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Abstract 

The external cellular environment carries out a crucial role in affecting and 

dictating cellular functions thus influencing several biological processes such as 

morphogenesis, tissue regeneration and repair. The bidirectional communication 

between cells and the extracellular matrix (ECM) occurs through the transmission 

of biochemical/biophysical signals at sub-micrometric level involving different 

sub-cellular components such as focal adhesions, cytoskeleton structures and the 

nucleus, activating then a series of biological events that can eventually affect 

cellular fate. Indeed, the extracellular matrix has a peculiar 3D organization 

dictated by the spatial organization of fibres bundles, providing a specific 

geometry that is involved in shaping tissue architecture and functions. Moreover, 

the ECM is a dynamic entity and its properties change during time (i.e. tissue 

growth, disease progression) representing a fundamental aspect that should be 

taken into account in order to design more reliable bio-interfaces able to impact 

cell function and fate. Numerous studies have been done in order to investigate 

cellular response to external stimuli, but the majority includes the presentation of 

static signals. Thus, the aim of my PhD project is focused on the realization of 

dynamic bio-interfaces that reliably replicate the native extracellular environment 

for in-vitro cell culturing. To this purpose, photo-deformable azopolymer material 

has been chosen to cover glass-bottom petri-dishes and provide dynamic platform 

for cells. Indeed, azobenzene-based materials have the ability to change the shape 

of surface topography in response to light, as a consequence of mass movement 

triggered by the trans-cis photoisomerization of the azo-moiety. Precisely, by 

illuminating their surface with a linearly polarized light, a linear pattern, in the 

form of parallel ridges/grooves can be imprinted on the azopolymer surface and 

easily erased with a non-polarized or circularly polarized light. We investigated 

the behaviour of human breast epithelial cells (MCF10A) in response to in-situ 

linear light-induced topography patterning, in terms of cell and nuclear 
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morphology and mechanical properties, in order to spatiotemporally control and 

guide their functions. Additionally, we found that the transmission of topographic 

signal can have an impact also on the internal organization of cell nucleus, stating 

that the propagation of macroscopic deformation can reach the internal nuclear 

structures up to chromatin level. Then, the photo-switching properties of 

azopolymer were exploited in order to transmit cyclic topographical signals by 

finely presenting/removing a linear pattern with the aim to examine the 

effectiveness of the dynamic platform to reverse cells behaviour.  
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Chapter 1 

Introduction 

1.1. Cell-Material Interaction 

In their native environment, cells are surrounded by the extracellular matrix 

(ECM) with which they communicate through the transmission of biochemical 

and biophysical cues [1]. The cell-ECM crosstalk occurs in a bilateral manner, 

with cells generating forces that remodel and alter ECM structure and 

organization [2], and ECM physical properties transduced into cell biological 

events that eventually affect cell functions, such as spreading, migration, 

morphogenesis, proliferation and differentiation, through a process known as 

mechano-transduction [3]. One mechanism through which cells interact with the 

ECM is signalling via matrix adhesion molecules and receptors such as integrins 

[4], which are transmembrane proteins enabling cells to be anchored to the ECM, 

promoting their adhesions and transmission of information to e from the ECM. 

The integrins also provide the site of formation of Focal Adhesions (FAs), which 

are constituted by a highly organized ensemble of cytoplasmic proteins (talin, 

paxillin, zyxin and vinculin) that represent the mechanosensitive complexes 

through which cells sense and probe the extracellular environment. Indeed, FAs 

connect integrins to cell cytoskeleton actin filaments to form the adhesion 

complexes, which play a fundamental role in the transmission of external signals 

[5]. In details, integrins can transmit mechanical forces to ECM through cell 

actomyosin contractility or, conversely, from external environment to cell 

cytoskeleton actin contractile filaments, thus regulating its architecture [6]. 

Indeed, actin filaments are reported to function as the mechano-sensor for tensile 

forces applied to cells [7]. Furthermore, it is nowadays well-known that cell 

cytoskeleton can transmit these external mechanical forces to the nucleus through 
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nuclear transmembrane proteins (LINC complexes), influencing its shape and 

chromatin organization [8], confirming the role of nucleus as mechano-sensitive 

organelle in the process of mechano-transduction [9,10]. Additionally, the native 

extracellular environment has been demonstrated to be a dynamic entity, 

continuously undergoing remodelling, assembly and degradation processes 

during growth and in disease progression [11–14]. In summary, the cell-ECM 

crosstalk regulates, through integrins, cell functions in terms of adhesion, 

migration, proliferation, morphology and differentiation. The control of these 

processes occurs in a dynamic way since ECM is constantly undergoing 

remodelling, assembly and degradation during the normal processes of 

development and wound repair. For this reason, the realization of dynamic bio-

interfaces, able to recapitulate reliably the native extracellular environment and 

to provide precise signals both in space and in time in order to investigate cell 

behaviour, represent an ongoing challenge for applications in tissue engineering.   

1.2. Topography Activation of Cell Mechano-transduction 

Biophysical signals are associated with mechanical forces generated from ECM 

rigidity and topographical cues which characterize the geometrical structure of 

ECM. Matrix topography is involved in shaping tissue architecture and plays an 

essential role in cellular and tissue organization. Topographical features in matrix 

can be present at different length scales (i.e. from nano- to microscale) and shape 

(e.g. fibers, pores) inducing local (i.e. at FAs) and global (i.e. cell spreading and 

shape) changes in cell behaviour. Changes in topographical features at the scale 

of single cell size (i.e. microscale) may influence the degree of cell spreading and 

give signals associated with contact guidance such as during cell migration along 

a fibrillar matrix [15]. For example, the basement membrane, an ubiquitous ECM 

structure separating cell layers from interstitial ECM, regulates a series of tissue 

functions, including polarization and compartmentalization [16]. Also, 

ultrastructural analysis of ex vivo rat myocardium revealed that within the 
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myocardium, cells are highly elongated and oriented along matrix fibres direction, 

suggesting a strong influence of ECM architecture in guiding myocardial 

organization during tissue development [17]. Many cellular structure as 

integrin/FA sites, G-protein, ion channels, cytoskeleton components and 

membrane biomolecules have been identified as potential mechano-sensors, able 

to convert external physical signal into biochemical process [18]. Thus, it is 

necessary to better understand the interaction, and the related biological 

phenomena, between cells and its external environment in order to study and 

predict cells’ behaviours. To this aim, in the past years many studies have been 

conducted in order to investigate cell response to external physical signals through 

the fabrication of Cell Instructive Materials (CIMs) which were supposed to 

recapitulate the in-vivo ECM [19].  The most widely studied topographies are 

grooves and grids, protrusions and pit arrays. For example, cells exposed to 

grooved substrates usually acquire an elongated morphology and alignment to 

groove direction, reproducing the native tissue organization and promoting cell 

attachment and polarization state [20–22].  

1.2.1. Focal Adhesions Signalling 

The first mechanosensitive subcellular structures that probe the external ECM 

physic-chemical properties are the focal adhesions, which are connected to 

integrins that directly interact with ECM adhesive proteins such as fibronectin, 

vitronectin and laminin [23]. Topographic patterns provide sites that are readily 

accessible for cell lamellipodia and filopodia, such as the top of ridges or pillars, 

as well as the bottom of grooves and pits. The accessibility of a given region to 

the cell membrane and its protrusions depends on the geometric features of the 

pattern, i.e. the depth and pitch. Several works reported that in the presence of 

microgroove patterns, focal adhesions form predominantly on the top of the ridge 

due to the restriction imposed by lateral barrier [24–26], which also affect FAs 

orientation and alignment [27–29]. Moreover, Ventre M. et al. showed that 



12 
 

topographic geometrical characteristics can influence FAs formation and growth 

ultimately dictating cell adhesion and polarization. More precisely, cells can sense 

the adjacent topographic features only if these are separated by a distance on the 

length scale of cell filopodia extension (Fig 1.1 A) [30]. 

 

Figure 1.1 A) Graphic representation of filopodia probing topography mechanisms. If the distance is larger, 

filopodia cannot bridge several ridges (left), while on narrower topographic features (right), FAs can overpass 

the ridge dimension and grow significantly [30].  

1.2.2. Cell Cytoskeleton Assembly  

The process of physical signals mechano-transduction is a stepwise mechanism. 

After probing external environment, focal adhesions transmit the information to 

the inner cytoskeleton, which regulate cell shape, maintain its structural integrity 

and also contribute to cell mechanical properties [31]. The cytoskeleton network 

is composed of three main types of polymers: actin filaments, microtubules and 

intermediate filaments. Both actin filaments and microtubules provide suitable 

tracks for molecular motors that move preferentially in one direction. These 

motors are members of the dynein or kinesin families for microtubules and the 

large family of myosin proteins for actin filaments. Further, myosin motors also 

act on the bundles of aligned actin filaments in stress fibres, allowing the cells to 

contract, and sense, their external environment [32]. Several studies reported the 

effect of topographical cues on cell morphology following cytoskeleton re-
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organization which is able to align and orient cells along a specific direction 

dictated by the underlying pattern [33–37] (Fig. 1.2 A) through the process known 

as contact guidance [38]. Yim E.K.F et al. showed that a 350 nm gratings of 

tissue-culture polystyrene (TCPS) and polydimethylsiloxane (PDMS) can 

modulate human mesenchymal stem cells (hMSC) morphology, with elongated 

hMSCs exhibiting an aligned actin cytoskeleton, while on unpatterned controls, 

spreading cells resulted randomly oriented [39] (Fig. 1.2 B). 

 

Figure 1.2. Representative confocal images of cells morphology modulation on micropatterned surfaces. A) 

Confocal images of MC3T3 cells cultivated on oxygen plasma-treated substrates for 4 h on (a) 2 µm pattern, 

(b) 5 µm and (c) flat surfaces [30]. B) hMSC focal adhesions (vinculin, red) organization on PDMS 350 nm 

gratings (left) and flat PDRM substrate (right) [39]. 

1.2.3. Nucleus Organization 

Forces applied to cells are then transmitted through cytoskeleton actin fibres to 

the different inner cellular organelles. The nucleus is the largest and stiffest 

organelle in eukaryotic cell and is composed of a nuclear interior, containing 

DNA that is wrapped around histones, which in turn are organized into higher-

order structures, classified as either open, transcriptionally active euchromatin or 
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condensed, inactive heterochromatin, and a nuclear envelope (NE) [40]. The NE 

act as a barrier for genetic material protection and is constituted by two lipid layers 

known as the inner and outer nuclear membrane (INM and ONM, respectively). 

The INM is directly connected to nuclear lamina, which is a meshwork of 

intermediate filaments separated into A-type and B-type. Lamin A-type  

contribute mainly  to nuclear stiffness and integrity [41]. Further, the NE is 

connected to cell cytoskeleton through nuclear transmembrane proteins (LINC 

complexes), which allow the transmission of external mechanical signals to the 

nucleus. Indeed, the NE and actin cytoskeleton are considered as active partners 

in regulating several cell functions, such as gene expression, nuclear shape and 

stiffness, cell migration and division [42] (Fig. 1.3 A). Although recent studies 

have pointed out the emergent role of nucleus as mechanosensory element which 

alone activate downstream cellular biological functions in response to external 

mechanical forces [43–45], it is well known that cell cytoskeleton actin filaments 

is able to transmit mechanical stresses to the nucleus affecting its shape and 

chromatin organization [46–52].  Wang K. et al. used engineered nano-

topographies of various shapes (gratings and pillars) and dimensions (feature size, 

spacing and height), to study human primary fibroblasts behaviour in response to 

the topographical stimuli. They found a correlation between nuclear deformation 

and cell functions such as cell proliferation, transfection and extracellular matrix 

protein type I collagen production [53] (Fig. 1.3 B). Additionally, numerous 

studies proved the role of topography in regulating gene-expression as 

consequence of nuclear deformation, eventually dictating specific cell final 

commitment [54–60] (Fig. 1.3 C).  
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Figure 1.3. A) Schematization of interaction between actin cytoskeleton and nuclear envelope [42]. B) The 

effect of nano topography on nuclear shape, cell spreading and functions [53]. C) Graphic representation of 

topographic modulation of poly-disperse red1-metacrylate (PDR1m) azopolymer into linear pattern (red 

dashed line) and from linear to grid surface variation (blue dashed line), which resulted in hMSC 

differentiation into different lineages [60]. 

