptures to the integrin-laminin binding forces. 
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Moreover a controlled analysis of the laminin concentration, distribution and conformation would be 

important to identify and characterize the mechanism of ligand-receptor binding. The interaction between 

nanopattern and cellular membrane could activate focal adhesion complexes which are involved into cellular 

differentiation (Bershadsky et al., 2006). Indeed the phosphorylation of the focal adhesion protein Paxillin 

mediates differentiation of oligodendrocyte precursors (Miyamoto et al., 2007) and activation of focal 

adhesion kinase (FAK) by laminin-integrin interaction, that is required for neurite outgrowth (Mruthyunjaya et 

al., 2010). Therefore, an implementation of other label-free and mass sensitive techniques such as quartz 

crystal microbalance with dissipation monitoring, ellispometry (Carton et al., 2010) or surface plasmon 

resonance (Connell et al., 2012) could permit a better control and quantification of the protein distribution. 

This would help not only for a biochemical analysis of the cell-substrate interaction but also to verify the 

effect of the nanopattern adhesion independently to the protein absorption. 

In literature it was demonstrated that Madin-Darby canine kidney (MDCK) cells interact with laminin-

111 via galectins and not integrin mediated cellular adhesion pathway (Friedrichs et al., 2007). However 

single steps analysis, 90 seconds after cellular adhesion, shown that the binding forces between galectins 

and laminin-111 was about 60 pN, while single integrin-collagen I rupture event was about 86 pN. Different 

cells showed different binding energy with the same ECM components. For istance CHO-A2 (Chinese 

hamster ovary cell line which lack integrin-receptor for collagen I 2β1) presented a single integrin-collagen I 

binding force of 47±16 pN (Friedrichs et al., 2010). The same group demonstrated that single ruptures 

between integrin and fibronectin using Hela cells was between 14 and 40 pN (Friedrichs et al., 2010) and 

that the affinity with the substrate is strongly related to the protein used to attach the cell to the cantilever 

(PS: primary substrate). Indeed, a cross-talk between receptors, in particular between integrins, was 

demonstrated. When fibronectin was used to coat the substrate the adhesive strength of Hela cells 

depended to the PS (fibronectin, collagen I and Con-A were used). Therefore the different interaction 

between NPs and laminin coated substrates could be affected by the fibronectin used as PS. This effect 

cannot be verified changing the protein used as PS because the activation of the NPs differentiation or a 

different cellular behavior may occur, while fibronectin maintains the NPs in their undifferentiated stage 

(Yoshida et al., 2003). 

We hypothesize that the mechanism at the base of the increased and faster adhesion of neuronal 

precursors involves the activation of the integrin-mediated FAs and the cellular mechanoresponce.  
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The clear correlation between enhanced differentiation yield and a faster and more efficient adhesion 

on the same kind of substrate suggests that the mechanical enhancement of neuronal differentiation is 

triggered by the increased adhesion on softer substrates. 

 

9. Final discussion and future prospective 

Geometrical and mechanical properties are strongly related to each other since resizing a material will 

intrinsically change its mechanical properties. In our case the effective elasticity of the substrate changed 

when changing PDMS pillars geometry. Thus, a simple change of geometry intrinsically produces a change 

in substrate mechanical properties. In the vast majority of studies presented in literature the two aspect, 

which are intrinsically correlated, are analyzed independently and very often only one is considered while the 

other is simply neglected (Christopherson et al., 2009; Engler et al., 2007; Kriparamanan et al., 2006; Lee et 

al., 2010; Mahairaki et al., 2011; Yim et al., 2007).  

We paid a specific attention to this point and we designed an experiment able to separate the 

geometrical contribution from the mechanical one. 

Despite the vast literature which demonstrates the role of the nanotopography on stem cell 

differentiation (Lee et al., 2010; McNamara et al., 2010; Tee et al., 2011; Wu et al., 2010; Yim et al., 2010) 

we demonstrate that the only geometrical effect is not able to enhance the NPs differentiation, at least during 

the first four days of neuronal culture. On the contraty, a decreasing of the substrate EB either with the 

geometry of the nanopillars either synthesizing a softer PDMS reducing the percentage of cross-linker 

enhanced the neuronal differentiation. However, without changing the chemistry of the material the 

geometrical properties of the substrates can be tailored to vary the substrate elasticity and to decrease the 

substrate E till values that are comparable to the one of the ECM. Indeed, it was demonstrated that the 

neuronal growth was enhanced on softer substrates made of polyacrylamide gels with E200Pa and fibrin 

substrates with E 250Pa while astrocytes were the most abundant cell type on harder polyacrylamide gels 

with E9 kPa and fibrin substrates with E 2 kPa (Georges et al., 2006). Obtaining values of E under the 

kPa, using higher aspect-ratio pillars, would probably allow to further increase the neuronal differentiation.  