1.3. Static Topography Cell-Instructive Materials (CIMs) 

Numerous technologies were implemented aiming to imprint topographic features 

on top of substrate surface enabling the investigation of the role of topography in 

cell–material interaction [61–64]. The main goals in biomaterials’ design is to 

recapitulate the structure and function of the native ECM by realizing substrates 

with micron, submicron and nanoscale topographies of diverse shapes. The cell 

response to topographies depends on cell type, cell-cell interactions, and the 

geometry of the patterns, with those having dimensions in the range of 70 nm up 

to 2-5 μm exhibiting the most relevant effects on cell behaviour [65–67]. Several 

studies have been conducted in order to study the effect of presenting static 

topographical signals to cells. Liliensiek S.J et al. fabricated polyurethane 

substrates containing anisotropically ordered ridge and groove structures and 

isotropically ordered pores from 200 nm to 2000 nm in size. They investigated 
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the impact of biomimetic length-scale topographic cues on orientation/elongation, 

proliferation and migration on four human vascular endothelial cell-types from 

large and small diameter vessels. Indeed, the basement membrane of extracellular 

matrix has several factors, including a complex three-dimensional topography, 

which affect endothelial cell functions that are all important for the remodelling 

of matrix, formation of new vessels during both development and wound healing 

as well as for the interaction of native endothelial cells with implanted prosthetic 

scaffolds. They found that all cell-types exhibited orientation and alignment, 

higher rates of proliferation and preferential migration along the ridges and 

grooves, with the most pronounced response on anisotropically ordered ridges of 

800 nm [33]. Hamilton et al. investigated the adhesion, spreading and migration 

of human periodontal ligament (PDL) fibroblasts in response to continuous and 

discontinuous topographic cues in the nanometric range. They reported that PDL 

fibroblasts were able to adhere spread on all the surfaces, with initial slower 

spreading and focal adhesion formation on discontinuous nanogrooves, while 

they resulted highly elongated on both types of nanogrooves after 24 h post 

seeding [68]. Moreover, hydrogels represent important class of materials that can 

be fabricated, implemented with surface microstructures, to mimic the 3D native 

cellular environment [69–71]. For example, Hong H. et al. fabricated a 3D 

hydrogel with Digital light processing 3D printing of silk fibroin for tissue 

engineering applications. In particular, they proved that the SF hydrogel allows 

to ensure viability, proliferation and differentiation to chondrogenesis of 

encapsulated cells up to 4 weeks of in-vitro cultivation [72]. 

1.4. Dynamic Topography CIMs 

The introduction of dynamicity into “cell-instructive” platforms has led to the 

design and realization of innovative bio-interfaces able to mimic the time-varying 

properties of the native extracellular environment in a more reliable way. To this 

aim, several “smart” or “stimuli-responsive” materials were developed, which 
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have the ability to modulate their properties in response to an external trigger, e.g. 

electrical, thermal, optical, or mechanical stimulus [73,74]. These responsive 

materials have attracted extensive attention due to their potential to achieve high 

levels of spatio-temporal control over biological processes, including the control 

over reversibility of the transmitting signals. Lam et al.  reported the first 

application of a dynamic topography variation using reversible 

poly(dimethylsiloxane) (PDMS) surfaces. A wavy micropattern, obtained by 

plasma oxidizing, was realized and removed applying and releasing compressive 

stress in presence of C2C12 myoblast cells, affecting their organization and 

morphology (Fig. 1.4 A) [75]. Furthermore, another approach to develop dynamic 

platforms was constituted by shape-memory polymers (SMPs), which gained 

great attention in the biomedical field [76,77]. SMPs are active materials that have 

the ability to maintain a temporary shape and return to the original shape under 

external stimuli (e.g., heat, electricity, light, magnetism) [78]. Additionally, the 

integration of  controllable nano/microstructures into materials can improve the 

performance of SMPs in various applications [79]. For example, Gong T. et al. 

fabricated a cross-linked poly(ε-caprolactone) (c-PCL) polymer, where, on its 

surface, microgrooves were imprinted through thermal embossing micro imprint 

lithography. SMPs are deformed at a high temperature and then cooled down 

under a fixed strain to memorize the temporary shape by locking the deformed 

polymer chains, and later recover to the permanent shape by a triggering event, 

such as heat. Compressed and stretched surfaces were analysed in order to 

investigate different topographical features on cell behaviour. Dynamic changes 

of microgrooves could effectively regulate cellular and nuclear shape via altering 

cell alignment, elongation, and spreading. Moreover, they showed that the 

expression of myogenic marker genes (β-MHC and cTNNt2) was significantly 

increased on the dynamic patterned surface when compared to the one on the 

static surfaces, with respect to the osteogenic markers Runx2, OPN, and OCN, 

stating that a dynamically altering micropatterned surface and the resultant 



18 
 

convergent force can regulate signal transduction of stem cells and subsequently 

guide stem cell differentiation into myogenic lineages (Fig. 1.4 B) [80].  

 

Figure 1.4. A) Graphic representation of the reversible behaviour of the PDMS cell culture substrate (left). 

Optical microscopy images of muscle cells on the micro structured substrate, showing cells alignment along 

the waves, which returned to random orientation on the flat surface after decompression [75]. B) Scheme of 

shape memory effect (top) on rat bone marrow mesenchymal stem cell (rBMSC) morphology in response to 

surface dynamic variation induced by temperature switching.  Confocal images of immunolabeled cells with 

rhodamine-phalloidin stained F-actin and DAPI stained nuclei on the static non-patterned surface and 

dynamic surface, including compressed and stretched micro-grooved surfaces (down) [80].  

1.5. Azobenzene  

Azobenzene molecules have unique optical properties which can be exploited for 

a large variety of applications [81]. The molecular structure of azobenzene is 

characterized by two phenyl rings held together by the azo-linkage (–N=N–). 

Isomerization of the azobenzene between the thermodynamically stable trans-

form and the meta-stable cis-form occurs upon the absorption of a photon within 

its absorption band and involves changes in geometry and polarity of the 

molecule, which passes from the planar spatial configuration in the trans isomer 

to the non-planar in the cis isomer [82]. The photoisomerization from trans to cis 
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isomer upon UV/visible light irradiation is a reversible process in which the cis 

isomer can be isomerized to the trans form by thermal relaxation or by a new 

illumination in the cis-absorption band. There are three classes of azobenzene 

characterized by the substitution of functional groups of the phenyl rings, which 

defines the different absorption spectra and photophysical response: the 

azobenzene-type molecules, the amino-azobenzene type, and the pseudo-stilbenes 

(Fig. 1.5 A) [83]. Azobenzene-type molecules are similar to the parent 

azobenzene molecule characterized by a cis lifetime of days. The amino-

azobenzene type molecules which are ortho or para substituted with an electron-

donating group, characterized by an intermediate lifetime in the dark. Pseudo 

stilbenes, which are substituted at 4 and 4´ positions with an electron-donating 

group and electron withdrawing group, have red-shifted absorption band and a 

very rapid cis-to-trans reconfiguration since their absorption spectra overlap (Fig. 

1.5 B). Among them, pseudo stilbenes have the best photo-switching properties, 

resulting as the most used azobenzene type molecules.  

 

Figure 1.5. A) Chemical structure of azobenzene molecule and trans-cis isomerization upon light 

illumination and cis-trans back reaction upon thermal relaxation or light irradiation [84]. B) the three classes 

of azobenzene type molecules with their absorbance band and cis-state lifetime in the dark [84].  
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1.5.1. Azobenzene Photo-orientation and Birefringence  

The isomerization of the azobenzene molecules can be photo-activated also by a 

linearly polarized light. In particular, when the photo-isomerization between the 

two isomeric states occur continuously, as in pseudo-stilbenes azobenzene, a 

series of motion can take place at molecular, nanoscale and micrometre 

(macroscopic) levels [85]. In more details, only azobenzene molecules with a 

transition dipole axis oriented along the light polarization direction can absorb the 

incident light and then photo-isomerize. However, the probability of absorption 

varies as cos2ϕ, where ϕ is the angle between the light polarization and the 

azobenzene dipole axis [86]. Therefore, azo-molecules orientated parallel to the 

light polarization will absorb, while the chromophores with dipole axis 

perpendicular to the light will not move. After several photoisomerization cycles, 

the azo moiety will be stochastically oriented orthogonal to light polarization, 

resulting in a reduction of the population of trans isomers aligned in the direction 

of polarization. This statistical reorientation gives rise to very strong birefringence 

(anisotropy in refractive index) and dichroism (anisotropy in absorption 

spectrum) [86].  

 

Figure 1.6. A) Photo-orientation of azobenzene molecule induced by irradiation with a linearly polarized 

light. The trans isomers oriented parallel to the light polarization will absorb photons and isomerize, while 

the isomers with a dipole axis orthogonal will not absorb. Multiple switches will result in the alignment of 

the trans population in the direction perpendicular to light polarization. The initial isotropic condition can be 

restored by circularly polarized light [87].  
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1.5.2. Azobenzene Photo-mechanics 

The microscopic movements of the polymer chain, as a consequence of azo 

molecule photoisomerization, promote a macroscopic mass transport at the 

surface of polymer thin film at temperatures far below the polymers glass 

transition temperatures Tg. In polymers containing pseudo-stilbene azobenzene-

type as side chains, the cyclic isomerization of azobenzene involving the polymer 

chains induces a massive movement of the polymer material. Several theories 

have emerged in order to clarify the origin of the interesting mechanism behind 

the macroscopic mass transport of the azopolymer matrix [88–90]. Saphiannikova 

and co-workers proposed a re-orientation model, assuming that the light-induced 

re-orientation of the azobenzene side chains induces a re-organization of polymer 

backbone generated by the formation of a mechanical stress which in turn produce 

a mass migration [91]. This theory assumes that the material remains in the solid 

state during light illumination. The Karageorgiev’s group, instead, supports an 

isothermal directional photo-fluidization model stating that the cyclic 

isomerization of azobenzenes may cause an isothermal transition from an 

isotropic solid to an anisotropic liquid [92]. However, other explanations were 

discussed which still remains under debate nowadays [87,93].  

1.5.3. Light-induced Surface Mass Transport in Azobenzene-based 

Materials  

The integration of azo-molecules within different polymer matrix has led to the 

development of attractive azobenzene-based materials with potent photo-

switchable properties. Indeed, the photo-isomerization of the azo-molecules, as a 

consequence of light illumination, generates a macroscopic mass movement on 

the surface of azo-materials, which can be exploited in several fields of 

application. For example, they acquired large employ in photonics, as Bragg 

reflectors, as light couplers and spectral filters, optoelectronic devices, and 
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recorder holograms [94,95].  Further, the possibility to modify the chemical and 

physical properties of the molecule allows to formulate innovative systems with 

specific and modular physical, chemical and mechanical properties. The 

formation of stable surface relief gratings (SRGs) induced on azopolymer film by 

the irradiation of an interference pattern generated by two laser beams was 

reported for the first time in 1995 by Natansohn’s [96] and Trypathy’s [97] groups 

independently. These sinusoidal-shaped structures were observed in different 

types of azo-materials, such as amorphous polymers [98,99], side chain liquid 

crystalline polymers [100,101], supramolecular systems [102], amorphous 

molecular materials [103]. There materials are extremely versatile since different 

optical techniques can be used to realize SRGs on their surface. Although the most 

common method to induce the light-triggered surface mass movement in 

azobenzene-based materials is the interference lithography in Lloyd’s mirror 

configuration [97], other systems can be employed, such as holographic light 

irradiation, 1D Gaussian laser beam [104] and one-beam irradiation [105].  

1.5.4. Azopolymers as Dynamic Bio-interfaces for Cell Culturing 

The high demand for the development of dynamic platforms for cell culture 

experiments has led to the design of smart materials that reliably recapitulate the 

native extracellular microenvironment. Specifically, systems with tuneable 

physical, chemical and mechanical properties are extremely appealing since they 

allow to control both in space and in time the transmission of precise instructions 

to cells in order to guide their functions. Azobenzene-type materials are 

commonly employed for the realization of dynamic bio-interfaces because of their 

ability to change the shape of surface topography in response to light. Moreover, 

light responsive systems are largely preferred in biological applications because, 

among all external stimuli used to activate smart materials, light provides high 

spatial/temporal precision and is not harmful for cells, giving the possibility for 

in-situ investigation of cell behaviour. Therefore, the light-induced azo-materials 
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surface reliefs provides a physical nano/micro pattern, which can be exploited as 

guidance structures to orient and align cells along preferential directions. 

Although preliminary studies were conducted in static conditions, in which cells 

were seeded on patterned azopolymer surfaces to study the effect of the physical 

signal on cell behaviour [106–109], in the last decade, with the advanced 

comprehension of azo-materials properties and their interactions with biological 

systems, materials incorporating azo-molecules were even more used to realize 

photo-switchable dynamic platforms [58,60,110–117]. Rianna C. et al. used poly-

disperse red1-methacrylate (pDR1m) azopolymer to provide dynamic in-situ 

variation of topographical cues, to NIH 3T3 fibroblast, in order to precisely 

control cell orientation and migration in a spatio-temporal regulated manner (Fig. 

1.7 A) [118]. Also, Puliafito A. et al. presented an approach to spatio-temporally 

control substrate topographies starting from a pre-patterned azopolymeric 

structure on a glass-bottom Petri dish. In detail, they modified the topography 

elongating micropillars along a direction parallel to the laser polarization, with a 

single exposure of the target area with living cells attached to the substrate and 

observed that both cancer cells and kidney epithelial cells are able to sense the 

local deformation direction and orient and migrate accordingly [119]. Also, with 

the need to recreate a dynamic 3D microenvironment, photo-actuating hydrogels 

have gained great attention [120]. For example, Pennacchio F. et al. developed a 

gelatin based hydrogel containing azobenzene cross-linker stimulated by light 

illumination, which generated nuclear deformations of confined NIH-3T3 cells 

upon light-triggered expansion of gelatin microstructures (Fig. 1.7 B) [121].  
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Figure 1.7 A) Confocal images of two NIH 3T3 cells seeded on flat pDR1m surface (t = 0), the same area 

exposed to a first light-induced pattern inscription (t = 1), pattern erasure (t = 2) and second patten inscription 

(t = 3), showing the feasibility of the dynamic photo-switching of the azopolymer [118]. B) Graphic 

representation of the light-induced stimulation of the gelatin-azobenzene based hydrogel (left) and confocal 

images of CellTracker deep red (cell body, red) and hoechst (nuclei, blue) stained NIH-3T3 living cells before 

light irradiation (a,c) and after 10 min of multiphoton stimulation (b,d) [121].  

1.6. Aim and Outline of the Thesis  

In-vivo studies of cellular external microenvironment during years have revealed 

the presence of biochemical and biophysical elements which characterize the 

properties of the extracellular matrix (ECM) and influence the behaviour of the 

nearby cells, defining the communication between cells and their surrounding 

ECM. In particular, the geometrical features of the ECM, in the form of fibrillar 

matrix, were shown to dictate a preferential direction along which cells polarize 

and elongate, eventually affecting their functions such as migration, proliferation 

and differentiation. Thus, in order to better understand the way external physical 

signals are transmitted to cells and transduced into biological functions, scientific 

community tried to design and develop functionalized materials with specific 
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chemical, physical and mechanical properties, able to replicate the native aspects 

of the ECM. Nowadays, it is well-known that the interaction between cells and 

the ECM is a process mediated by cell transmembrane proteins, which anchored 

to the ECM, thus promoting the formation and growth of mechanosensitive 

proteins that are responsible to transmit the external signals to the inner 

subcellular structures finally activating a cascade of biochemical events through 

the  mechanism of mechano-transduction. The majority of these studies were 

conducted in static conditions, which are not suitable for miming the highly 

dynamic nature of the ECM that continuously undergoes remodelling processes 

during growth and in diseases, thus modulating both in space and in time the 

presentation of physical cues to cells. Therefore, in recent years much more effort 

was done in order to engineer cell culturing substrates with controllable material 

properties through the application of an external trigger. These are known as 

“smart” or “stimuli-responsive” materials. However, concerning topography, few 

works were performed providing cell culture platforms with “on-demand” 

regulated dynamic surface topography variation and even less with reconfigurable 

surfaces able to deliver cyclic stimulation to cells. Thus, the aim of this thesis is 

to realize a photo-switchable platform for cell culturing experiments which allows 

to control the presentation of topographical signals in a spatiotemporal manner in 

order to investigate cell behaviour in response to dynamic and cyclic variation of 

topographical stimuli. To this purpose, photo-responsive azopolymer material 

was employed to cover glass-bottom Petri-dish, which enables the in-situ light-

induced surface patterning and removal.  

In Chapter 1, an introduction of the intriguing communication mechanism 

between cells and their extracellular environment is presented with a main focus 

on the topography cues transmission from outside, through focal adhesions, to the 

inner cellular structures, until the nucleus. Further, advances in fabrication 

methods of cell-instructive materials (CIMs) for application in tissue engineering 
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in both static and dynamic conditions are reported. Additionally, the optical 

properties of azobenzene molecules as well as the fascinating process of surface 

patterning of photo-responsive azobenzene containing materials are discussed 

along with their applications in the biological field. In Chapter 2, the realization 

of light-induced topographic pattern on the azopolymer surface by means of a 

Gaussian beam of a confocal laser scanning microscope is proposed. In addition, 

different optical methods are investigated in order to erase the imprinted pattern, 

with the aim to induce multiple light triggered azopolymer surface variations. 

Lastly, characterization of azopolymer behaviour in wet environments is carried 

out. In Chapter 3, a study on the effect of in-situ light-induced topography 

patterning of azopolymer surface on human breast epithelial cells (MCF10A) is 

reported. In details, the time evolution of cell behaviour in response to the 

transmission of the topographical signals at a specific time of cell growth is 

studied in terms of focal adhesions morphology and assembly, cell shape and 

cytoskeleton organization. In addition, the impact of the light-induced 

topographical signal on nuclear morphology and inner structure organization is 

also investigated, in terms of nuclear shape, chromosome arrangement and 

chromatin condensation state. Further, investigation on cell growth and 

proliferation rate induced by the nano topography is carried out. Lastly, cell and 

nuclear mechanical properties variations upon azopolymer surface photo-

patterning are also evaluated. In Chapter 4, the photo-switchable properties of 

azopolymer are exploited in order to regulate the presentation/removal of 

topography signal both in space and in time, thus providing cyclic topographic 

stimuli to MCF10A cells with the aim to control and guide their behaviour. 

Specifically, a single flat-to-pattern-to-flat surface variation is performed in 

presence of living cells in order to test cell capability to reverse their functions 

upon topographical signal removal. Moreover, for the first time, the impact of 

multiple topography photo-switching on cell behaviour is investigated in order to 

examine cell responsiveness also to long time topography stimulation. In 
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Conclusion and Future Perspectives, a summary of the main results obtained in 

this thesis is presented and future applications are proposed. 
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Chapter 2 

Photo-induced azopolymer surface reliefs 

formation 

2.1. Introduction 

Azobenzene-type materials are light-responsive systems in which the photo-

isomerization of the azo-moiety at molecular level generates macroscopic 

variations in the chemical and physical properties of the hosting matrix [1]. In 

polymer containing azo molecules, the light-induced isomerization triggers a 

macroscopic surface mass displacement far below the polymer glass transition 

temperature Tg, which resulted in the formation of surface relief gratings (SRG). 

This event was observed for the first time in 1995 by Natansohn’s [2] and 

Trypathy’s [3] groups independently, which reported the formation of stable 

surface gratings optically induced on azopolymer film using the interference 

irradiation of two laser beams. The surface pattern formation was also stated in 

other azobenzene functionalized polymers such as amorphous polymers [4–6], 

side chain liquid crystalline polymers [7,8], supramolecular systems [9], 

amorphous molecular materials [10]. However, the mechanism underlying the 

light-driven mass movement of the overall polymer matrix is still unclear, though 

several theories were emerged in order to shed light on this interesting 

phenomenon [11–13]. Although the most common method to create surface relief 

gratings is the interference lithography in Lloyd’s mirror configuration [2,3,14–

18], other optical systems can be employed to induce the photo-patterning of the 

azopolymer surface, e.g., one-beam irradiation and 1D Gaussian laser beam. A 

spontaneous arrangement of the flat azopolymer surface into ordered quasi 

hexagonal bumps by a one-beam irradiation was reported for the first time by 

Hubert et al. [19]. Even though these surface modulations showed structural 
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analogies with SRGs obtained by an interference pattern of light, they are 

commonly referred as spontaneous surface relief gratings (SSRG), whose self-

organization mechanism is still under investigation. Furthermore,  Bian et al. 

reported a single Gaussian beam-induced deformation on different azopolymer 

materials [20]. They demonstrated that the focused beam generates a hole in 

correspondence to the centre of the laser spot and the resulting surface 

deformation is dependent on the polarization and intensity of the laser beam. In 

particular, when the surface deformation is induced by a linearly polarized 

Gaussian beam a protrusion is formed in the centre, while the polymer chains 

move out from the central region and accumulate at the edges where the intensity 

is small. Conversely, if the light intensity is higher, a peak in the surface appeared 

in the centre of the exposed spot. In addition, when the surface deformation is 

induced by a circular polarization Gaussian beam, the polymer moves from the 

centre to the outside of the focused laser spot, thus forming a doughnut-shaped 

pattern. In recent years, the use of a gaussian beam of confocal microscope to 

impress photo-pattern on the surface of azo material has been vastly assessed 

[21,22]. For example, in our group, photo-pattern were embossed on the surface 

of poly(disperse red 1 methacrylate) (pDR1m) polymer by confocal microscope 

in order to realize innovative platforms for cellular behaviour investigation [23–

27]. For example, De Martino et al. used it to obtain dynamic photo-switchable 

platforms capable of controlling cell fate [26]. Naturally, the employment of 

azopolymers substrates in biological applications as dynamic cell culture 

platforms able to guide and control cell functions, through the modulation of 

surface topography, required wet environmental conditions. However, when 

exposed to aqueous solutions, such as cell media, thin azopolymer films 

experience some instabilities, as previously reported [23,28]. In details, they 

observed the formation of “bubble-like” structures on the surface of the 

azopolymer, which can affect the efficacy of the photo-responsive properties of 

the material. Indeed, the presence of these protrusions hinders a precise control 
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over the geometrical features of the surface topography during light illumination, 

which is relevant for the transmission of the physical signal. Generally, thin 

polymer films can undergo several failures such as delamination, dewetting, or 

blistering. In our case, these “bubble-like” structures are blisters formed at 

azopolymer-substrate interface, as also stated by Audia et al. [29]. Different 

models are proposed to describe the mechanism underlying blister formation 

[30,31]. Berkelaar et al. studied experimentally as well as theoretically the process 

of blister formation in polystyrene films and suggested a quantitative model 

describing the blister growth [31]. In details, they proposed a mechanism based 

on water permeation through the polymer thin film driven by the high affinity of 

water molecules with the hydrophilic glass surface and caused by the presence of 

topological defects which act as nucleation sites. Once water permeated, small 

solute particles present at polymer-glass interface, e.g. residual contaminants or 

impurities left behind from fabrication procedures, start to diffuse into the water 

hollows, increasing the osmotic pressure, which lead to blister growth and 

coalescence, eventually provoking polymer detachment from the underneath 

substrate. Also, several methods were proposed to prevent blister formation, 

involving the use of hydrophobic layers which reduce the attraction between 

water and the substrate surface [29,31]. Although, the aforementioned model is 

described for polystyrene films, it can be applied also to other kinds of polymers 

and substrates. Indeed, this model well describes the mechanism of blister 

formation and growth in our pDR1m azobenzene-based polymer. In this chapter, 

a method to impress an anisotropic  pattern in the form of parallel ridges and 

grooves on the surface of pDR1m, based on the use of 1D Gaussian beam of a 

confocal laser scanning microscope, was proposed. In particular, a relation 

between laser scanning parameters and topographical features was found, in order 

to finely control the shape of the embossed pattern. Also, azopolymer behaviour 

in wet conditions was characterized by optical microscope and Atomic Force 

Microscopy (AFM), shedding light on the formation of superficial “bubble-like” 
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structures, which resulted to be blisters formed at polymer-glass interface. 