The soft substrate increased the NPs adhesion on the substrate already in the first minute of cell-

substrate adhesion (Fig 8.2B). This result seems in contradiction with literature, indeed it was demonstrated 

that the forces between ECM-integrin-cytoskeleton are built more rapidly in cells on rigid materials than on 

compliant surfaces (Bruinsma, 2005; Chan and Odde, 2008). However, each cell type reacts in a different 
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manner on different substrates: brain ECM is significantly softer than bone, cartilage or skin, therefore it is 

reasonable that neurons adhere stronger on soft substrates which are similar to their natural environment.  

 The SCFS analysis demonstrated a possible correlation between the strong adhesion of the NPs and 

the acceleration that we saw in the first hours after NPs plating. This observation suggests a faster activation 

of FAs complexes and a changing in the cellular mechanical properties as verified on nanopatterned 

substrates (Yim et al., 2010). Further analysis are needed to understand the mechanotrasduction influence 

on the NPs differentiation into neuronal lineage.  

To better understand the molecular mechanism at the base of the PDMS nanopillars enhancement of 

neuronal differentiation, a gene expression analysis in the first 6 hours after the NPs plating could be 

performed in combination with a molecular biology analysis of the protein expression. Due to the results of 

the SCFS analysis and what is already the state of the art of the mechanotrasduction mechanism, it will be 

reasonable to study the differential gene expression and the proteins expression related to the FAs formation 

and activation. 

As already presented on paragraph 3.3.2 the combination of chemical signals and physical forces 

leads to changes in transcript and protein abundance in the cells. (Dalby et al., 2008). Indeed, the physical 

pulling on FAs can promote their growth in response to tyrosine phosphorylation of the GTPase Rho 

(Riveline et al., 2001). Therefore a gene expression analysis of Rho or of the Rho-dependent pathways 

would give us information regarding the mechanism at the base of the early adhesion observed.  

A western-blot assay could also provide information regarding the FAs protein abundance on the 

different substrates. Indeed, vinculin, talin and F-actin are recruited in the first minutes after cellular adhesion 

while changes in gene expression could require hours (Gardel et al., 2008).   

 

10. CONCLUSIONS 

The aim of this PhD thesis was to investigate the effect of imposing a nanostructure to the culture 

substrate on the embryonic stem cells (ESCs) differentiation into neuronal lineage, with the aim to contribute 

to an increase of the differentiation yield towards the ambitious goal of the complete differentiation. We 

fabricated nanopatterned substrates with the aim to mimic the brain ECM geometrical characteristics. PDMS 

substrate increased and almost doubled the NPs survival with respect to the glass coverslips. On the 

contrary ESCs attachment was remarkably reduced on PDMS substrates. For that reason we decided to 

introduce an intermediate step in which neuronal precursors (NPs) are obtained using a biochemical protocol 

(SDIA) on standard glass coveslips. After the amplification the NPs are than dissociated and plated on the 
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PDMS substrates. PDMS was nanopatterned with nanopillars and nanogrooves and we found that 

nanopillars increased neuronal survival and differentiation with respect to the nanogrooves. In particular after 

96 hours of neuronal differentiation induction, the neuronal yield reached almost the 80% on PDMS 

nanopillars with respect to the 60% on the flat PDMS.  

To understand which properties of the substrate increased the neuronal differentiation we analyzed 

the geometrical properties and the mechanical ones separately. The geometrical characteristics of 250 nm 

wide and 500 nm period pillars, which gave the higher differentiation rate, were replicated on glass rigid 

pillars, while the same elastic module calculated with the bead, EB, was replicated on flat PDMS with a 

reduced amount of cross-linker. We demonstrated that the simple geometry does not have an effect on the 

neuronal differentiation. Indeed, glass pillars didn’t enhanced the neuronal differentiation with respect to the 

flat controls. On the contrary the same EB of the substrate gave the same neuronal yield. Therefore, a 

reduction of the substrate EB increased the neuronal differentiation. We concluded that the mechanical 

properties are fundamental for the neuronal differentiation but the geometrical properties are important to 

tune the substrate elasticity without changing its chemical composition. 

Finally, we demonstrated an accelerating effect on the neuronal differentiation on the nanopattern 

correlated with a stronger adhesion of the NPs on the soft substrate. We conclude that the substrate plays a 

more pronounced role in the differentiation enhancement in the first hours after neuronal plating. Therefore, 

the early interactions between stem cell and the substrate are the key elements to enhance neuronal 

differentiation. 
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