Therefore, a procedure to prevent blister generation through glass surface 

silanization was presented.  

2.2 Materials and Methods  

Poly-Disperse Red 1-methacrylate (pDR1m), Trimethoxy[2-(7-

oxabicyclo[4.1.0]hept-3-yl)ethyl]silane and all solvents were supplied by Sigma-

Aldrich. Circular cover glasses were purchased from Thermo Scientific. MilliQ 

water was used in all the solutions and procedures.   

2.2.1. Substrate Preparation  

Poly-Disperse Red 1-methacrylate (pDR1m, Sigma-Aldrich) was dissolved in 

Chloroform (Sigma-Aldrich) at a concentration of 5% (w/v). 50 μL of the solution 

was spin-coated on 20 mm diameter circular cover glasses by using a spin coater 

(Laurell Technologies Corp.) at 2000 rpm, 2000 acceleration for 30 sec. A flat 

and homogenous polymer layer was obtained with a thickness of ≈ 300 nm, 

measured by Atomic Force Microscopy (Bruker Dimension Icon). 

2.2.2. Pattern Inscription  

Single photon confocal microscopy (Leica Microsystems, Germany) with an 

Argon laser and a 20× dry objective was used to impress precise and 

submicrometric patterns on pDR1m thin films. In details, laser source with a 

wavelength value of 514 nm was used to induce the continuous trans-cis-trans 

isomerization of disperse red 1 molecules, which resulted in surface mass 

migration and reliefs formation. Different laser intensities and scanning 

parameters (scan format and speeds) were examined.   
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2.2.3. Pattern Erasure 

The pattern erasure was conducted by two different techniques. First, a confocal 

microscopy (Leica Microsystems, Germany), with an Argon laser (514 nm 

wavelength) and a 20× dry objective was used, exploiting the modulation of laser 

scan parameters (scan format and speeds). The second used the incoherent light 

of a mercury lamp (Leica Microsystems, Germany) with a Rhodamine filter, 

coupled to the confocal microscope, to randomly re-orient the disperse red 1 azo 

molecules with a time exposure of 2 min.  

2.2.4. Azopolymer Surface Characterization 

Surface characterization was performed by atomic force microscope (AFM). 

More specifically, Bruker Dimension Icon was used to examine the surface 

topography of pDR1m films. Silicon Nitride tips (SCANASYST-AIR, 

SCANASYST-FLUID, Bruker, USA) with a spring constant of 0.4 N/m were 

used in ScanAsyst mode, both in air and water at room temperature. Optical 

images were acquired by Single photon confocal microscopy (Leica 

Microsystems, Germany) with a 20× dry objective in transmitted mode at 633 nm 

wavelength, which was not able to induce photo-patterning, since the maximum 

absorption band of our polymer was in the range of 400-600 nm.  

2.2.5. Hydrophobic Silanization of Glass Surface 

The surface properties of glass substrates were altered by chemical modifications. 

In more details, glass substrates were firstly cleaned with a soap water solution, 

rinsed in water, sonicated in acetone (Sigma-Aldrich) for 15 min, then immersed 

in methanol (Sigma-Aldrich) for 5 min to remove further solvent residuals, 

thoroughly washed in water and lastly dried on a hot plate. Subsequently, the 

surface of cleaned glass substrates were activated with oxygen plasma 

(PFEIFFER VACUUM SingleGauge – CESAR RF Power Generator) for 1 min, 

after which they were immediately soaked into a Trimethoxy[2-(7-
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oxabicyclo[4.1.0]hept-3-yl)ethyl]silane (Sigma-Aldrich) solution (2% in ET-

OH/H2O 95%/5% v/v)  for 15 min at room temperature and then placed at 110°C 

for 20 min to boost the reaction. Finally, treated glass substrates were sonicated 

in ethanol for 15 min twice to remove the unbound molecules and then dried on 

hot plate prior to pDR1m spin-coating.  

2.3. Results and Discussion 

Azobenzene-based materials can be photo-activated by different light 

illumination techniques. In this work, the Gaussian beam of a Confocal Laser 

Scanning Microscope (CLSM) has been employed to realize topographical 

pattern on the surface of a pDR1m azopolymer film. A relation between laser 

scanning parameters and pattern geometrical features was found, which allowed 

to precisely control the morphology of the inscribing pattern. Moreover, since the 

light-induced material displacement of the azopolymer can be optically removed 

by exposing the surface to a non-polarized or a circularly polarized light, different 

light techniques able to remove the impressed pattern were investigated. In 

addition, because the photo-isomerization of the azo molecules can be induced 

several times without degrading the material or permanently changing the physic-

chemical properties of the polymer, the “patterning-erasure” ability of the azo-

materials was assessed in order to realize photo-switchable platforms for dynamic 

cell culture experiments. Lastly, the behaviour of the azo material in aqueous 

solutions was studied, demonstrating the formation of blisters. Therefore, a 

method to prevent their generation was proposed, based on glass surface chemical 

modifications through the use of silane molecules.  

2.3.1. Pattern Inscription by Scanning Laser Beam  

The high spatially focused 1D laser beam of a confocal microscope is exploited 

to precisely control the formation of well-defined reliefs on the azopolymer 

surface. Indeed, by changing the microscope parameters, such as laser intensity 
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and polarization, scan speed, format and direction, it is possible to control the 

amount of energy provided to the system in order to trigger the azopolymer mass 

transport, which in turn affects the geometrical features of the impressing pattern. 

Moreover, the confocal software allows to activate the laser illumination only 

inside specific regions-of-interest (ROI), thus accurately defining the areas where 

to inscribe the pattern. Also, by modulating the form of the ROIs (e.g., circles, 

triangles, square and rectangular lines), topographies with different shapes and 

dimensions can be embossed, which makes this optical set-up extremely versatile. 

In order to evaluate the different laser scan parameters on the pattern geometry, a 

20× objective (NA = 0.5) was used, which allowed to irradiate an area of 775 µm 

× 775 µm. An argon laser at 514 nm with intensity of 92 µW and a linear 

polarization orthogonal to the scan direction, was used to induce a continuous 

photo-isomerization of the disperse red 1 azo-molecules, which activates the 

surface mass displacement of the all polymer chains. Different laser scan formats 

(256 × 256, 512 × 512, 1024 × 1024) and speeds (10 Hz, 200 Hz and 400 Hz) 

were tested, corresponding to different pixels sizes and dwell times, respectively. 

As a result of the light illumination, a sinusoidal linear pattern in the form of 

parallel ridges/grooves was formed on the surface of the azo material, which 

recapitulates the scan lines of the laser. The effect of the combination of the two 

different microscope parameters (scan format and speed) on the pattern features 

was characterized in terms of ridges height and pitch. In the case of a 256 × 256 

format, the pixel size was 3.01 µm, which resulted to be similar to the pitch of the 

pattern. Indeed, the light spot moves continuously along the x-direction, where 

the mass moves in the opposite direction according to the polarization direction, 

resulting in the presence of fringes on the peaks of the pattern, while the motion 

along the y-direction is dictated by the scan format, thus it moves from one pixel 

centre to the other defining the distance between the sinusoidal peaks (Fig. 2.1 

A). Instead, the ridges height was shown to be affected also by the scan speed. 

More precisely, the height of the ridges resulted to increase by reducing the scan 
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speed. Indeed, if the format was maintained fixed, while the scan speed was 

varying, the height of the ridges reached values of 27.2 nm, 55.2 nm and 114.3 

nm, for scan speed of 400 Hz, 200 Hz and 10 Hz, respectively. As expected, the 

reduction of the scan speed leaded to an increase of the dwell time, which means 

that the light remained longer on a single pixel, increasing the total energy 

provided to the system, thus enhancing the mass displacement. For 516 × 516 

format the pattern pitch resulted equal to 1.5 µm (Fig. 2.1 B) with heights reaching 

83.6 nm, 154.9 nm and 287.8 nm for the same scan speed values before evaluated.  

 

 

Figure 2.1. AFM images of sinusoidal pattern on pDR1m induced by laser illumination. Surface pattern 

obtained with A) 256 × 256 and B) 516 × 516 scan format. 

These results showed a dependence of pattern heights on both scan parameters, 

with higher values observed for smaller pixel sizes and slower scan speeds (Fig. 

2.2). 
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Figure 2.2. Mean values and standard deviation of ridges height evaluated with AFM for different laser scan 

parameters (format and speed).  

Instead, for larger values of the format, no sinusoidal pattern formation could be 

observed. In this case the pixel dimension resulted to be coincident with (or be 

even smaller to) the lateral resolution of the microscope, which approximately is 

equivalent to the Full-width at half-maximum (FWHM) of the Gaussian beam, 

and equal to 685 nm in this particular condition, according to the Rayleigh 

criterion expressed by Eq. (1). 

Eq.(1)      𝑟 = 0.61 
𝜆

𝑁𝐴
, 

where λ is the radiation wavelength and NA is the objective numerical aperture. 

Consequently, the laser line scans overlapped and irradiated the same regions 

several times, affecting the mass movement of the azo material which is then 

continuously wiped out by the repetitive passages of the light. Nevertheless, this 

can be exploited to realize topographies with different morphologies by activating 

the illumination only within ROIs of different shapes (Fig. 2.3 A). In addition, 

because the actuation of the material displacement induced by light is an energy 

dependent process, a reduction of the peaks heights was observed by half 

decreasing the intensity of the laser (Fig. 2.3 B). On the other hand, by increasing 

the number of iterations, i.e. the number of light passages along each scan line, 

the peaks height also increases (Fig. 2.3 C). Thus, depending on the application, 
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laser scanning parameters can be modulated in order to obtain the optimal 

geometrical features of the azopolymer surface topography.  

 

Figure 2.3 A) Confocal images in transmitted mode of surface topographies of different shapes obtained 

with 1024 × 1024 format. B) Laser intensity effect and C) iteration numbers on the ridges height.  

2.3.2. Light-induced Erasure of the Surface Topography  

The trans-cis photo-isomerization of the azobenzene molecules is a reversible 

process, since the initial random orientation of the azo-moieties can be restored 

by irradiating the material with a non-polarized or circularly polarized-light. 

Therefore, the impressed pattern on the azopolymer surface can be optically 

erased, enabling the realization of a dynamic photo-switchable substrate. In this 

work, two different methods were explored to remove the superficial pattern, i.e. 

the scanning of a focused laser beam of a confocal microscope and the incoherent 

light of a mercury lamp. The former exploits the scanning of a focused beam 

whose parameters can be regulated in order to eliminate rather than writing the 

pattern. Indeed, if the scan format and speed are selected in a way the laser spots 

overlap, the laser acts as a brush which wipes away the material, erasing the 

previous impressed pattern. On the other hand, the non-polarized light of a 

mercury lamp was used in order to randomly re-orient the azo-molecules, 

restoring the initial flat condition. In order to evaluate both methods, a linear 

pattern in the form of sinusoidal ridges/grooves was imprinted on the surface of 
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the azopolymer by using the laser of a confocal microscope, as previously 

described. The initial height and pitch of the pattern were 150 nm and 1.5 µm, 

respectively. In order to test the effects of scan parameters on the erasure process, 

different combinations were tested. A 20× objective (NA = 0.5) and an argon laser 

with 514 wavelength were used to trigger to mass displacement on the azopolymer 

surface. The scan format was chosen in order to overcome the limit of lateral 

resolution of the microscope, which is in this case 685 nm. Thus, the pixel size 

was set approximately equal or lower this value. Precisely, a  4096 × 4096 scan 

format was tested, which provided a pixel size of 189.26 nm. Scan speeds of 400 

Hz, 200 Hz and 10 Hz were evaluated, while the intensity of the laser was 

maintained fixed and equal to 92 µW. In order to test the different parameters, 

laser illumination was activated in ROIs of different shape on the same initial 

pattern (Fig. 2.5 A). Results showed that fast scan speeds (400 Hz, 200 Hz) did 

not allow a complete removal of the pattern (Fig. 2.5 B, C), whereas a slow scan 

speed (10 Hz) leaded to a total reduction of the pattern peaks, leaving only surface 

roughness of small nanometres (Fig. 2.5 D).  

 

Figure 2.5. pDR1m surface characterization. A) Confocal image in transmitted mode of linear pattern erased 

in specific light illuminated ROIs by different laser scan speed. The insert in the left lower corner showed 
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the initial linear pattern, still present outside the illuminated regions. AFM bi-dimensional, 3D and cross 

section images of optically erased pattern by Gaussian laser beam with B) 400 Hz, C) 200 Hz and D) 10 Hz 

scan speed.  

However, with this method a huge amount of energy was delivered to the 

azopolymer system, which could be damaged and undergoing chemical 

modifications that in turn could impair further photo-isomerization of the azo-

moieties. Therefore, a different technique was tested to remove the superficial 

pattern, which exploits the milder non-polarized light of a mercury lamp. In 

details, the light coming from the lamp was not focused on a single pixel, but 

rather illuminated a wide region of the sample, thus providing lower 

energy/surface. Moreover, in our system, the mercury lamp was coupled to the 

confocal microscope allowing to define the region where illuminate the sample. 

A rhodamine filter with intensity of 27 mW was used to irradiate an area of 4.9 

mm2 on the azopolymer surface. After 2 min of illumination, a smoother surface 

was obtained (Fig. 2.6 A). Indeed, despite the periodicity of the pattern was still 

impressed, the initial depths were completely removed, resembling the roughness 

of a flat azopolymer surface not exposed to light illumination (Fig. 2.6 B).  

 

Figure 2.6. AFM bi-dimensional and cross section images of A) linear pattern erased by 2 min illumination 

of a mercury lamp and of B) a flat surface.  
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2.3.3. Patterning-Erasure cycles on Azopolymer Surface  

The photo-switchable properties of azopolymers allow these materials to be used 

as dynamic platforms for several applications. Indeed, the reversible process of 

light-induced mass displacement permits to remove the superficial pattern, giving 

the possibility to re-write a new pattern on the same area. Moreover, since the 

isomerization of the azobenzene molecules can be light-activated thousands of 

times before chromophore photo-chemical modifications, several cyclic 

topographical variations can be optically realized on the surface of azo-molecules 

containing materials. In order to evaluate the efficacy of the patterning-erasing 

ability of the azopolymers, two different light techniques were employed to 

impress and remove the surface gratings. In more details, a sinusoidal linear 

pattern was imprinted by the Gaussian beam of a confocal laser scanning 

microscope, while the subsequent erasure was performed using a mercury lamp, 

as described above. The initial impressed pattern was characterized by a height 

and peak-to-peak distance of 150 nm and 1.5 µm, respectively. The azopolymer 

surface was stimulated up to 5 patterning-erasure consecutive cycles and the 

surface topography after the light-induced variations was characterized by atomic 

force microscopy  in order to state the efficacy of the photo-switchable properties 

of the material. Results showed the capacity of the material to perfectly respond 

to the external stimuli even after several light illuminations, eventually recovering 

the initial flat surface, without presenting any degradation (Fig. 2.7). Therefore, 

the azopolymers can be potentially stimulated cyclically even more than 5 times, 

with a frequency that is limited only by the time needed to impress and remove 

the superficial pattern.  
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Figure 2.7. Representation of height ridges values evolution measured by AFM after each light-induced 

surface variation on pDR1m azopolymer film.  

2.3.4. Azopolymer Blister Formation in Wet Conditions 

Thin polymer films can undergo several modifications when exposed to aqueous 

environments. Glass coated azopolymers films, for example, can detach from the 

substrate in presence of water solutions due to the formation of blisters. In our 

case, the mechanism underlying blister development involve the generation of an 

osmotic pressure, as described by Berkelaar et al. [31]. The model describes 

blisters as cavities which form around a topological defect (TD), deposited at 

polymer-substrate interface, and therefore inducing the creation of an osmotic 

pressure that drives water towards the substrate surface, supported by the higher 

affinity of water molecules with the underneath substrate. Additionally, other 

small impurities present at substrate interface diffuse into the water bladder, 

increasing the osmotic pressure that lead to blister growth and eventually into 

polymer detachment. In our system, pDR1m azopolymer thin film of 300 nm thick 

was spin-coated onto glass substrate. When in contact with water, a quite 

instantaneous formation of “bubble-like” structures could be observed by optical 

microscope (Fig 2.7 A). In addition, surface topography was carried out in water 

condition by AFM in order to prove the presence of these structures (Fig 2.7 b). 

However, after air drying the surface, these blister deflates leaving indented holes 
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on the surface of the azo material of few nanometres deep, stating that blister 

formation induces plastic deformations on the azopolymer surface (Fig. 2.7 C). 

 

Figure 2.7. A) Optical images and B) AFM bi-dimensional and 3D images of blister formation on pDR1m 

surface in presence of water. The AFM was performed in ScanAsyst fluid mode. C) AFM of bi-dimensional 

and 3D images of air-dried pDR1m surface after contact with water showing the presence of plastically 

deformed holes left behind by previously formed blister cavities.  

 Moreover, if laser illumination was activated in order to emboss a topographical 

pattern on the surface, the azopolymer surface mass movement was not affected 

by the presence of the blister, instead the material arises over the relief, 

confirming that these structures were present under the polymer layer and they 

were not air bubbles formed on the surface. In details, the same structures were 

present on the surface before and after light-induced pattern formation, also 

preserving the same shape (Fig. 2.8 A). AFM of dried surfaces stated the 

permanent deformation generated by light on the blister holes (Fig. 2.8 B).  
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Figure 2.8. Blister characterization on pDR1m surface. A) Confocal images in transmitted mode of blister 

formed on the azopolymer surface before and after the pattern impression by laser. The structures are not 

affected by the material movement induced by light illumination, preserving their shape and position. B) 

AFM bi-dimensional and 3D images of linear pattern embossed in the presence of blister.  

Instead, when the azopolymer surface was illuminated with a non-polarized light 

of a mercury lamp in presence of water, the light-induced mass displacement 

caused a reshape of blisters which deform and break into smaller structures (Fig. 

2.8 A, B).  
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Figure 2.8. Blister characterization on pDR1m surface. A) Confocal images in transmitted mode of blister 

formed on the azopolymer surface before and after the light illumination from a mercury lamp. The reliefs 

are affected by the mass movement of the azopolymer, resulting in a deformation and rupture into smaller 

structures. B) AFM bi-dimensional and 3D images of deformed blister after mercury lamp irradiation.  

2.3.4.1. Blister Prevention 

The formation of blisters in wet environments at azopolymer-glass interface could 

be used to induce spontaneous patterning of the surface. However, in some 

applications where the topographical surface was intended to be precisely 

modulated in order to provide specific signals, such as in cell culture, this 

represent an undesired effect and should be surpassed. To this aim, different 

methods can be used to avoid the formations of blisters. For example, a deep 

cleaning of substrate surface with chemical detergents such as piranha solutions 

could be useful to dissolve dirty particles. Nevertheless, these washing procedures 

could in turn leave some crystal residues on the surface which favour the blister 

generation process [31]. Even so, a different method can be employed which 

consist of reducing the attraction of polar water molecules toward glass surface, 
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by placing an hydrophobic layer at the polymer-glass interface. Indeed, in this 

condition the osmotic pressure is balanced by the hydrophobic repulsive force 

which hampers the penetration of water at the interface. In this work, we propose 

the  a modification of the glass surface properties by using a solution of 

Trimethoxy[2-(7-oxabicyclo[4.1.0]hept-3-yl)ethyl]silane [32]. In this process, 

the hydroxy groups of the silane molecules bind to the hydrophilic oxygen-

activated glass surface, while the hydrophobic hydrocarbon tails were exposed at 

the polymer interface, thus lowering the interaction with the external aqueous 

solutions. Indeed, after the silane treatment, the surface of the glass coated 

pDR1m azopolymer showed no blister formation in presence of water (Fig. 2.9 

A, B), allowing this platform to be used also in wet conditions, e.g. for cell culture 

experiments, where the cells have to be exposed to an aqueous environment, such 

that of the water-based cell medium.   

 

Figure 2.9. pDR1m surface characterization after silane treatment. A) Confocal images in transmitted mode 

of  the same azopolymer surface region before and after water deposition and B) AFM bi-dimensional and 

3D images of the pDR1m surface in water, stating no blister formation after the hydrophobic modification 

of the glass substrate.  

2.4 Conclusion  

Light responsive azo materials were powerful systems whose optical properties 

can be exploited in a large variety of applications. In particular, the ability of 

amorphous azopolymers to generate superficial gratings due to mass transport 

triggered by the trans-cis isomerization of the azo molecules as a consequence of 
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light absorption, have obtained great attention in the photonic and optical field 

[16,33–38], but also in biological applications as bioactive interfaces [39,40]. 

Moreover, the possibility to use different optical techniques and light sources to 

stimulate the formation of surface structures make these materials extremely 

versatile. Here, the Gaussian beam of a confocal laser scanning microscope was 

used in order to photo activate the mass displacement on the surface of pDR1m. 

In more details, a sinusoidal pattern in the form of ridges/groove was realized by 

using an Argon laser at 514 nm. Additionally, with the aim to control the 

geometrical features of the impressed pattern, different laser scanning parameters 

(intensity, scan speed and format) were tested. AFM surface characterization 

reported an implication of laser scan speed and format on ridges height and pitch. 

Also, the use of a confocal microscope laser and the incoherent light of a mercury 

lamp were separately examined as optical systems to erase the imprinted pattern. 

Eventually, the azopolymer behaviour in aqueous environments was analysed, 

stating the formation of cavities formed at polymer-substrate interface, called 

“blisters”. Therefore, a method to prevent blister generation in azopolymer thin 

films was proposed, which was based on the use of silane molecules to realize an 

hydrophobic layer on the surface of the underneath glass substrate.  
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Chapter 3 

Dynamic Control of Cell Behaviour by In-

Situ Photo-Patterning of Azopolymer Surface 

3.1. Introduction 

The external cellular environment (ECM) can regulate cell functions by the 

transmission of biochemical and biophysical signals, including biological, 

topographical and mechanical cues [1]. These stimuli are then transduced into 

biochemical e intracellular signalling through the process of mechanotransduction 

eventually affecting cell behaviour [2,3]. Several substrates and biomaterials  

were fabricated in the years in order to recapitulate the properties of the external 

matrix surrounding in-vivo context the cells [4–6]. In particular, novel 

technologies were implemented for the generation of biomaterials with 

microscale topographies to examine the influence of biophysical signals on 

cellular functions at the cell–substrate interface [7]. Indeed, numerous studies 

have shown the influence of substrate topography on cell adhesion, morphology, 

migration and differentiation mediated through the phenomenon of contact 

guidance [8]. For example, Charest et al. demonstrated that C2C12 myoblasts 

align along the direction of an array of ridges and grooves realized through optical 

lithographic patterning technique [9]. Moreover, topography was known to affect 

also nuclear size and organization. Indeed, the actin cytoskeleton is able to exert 

mechanical load on the cell nucleus, thus deforming its shape, eventually affecting 

chromatin arrangement and gene-expression [10–15]. Further, the external 

topographical constrains can even impact the genomic organization within the 

nucleus. Wang. Y et al. showed that chromosomes positioning within the nucleus 

can be regulated by cell geometry [16]. Although a wide range of studies focused 
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on the presentation of static topographical signals, the dynamicity is crucial when 

realizing platforms that reliably mimic the native extracellular environment. Thus, 

in recent years, several “smart” or “stimuli responsive” materials, able to provide 

time-varying topographical cues, were implemented to study cell behaviour 

[17,18]. These materials, through the realization of structured surfaces, are able 

to modify their morphology upon external stimuli, such as temperature, electric 

or magnetic field and light illumination. Among them, azopolymers materials 

gained great interest because of their biocompatibility and light responsiveness. 

Indeed, light illumination, at specific wavelengths, resulted less harmful to cells 

compared to all other external stimuli used to trigger material response  [19]. Also, 

light allows a fine control over time of surface properties variation which can be 

activated by using a large variety of light illumination techniques. Therefore, they 

were even more employed as powerful dynamic platforms for cell cultures 

experiments [20]. In our group, a method for the fabrication of azopolymer-based 

devices was developed, capable of dynamically changing their topography upon 

illumination with a laser‐based confocal microscope in presence of cells, in order 

to affect their morphology and functions [21–23]. As example, Fedele et al. 

exploited the versatility of this technique to study the effect of changes in 

topographical cues during early-stage angiogenesis through real-time azopolymer 

photopatterning, showing the influence of dynamic presentation of topographic 

signals on sprout formation and directionality [24]. In this work, topographic 

pattern relief, in the form of anisotropic parallel ridges and grooves was embossed 

in-situ on poly-disperse red1-methacrylate (pDR1m) functionalized surfaces in 

order to realize dynamic cell culture platforms with the aim to investigate cell 

behaviour in response to the surface topography variation. Thus, the effect of such 

topographic pattern inscription was evaluated on focal adhesions (FAs) 

morphology and assembly, cell shape and cytoskeleton organization of human 

breast epithelial cells (MCF10A). In addition, the impact of the light-induced 

topographic patterning on nuclear morphology and its inner structural 
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organization was also investigated in terms of nuclear deformation, chromosome 

arrangement and chromatin condensation state. Further, investigation on cell 

growth and proliferation rate induced by the nano topography was carried out. 

Lastly, since external topographical cues were shown to affect cell mechanics 

[25,26], cell and nuclear mechanical properties were evaluated by atomic force 

microscopy (AFM) upon azopolymer surface light-induced topographic 

patterning.  

3.2. Materials and Methods 

Poly-Disperse Red 1-methacrylate (pDR1m), Trimethoxy[2-(7-

oxabicyclo[4.1.0]hept-3-yl)ethyl]silane and all solvents were supplied by Sigma-

Aldrich. Circular cover glasses were purchased from Thermo Scientific. MilliQ 

water was used in all the solutions and procedures. 

3.2.1. Sample Preparation 

Surface of 20 mm diameter circular cover glasses were chemically modified by 

Trimethoxy[2-(7-oxabicyclo[4.1.0]hept-3-yl)ethyl]silane (Sigma-Aldrich) 

solution (2 % in ET-OH/H2O 95 %/5 % v/v) following the protocol described in 

Chapter 2. Poly-Disperse Red 1-methacrylate (pDR1m, Sigma-Aldrich) was 

dissolved in Chloroform (Sigma-Aldrich) at a concentration of 5 % (w/v). 50 μL 

of the solution was spin-coated onto the silane-treated circular cover glasses by 

using a spin coater (Laurell Technologies Corp.) at 2000 rpm, 2000 acceleration 

for 30 sec. A flat and homogenous polymer layer was obtained with a thickness 

of ≈ 300 nm, measured by AFM (Bruker Dimension Icon). 

3.2.2. Cell Culture  

MCF10A cell line was cultured in Dulbecco’s Modified Eagle Medium/Nutrient 

Ham’s Mixture F-12 (DMEM/F-12) (Sigma-Aldrich) supplemented with 5 % 

horse serum, 0.1 % human Epidermal Growth Factor (hEGF), 0.1 % insulin, 0.1 

% hydrocortisone, 1 % penicillinstreptomycin, 1 % L-glutamine at 37 °C in a 
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humidified atmosphere of 95 % air and 5 % CO2. Cells were seeded onto the 

planar polymeric substrates using a density of 1.000 cells/cm2. Prior to cell 

seeding, pDR1m substrates were sterilized under UV light for 30 min and 

incubated for 1 h at room temperature with 50 μg/ml fibronectin (Sigma-Aldrich). 

3.2.3. Pattern Inscription and Characterization  

MCF10A cells were cultivated on pDR1m coated glass substrates for 24 h. Then, 

light-induced topographic surface patterning was performed in-situ on living cells 

by using single photon confocal microscopy (Leica Microsystems, Germany) 

with an Argon laser (514 nm) and a 20× dry objective. The technique used to 

impress linear pattern on pDR1m surfaces was described in Chapter 2. For 

experiments with living cells, the optical set-up was implemented with an 

incubator for the maintenance of physiological temperature (37 °C) and CO2 (5 

%) conditions. Surface characterization was carried out by AFM and scanning 

electron microscope (SEM). For AFM, a Bruker Dimension Icon was employed, 

using Silicon Nitride tips (SCANASYST-AIR, Bruker, USA) with a spring 

constant of 0.4 N/m were used in ScanAsyst mode, in air at room temperature. 

SEM images were acquired with Ultra Plus FESEM scanning electron microscope 

(Zeiss, Germany). Light-induced patterned pDR1m samples were mounted on 

microscope stubs and sputter coated with gold (approximately 10 nm thickness). 

3.2.4. Immunofluorescence and Live Staining 

Cells were fixed at specific time points with 4% paraformaldehyde for 15 min, 

permeabilized in 0.1% Triton X-100 in PBS for 10 min and then blocked with 3% 

bovine serum albumin (BSA) for 1 h. Focal adhesions (FAs) were stained with 

anti-paxillin monoclonal antibody solution (1:200 dilution, Ab32084) for 1 h in 

3% BSA in PBS. Heterochromatin was assessed with anti-human Tri-Methyl 

Histone K27-H3K27me3 (clone C36B11, Cell Signalling, 1:400 dilution) or Tri-

Methyl-Histone H3 (Lys9) H3K9me3 antibody (9754, Cell Signaling, 1:100 



62 
 

dilution) for 1 h in 3% BSA in PBS. After incubation, substrates were washed 3 

times with PBS (3 min x wash) and then incubated with antibody conjugated to 

Alexa Fluor 488 (dilution 1:1000; Molecular Probes) for 1 h in a humid chamber. 

Actin filaments were stained by incubating samples with Alexa Fluor 555-

phalloidin (1:200 dilution) for 1h in a humid chamber. Nuclei were stained by 

incubating samples with DAPI (dilution 1:1000; Sigma) for 15 min at 37 °C. 

Then, samples were mounted in Vectashield. For live staining, cells were 

incubated in SiR-DNA (SC007, Spirochrome) (dilution 1:1000) for 30 min at 37 

°C.  

3.2.5. Sample Preparation for FIBSEM  

Samples were fixed in 2.5 % glutaraldehyde (Electron Microscopy Sciences) in 

0.1 M sodium cacodylate buffer (pH 7.3, Electron Microscopy Sciences) at 4 °C 

overnight and washed 3 times in the same buffer before quenching in 20 mM 

glycine (Sigma Aldrich) for 20 min at 4 °C. After rinsing with buffer (3 × 5 min 

at 4 °C), samples were post-fixed in an aqueous solution of  2 % osmium tetroxide 

(Electron Microscopy Sciences) and 1 % potassium ferrocyanide (Electron 

Microscopy Sciences) and incubated for 1 h on ice in the dark. After washing (3 

× 5 min) with buffer on ice, samples were washed in distilled water and left until 

room temperature was reached. After this time, specimens were incubated with 1 

% thiocarbohydrazide (TCH_Electron Microscopy Sciences) at room temperature 

for 20 min in the dark and washed (3 × 5 min) in distilled water. The TCH solution 

was freshly prepared (powder dissolved in water and melt in the oven at 60 °C for 

1 h) and filtered before using. Substrate with cells were post fixed in 2 % osmium 

tetroxide (aqueous solution) for 1 h at room temperature in the dark, washed 3 

times in distilled water and in-bloc stained with 1 % aqueous uranyl acetate 

(Electron Microscopy Sciences) overnight at 4 °C. After rinsing with chilled 

deionized water, specimens were treated with 0.15% tannic acid aqueous solution 

for 3 min and again rinsed (3 × 5 min) with water. Samples were dehydrated in 
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increasing concentration of 2-PrOH (10 %, 30 %, 50 %, 70 %, 90 %, 100 %, 

Sigma-Aldrich) for 10 min each step on ice, except for the last step in 100 % 2-

PrOH that was performed 3 times at room temperature. Substrates with cells were 

infiltrated with a mixture of increasing concentration of Spurr's low viscosity 

embedding resin (Electron Microscopy Sciences) in 2-PrOH, at room temperature 

in a sealed container, using these ratios: 1:3 for 2 h, 1:1 (overnight), 2:1 for 2 h. 

The mixture was replaced with freshly 100% Spurr resin and the resin infiltration 

was carried out at room temperature overnight. To remove the excess of resin, 

each sample was mounted vertically for 2 h and washed with 2PrOH, then put in 

the oven at 70 °C for the resin polymerization. Before FIBSEM imaging 

specimens were mounted with colloidal silver paste (RS components) to 

aluminium pin stub (Ted Pella) and sputtered with a 20 nm layer of Gold by using 

the HR208 Cressington sputter coating.  

3.2.6. SEM Imaging and FIB Cross-sectioning 

For SEM imaging and FIB cross sectioning, samples were loaded in to the Focus 

Ion Beam Scanning Electron Microscope chamber (Helios CX 5_Thermofisher 

Company) and secondary imaging has been performed with ETD detector 

(Everhart Thomley Detector) with a voltage of 3 kV. The region of interest located 

on the sample has been covered with a 1 µm thick layer of platinum deposited via 

ion beam-assisted deposition. After trenching out and polishing the cross section 

imaging has been performed with TDL detector (Through Lens Detector) in 

immersion mode with a backscattered acquisition with a voltage between 2-3 kV 

and a current between 0.17-0.34 nA. The milling serial sections of overall nucleus 

of each sample were acquired in automated mode by using the auto Slice & View 

software (Thermifisher) at 30 kV with a current in a range of 0.43-0.79 nA. 

Images were then post-processed with Fiji (ImageJ, NIH) and Imod software 

(open source_University of Colorado). FIB cross-sectioning was performed 

orthogonally to the pattern direction.  
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3.2.7. Chromosome Painting 

Chromosome territories were labelled by fluorescence in situ hybridization 

(FISH), following protocol described by Nastali P. et al. [27]. Briefly, after 

immunostaining, cells were newly fixed with 4% paraformaldehyde for 10 

minutes. Afterwards, samples were firstly incubated in 20% glycerol/PBS for 1h 

and then exposed to three freeze-thawing cycles in liquid nitrogen. Subsequently, 

cells were permeabilized in 0.07% Triton-X/PBS/0.1 M HCl for 10 min and DNA 

was denaturated in 50% Formamide/2xSSC (pH = 7.4) for 10 min Finally, 

chromosome painting probes (Metasystems, Xcyting Chromosome Paints) were 

added to the samples, denaturated for 3 min. at 75 °C, and hybridized for 24 h at 

37 °C in hybridization chamber. Then, cells were washed for 10 min in 2xSSC 

and 0.1 SSC buffers. Lastly, nuclei were stained with DAPI (1:1000 solution) and 

the samples were mounted in Vectashield Antifade Mounting Medium (Vector 

Laboratories, Cat. H-1000-10) 

3.2.8. Cell Live Imaging 

MCA10A cell nuclei images acquisition was performed by using Single photon 

confocal microscopy (Leica Microsystems, Germany), implemented with an 

incubator at 37 °C and 5 % CO2. A 20× objective (NA = 0.5) was used. Nuclei 

were stained with SiR-DNA dye (λabs=652 nm) prior to topography linear pattern 

inscription. Nuclei of cells on the flat surface were acquired with 633 nm laser. 

Then, a light-induced linear topography patterning was performed by using the 

same optical system, in order to preserve samples positions. Afterwards, a time-

lapse acquisition was conducted every 30 min until 24 h post pattern inscription 

in order to monitor the nuclear deformation during time of the same cells.  

3.2.9. Image Analysis 

FAs, cell and nucleus morphometry measurements were performed by using Fiji. 

Immunofluorescence images were acquired using LSM-700 confocal microscope 
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(Zeiss), 63× oil objective (NA = 1.4). Cell elongation was measured by 

phalloidin-stained cells using the MomentMacroJ version 1.3 script 

(hopkinsmedicine.org/fae/mmacro.htm). More precisely, cell elongation index 

was defined as the ratio of the principal moments (Imax/Imin). High values of 

Imax/Imin identify elongated cells. Cell orientation was defined as the angle that 

the principal axis of inertia forms with a reference axis. The reference axis was 

considered as the x-axis. Nuclear and chromosome volumes were evaluated from 

confocal z-stack images by Imaris software, which provided a measure of 3D 

surface reconstruction. Also, H3K27me3 and H3K9me3 fluorescence intensity 

mean values were measured within the obtained volumes and represented as ratio 

with respect to DAPI fluorescence integrated intensity values. Distance between 

chromosomes and inter-distance between heterochromatin domains were 

measured on confocal z-stack images by using Imaris spot function, which 

provides a procedure to detect point-like structures. Specifically, for 

chromosomes, the distance was evaluated by positioning a single 1 µm diameter 

sphere within the 3D reconstruction of the chromosomal structure. The dimension 

of the sphere was chosen in order not to overcome the z-resolution of the confocal 

microscope. Then, the distance between the spots located within the two 

homologous chromosomes was calculated. For heterochromatin domains, the 

spheres were placed automatically by the software within images of 

H3K27me3/H3K9me3 stained nuclei. More precisely, they were positioned 

automatically by the software in regions with a local fluorescence contrast based 

on absolute intensity. Average distance between neighbouring spots was then 

calculated. Statistical significance was assessed through Kruskall-Wallis or 

ANOVA test (Origin). 

3.2.10. Cell Proliferation Rate 

Cell number counting was carried out on 10 different field of views on both flat 

and patterned surfaces by using single photon confocal microscopy (Leica 
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Microsystems, Germany), implemented with an incubator at 37 °C and 5 % CO2. 

A 20× objective (NA = 0.5) was used. A time-lapse acquisition was conducted 

every 30 min until 48 h post pattern inscription in order to monitor the number of 

proliferating cells.  

3.2.11. Cell Mechanical Properties 

JPK NanoWizard II AFM was used to measure mechanical properties of living 

cells. An optical microscope was combined to the AFM to control tips and 

samples. Soft cantilevers (SAA-SPH-1UM, nominal spring constant 0.25 N/m) 

were used to investigate cell mechanical properties. The AFM was operated in 

force spectroscopy mode. A total of 64 force curves were measured over a cell 

area of 2 × 2 μm2. Mechanical properties of cells, in terms of Young modulus 

values were estimated from each force curve within a force map. Evaluation of 

the Young modulus was performed with JPKSPM data processing software. The 

Hertzian model was used to calculate Young’s modulus for every force curve, 

thus generating 64 values for each force map, following relation in eq. 1, which 

expressed the relation between the indentation δ and the loading force F in the 

case of an infinitely hard sphere of radius R (AFM tip) touching a soft planar 

surface 

Eq. (1)       𝐹 =  
4

3

𝐸

1−𝜈
√𝑟𝛿

3
2⁄  

where E is Young’s modulus and ν is the Poisson ratio, assumed equal to 0.5. 

Results showed the average value calculated from each force curve as a 

representative modulus of each force measured. Statistical significance was 

assessed through Kruskall-Wallis or ANOVA test (Origin). 

3.3. Results and Discussion 

Dynamic cell stimulation by means of surface topographic cues could represent 

an effective strategy to precisely modulate cellular function and fate [28,29]. 
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More precisely, linear patterning such as micro/nano ridges/grooves reliefs 

proved to affect cell alignment and elongation due to a process known as contact 

guidance that occurs at cell-material interface [30]. Also, the nature and properties 

of the cell-material interface such as nanoscale features could impact the intensity 

and the spatial distribution of cytoskeletal generated forces acting on nuclear 

envelope. Therefore, mechanical stresses and strains deforming nuclear shape are 

transmitted deep within the nuclear matter, ultimately modifying chromatin 

organization and gene-expression [31,32]. Thus, the precise presentation of such 

of topographic stimuli could represent an efficient strategy for the dynamic and 

controlled deformation of cell nuclei via cytoskeleton contractility and for the 

activation of specific genetic pathway. To this aim, in this work, the effect of 

azopolymer surface dynamic photo-patterning on human breast epithelial cells 

(MCF10A) was investigated both at cell-material interface along with inner 

nuclear organization levels. In details, a linear pattern was realized on the surface 

of pDR1m azopolymer on living cells by the Gaussian beam of a confocal 

microscope, as described in the previous chapter. Then, confocal microscopy 

along with image analysis were performed in order to fully characterize cell-

material interaction processes (FAs and cytoskeleton) along with nuclear internal 

structure reorganization (chromosomal territories and chromatin organization). 

Lastly, both cell and nucleus mechanical properties after pattern inscription were 

assessed by means of AFM. 

3.3.1. Light-Induced Topography Patterning  

The surface of pDR1m thin film was in-situ modulated in order to control cell 

behaviour. More precisely, a linear pattern in the form of parallel ridges/grooves 

was embossed on living cells by using the Gaussian beam of a Confocal Laser 

Scanning Microscope (CLSM). An Argon laser was employed in order to trigger 

the continuous trans-cis-trans isomerization of disperse red 1 molecules (DR1), 

thus inducing a surface mass migration of azo-material according to the light 
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polarization. Although the maximum absorption of the pDR1m was 467 nm, a 

514 nm wavelength was chosen in order not to affect  cell viability, since visible 

light in the green/red-shifted band was known to be less harmful to cells. Confocal 

parameters (intensity, scan speed, format and iterations) were finely tuned in order 

to generate a topographic pattern in the form of sinusoidal ridges/grooves on the 

top of the culturing surface able to modulate cellular adhesion processes [30,33–

35]. The depth and pitch of the sinusoidal linear pattern were 200 nm and 1.5 µm, 

respectively, with 1:1 ridge/groove ratio, as stated by SEM and AFM surface 

characterization (Fig.3.1) 

 

Figure 3.1. A) SEM and B) AFM bi-dimensional, cross-section and 3D images of optically linear gratings 

realized on pDR1m surface.   

3.3.2. Cell Focal Adhesions and Cytoskeleton Organization 

Cell-material interaction is a process mediated by FAs, subcellular structure 

acting as cell’s anchoring points on the top of culturing substrate. Then, the 

recognition of external environmental cues is directly mediated by these 

subcellular structures, which re-organize themselves accordingly [36]. Thus, we 

firstly investigated how FAs morphology changes in response the exposure to 

topographical signals. More precisely, after culturing MCF10A cells for 24 h on 

pDR1m-fibronectin coated surfaces, we illuminated culturing surfaces in order to 

create sinusoidal/linear topographic pattern reliefs and FAs morphological 
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arrangement was evaluated by means of immunofluorescence staining of paxillin 

proteins both at early and late culturing time after pattern inscription. FAs resulted 

oriented and aligned along the pattern direction already 3 h post pattern 

inscription, while they showed a random orientation on flat surfaces (Fig. 3.2 A, 

B). Moreover, FAs formed on patterned surfaces resulted smaller in length and 

area if compared to those formed on flat surfaces (Fig. 3.2 D, E). We hypothesized 

that such phenomenon was most probably a consequence of a dynamic re-

organization of the adhesion plaques after disassembly process due to pattern 

impression. On the other hand, FAs aspect ratio (AR) appeared bigger on the 

pattern, stating the ability of the linear topography to impair FAs lateral growth 

(Fig. 3.2 F).  

 

Figure 3.2. A) Confocal images of MCF10A focal adhesions (paxillin, red) on flat (left) and pattern (right) 

surface. The insert in the left lower corner represented images of flat and pattern surfaces in transmitted mode 

(the pattern was shown with horizontally oriented parallel lines). B) FAs orientation on flat and pattern 

surface. Angles were evaluated with respect to pattern direction and with respect to the horizontal axis for 

patterned and flat surfaces, respectively (~ 45° was considered as random orientation). Data are represented 

as mean values and standard deviations. Results of FAs C) length, D) area and F) aspect ratio (AR) on flat 

and pattern surfaces, represented as box plots with their median values. Analyses were performed on the 

same sample on patterned and flat areas, at the same culturing time and after 3h from pattern inscription. 
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Only mature focal adhesion (area > 1 µm²)  were considered in the analyses (*** p < 0.005, not significant 

if not shown).  

The biophysical signals generated by the external extracellular environments are 

transmitted through focal adhesions to the cell cytoskeleton. Changes in 

positioning and orientation of FAs can induce an extensive reorganization of actin 

cytoskeleton structure. Thus, confocal images of phalloidin-stained MCF10A 

cells were acquired at different time points and cellular response to linear pattern 

inscription was investigated at cell-scale levels in terms of cell orientation, 

elongation and spreading area. After 3 h post pattern inscription cells resulted 

oriented along the pattern direction, while cells on the flat surface appeared 

randomly oriented (Fig. 3.3 A, B). Also, actin fibres analyses on angle distribution 

stated that they were oriented and aligned along the pattern, while they showed a 

flatter distribution on the planar surface (Fig. 3.3 C, D).  In addition, cells resulted 

more elongated with a larger spreading area on the pattern compared to flat 

surfaces (Fig. 3.3 E, F). These results demonstrated that linear light-induced 

pattern was able induce cytoskeleton actin fibres alignment along a preferential 

direction dictated by the underlying pattern affecting cell morphology.  
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Figure 3.3. A) Confocal images of MCF10A cells labelled with phalloidin (yellow, cytoskeleton) on flat 

(left) and pattern (right) surface. The insert in the left upper corner represented images of flat and pattern 

surfaces in transmitted mode (the pattern was shown with horizontally oriented parallel lines). B) Cell 

orientation on flat and pattern surface. Angles were evaluated with respect to pattern direction and with 

respect to the horizontal axis for patterned and flat surfaces, respectively (~ 45° was considered as random 

orientation). Data are represented as mean values and standard deviations. Actin fibres orientation 

distribution on C) pattern and D) flat surfaces (Fibres were normalized with respect to the total number). 

Results of cell C) elongation index (EI) D) area and F) aspect ratio (AR) on flat and pattern surfaces, 

represented as box plots with their median values Analyses were performed on the same sample on patterned 

and flat areas, at the same culturing time and after 3h from pattern inscription (*** p <  0.005, * p < 0.05, 

not significant if not shown).  

These results showed that cells react to the emerging topography already few 

hours after stimuli transmission. The re-organization of cell structure mediated by 

the actin cytoskeleton alignment, is likely controlled by a coordinated process of 

disassembly and new formation of adhesions along the pattern direction, which 

occurs in a relatively fast manner (3 h post pattern inscription). However, the 
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complete maturation of these cellular substructures resulted to be not finalized in 

the same time frame, manifesting the need of a longer time to stably adapt to the 

new environmental conditions. For this reason, the same analyses were also 

performed at longer time following the pattern inscription. Our results showed an 

increase of the percentage of FAs aligned along the pattern directions after 24 h 

from the surface topography variation (Fig. 3.4 A). Conversely, FAs area did not 

showed any substantial changes 24 h after pattern inscription (Fig. 3.4 B), while 

aspect ratio and length resulted to attain higher values at longer time (Fig. 3.4 C, 

D). These data confirmed the hypothesis that an initial re-arrangement of the 

adhesion plaques during the first hours of the signal presentation occurred and 

this signal triggers events leading to the elongation of FAs plaques along the top 

of pattern ridges (Fig. 3.4 E).    

 

 

Figure 3.4. Analyses of MCF10A focal adhesions after 3 h and 24 h from pattern inscription.  A) Percentage 

of focal adhesions (FAs) aligned along pattern direction ( 0° < θ < 20°). Results of FAs C) length, D) area 

and F) aspect ratio (AR), represented as box plots with their median values. E) Representative confocal 

images of focal adhesions (paxillin, red) grown on top of pattern ridges after 24 h from pattern realization. 

The insert showed a zoom of the yellow dot-dashed delimited area on the image. Only mature focal adhesion 

(area > 1 µm²)  were considered in the analyses ( *** p < 0.005, not significant if not shown). 
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Moreover, cell cytoskeleton also showed a dynamic evolution on the linear light-

induced pattern. Indeed, after 24 h post pattern inscription, the percentage of 

oriented cells increased (Fig. 3.4 A), appearing more elongated, compared to early 

time (Fig. 3.4 B). However, cells spreading area resulted not dependent on 

manifestation of the signal for longer time (Fig. 3.4 C). These results, along with 

focal adhesions assessment, stated that cells need time to adapt their subcellular 

structures to the new environmental conditions.   

 

Figure 3.4. Analyses of MCF10A cell morphology after 3 h and 24 h from pattern inscription. A) Percentage 

of cells oriented along the pattern direction. Results of cell B) elongation index (EI) and C) spreading area 

represented as box plots with their median values (*** p < 0.005, not significant if not shown). 

3.3.3. The Impact of Light-induced Topographic Pattern on Nucleus 

Morphology 

Nucleus is the largest and stiffest organelle in eukaryotic cells [37] and it is known 

that changes in actin cytoskeleton network alter the forces acting on the nuclear 

envelope, ultimately affecting its morphology, state and mechanics [10,11]. 

Indeed, external physical signals, such as topographical cues, can be transmitted 

to the nucleus through cytoskeleton-nucleus linking complexes, deforming its 

shape and influencing  gene-expression [31,38,39]. To this aim, nucleus 

morphology upon linear pattern inscription on pDR1m-fibronectin coated 

surfaces was evaluated and compared to flat control at both early and long 

culturing time points. More precisely, nuclear orientation, area, aspect ratio (AR), 

volume and height were measured after 3, 24 and 48 h from pattern impression in 



74 
 

order to completely characterize the time-evolving nuclear deformation induced 

by the nano-topographical signal inscription. Our analyses showed that nuclei 

oriented along pattern direction after 3 h from pattern formation (Fig. 3.5 A). 

Instead, nuclear projected area was measured from slices projection of z-stack 

confocal images, resulting not affected by the inscription of the topographical 

signal at early time. However, after 24 h of culturing, the area of nuclei of 

MCF10A cells cultured on the light-induced patterned regions were larger than 

those grown on flat regions. In addition, investigating the variation induced by 

the nano-topography during time, nucleus area appeared to significantly increase 

after 24 h with respect to early time. After 48 h from pattern inscription, nuclear 

area was shown to be smaller compared to flat control, although bigger than nuclei 

after 24 h (Fig. 3.5 B). Moreover, nuclear aspect ratio, which provided a measure 

of nuclear elongation, was shown larger than flat control only after 24 h from 

pattern inscription and even if progressively increased until 48 h on pattern 

surfaces, it resulted not different to the nuclei of MCF10A cells cultured on flat 

surfaces (Fig. 3.5 C).  

 

Figure 3.5. A) MCF10A nucleus orientation on pattern and flat surface after 3 h from pattern realization. 

Results of nuclear B) area and C) AR represented as box plots with their median values. Upper asterisks 

represented significant differences with respect to flat condition, while lower hashes represented significant 

differences induced by nano-topography during time progression (***, ### p < 0.005, *, # p <  0.05, not 

significant if not shown).  

In addition, nuclear volume, calculated from 3D reconstruction of z-stack 

confocal images, also showed a temporal evolution similar to nuclear projected 
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area. However, a significant increase of nuclear volume was already appreciable 

after 3 h post topographic pattern inscription. Additionally, nuclear volume of 

MCF10A cells cultured for 48 h post pattern inscription resulted smaller if 

compared to those cultured on flat surfaces. Nevertheless, both experimental 

groups attained higher values with respect to early culturing times (Fig. 3.6 A). 

These results stated a different impact of the topographical signal on the nuclear 

volume at early and long culturing time. Indeed, at 3 h post pattern inscription, 

nuclear volume increase is due to nuclear height growth, as shown by nuclear 

thickness measurements. Basically, nuclear height resulted to increase with 

respect to flat control at 3 h post pattern inscription, probably as a consequence 

of cell re-organization on the surface modulations. However, at 24 h post pattern 

inscription, nuclear height flattened to values comparable with those of cell nuclei 

cultured on flat control surfaces. Finally, at 48 h post pattern inscription, nuclear 

height reached a stationary value if compared to values attained at 24 h, while it 

resulted smaller if compared with nuclei of cell cultured than control surfaces 

(Fig. 3.6 B, C).  This could be probably due to the presence of stiffer actin fibres 

which organize upon the nucleus in response to the nano-topography inscription 

and impair nuclear growth along the z direction.  
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Figure 3.6. Results of MCF10A nuclear A) volume and B) height represented as box plots with their median 

values. Upper asterisks represented significant differences with respect to flat condition, while lower hashes 

represented significant differences induced by nano-topography during time progression (***, ### p < 0.005, 

** p < 0.01, *,# p < 0.05, not significant if not shown). C) Confocal images and orthogonal view of DAPI 

stained nuclei (cyan) on (a) flat surface and linear pattern after (b) 3 h, (c) 24 h and (d) 48 h.  

 

Additionally, in order to verify the nuclear morphology variation upon linear 

light-induced topography patterning on pDR1m surface, evaluation of nuclear 

volume was performed by analysing confocal z-stack images of live nuclei. 

Specifically, MCF10A cell nuclei were live stained with SiR-DNA dye in order 

to monitor the evolution of the same cell nuclei before and after the pattern 

inscription until 24 h from pattern inscription. Our results confirmed the trends 

observed for distinct populations of cells (Fig. 3.7 A). 
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Figure 3.7. A) Nuclear volume time evolution of the same SiR-DNA live stained nuclei from initial flat 

condition to 24 h post light-induced topography patterning. Results were showed with median values and 

standard deviation.  

Then, FIBSEM cross-section imaging was carried out in order to further 

qualitatively validate fluorescence confocal image analyses of nuclei 

morphology. Indeed, orthogonal view of nuclei on flat and pattern surfaces 

confirmed the z-variation of the nuclear thickness upon pattern impression 

observed from confocal images analyses, with cell nuclei at 3 h post pattern 

inscription appearing bigger than nuclei on both flat control and nuclei exposed 

to light-induced patterning after 24 h (Fig. 3.8 A). Thus, at longer times the growth 

of nuclear volume following the pattern formation was rather caused by an 

increment of nuclear area, as reported in Fig. 3.5 B, as a consequence of the 

stretching force generated by cell cytoskeleton actin fibres aligned parallel to the 

pattern direction.   
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Figure 3.8. A) FIB cross-sectional images of MCF10A cells nuclei cultured on (a) flat, (b) 3 h and (c) 24 h 

post pattern inscription surfaces. Images were acquired orthogonally to the linear pattern direction, showing 

nuclear lowest dimension along x-axis in the x-y plane.  

Additionally, the results on analyses on cell and nuclear morphology pointed out 

a correlation between cell spreading area and nuclear volume growth during time 

(Fig 3.9 A). 
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Figure 3.9. A) Graphical representation of MCF10A nuclear volume evolution along with cell spreading area 

for both flat and pattern surfaces. The graph showed the Pearson Correlation Factor (CF) values between the 

two morphological parameters. B) Nuclear volume and C) Cell spreading area temporal evolution on flat and 

pattern surfaces. Results were represented with median values and SD.  

Therefore,  these results indicated that cell and nuclear growth exhibited a similar 

temporal evolution on flat and pattern surfaces, though showing a different rate 

not only along the cell time culture course but also in the presence of nano-

topography (Fig. 3.9 B, C). Thus, since Cadart C. et al. demonstrated that cell 

volume-specific growth rate depends also on cell cycle phase [40], the linear 

pattern impressed on azopolymer surface could have an implication also on cell 

cycle duration and proliferation rate.  

3.3.4. Nano-Topography Effect on Cell Proliferation 

Several studies reported the effect of topography on cellular proliferation rate 

[41–45]. Chaudhuri. P et al., demonstrated that anisotropic micro-gratings could 

reduce proliferation of  MCF-10A cells through the activation of Rho-ROCK-
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Myosin signalling which induce a Mechanically-Induced Dormancy (MID) effect 

on the cells [46]. Also, Wu. C et al. reported that C2C12 myoblasts cells grown 

on polymer based substrates with nanogrooves exhibited a lowered proliferation 

rate  as much as ~29% [47]. Thus, we examined the impact of  azopolymer linear 

pattern inscription on the cell growth and proliferation. In details, a time lapse 

confocal acquisition of 10 selected fields of view in transmitted mode was 

performed after 3, 24  and 48 h from the presentation of the topographical signal. 

Results revealed that cells proliferated faster on the flat surface, whereas all the 

cells exposed to the nano-topography surface variation grew slowly (Fig. 3.10 A). 

Specifically, cell growth rate (gr) was calculated by using the following 

exponential equation  

𝑁𝑡 = 𝑁0 ∙ 𝑒  (𝑔𝑟 ∙ 𝑡)   [68] 

where 𝑁𝑡 is the cell number at time t, 𝑁0 is the initial number of cells and t is the 

observation time from culture. Then, growth rates values were evaluated from the 

exponential fitting-curves, resulting equal to 0.0165 and 0.0141 h-1 for flat and 

pattern surfaces, respectively. Furthermore, cell growth rates appeared to increase 

between 24 h and 48 h from culture time on both flat and pattern surfaces, 

although with lower values on the patterned ones (Fig. 3.10 B).  

 

Figure 3.10. Graphs of cell proliferation rate. B) Normalized total number of cells counted on flat and pattern 

surfaces during time culture progression. The graphs showed the curve fitting equations and R2 values. B) 
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Growth rates values after 3 h, 24 h and 48 h from pattern impression on flat and patterned regions. Results 

were showed with their mean values and standard deviation.  

These results suggested an impact of the nano-topography on the cell cycle 

progression, which in turn resulted in a difference of cell growth and proliferation 

rate between the two conditions. Indeed, other studies demonstrated that cell 

adhesion signalling is able to feed into cell-cycle checkpoints and in case of 

abnormal adhesion signalling, cells can alter cell-cycle dynamics [43].  

3.3.5. Alterations of Chromosome Territories Architecture in Response to 

Topography Variation 

Genomes are organized into discrete chromosome territories (CT) inside the 

interphase nucleus of eukaryotic cells [48]. Variations of chromosome positions 

can affect their accessibility to transcription factors thus altering gene expression 

[49]. Indeed, Penelope M. et al.  demonstrated that nano-topography can trigger 

changes in nuclear organisation associated with deregulated gene expression and 

a concomitant positioning modification inside the nucleus of hMSC cells [50]. 

Further, Wang. Y et al. showed that cell geometry can modulate 3D chromosome 

arrangement, modifying their positioning and orientation within the nucleus [16]. 

Therefore, in this work chromosome territories (CTs) organization changes in 

response to light-induced linear pattern on azopolymer surface were evaluated. 

More specifically, CT 12 volume and relative inter-distances between the two 

homologous chromosomes were measured by using fluorescence in situ 

hybridization (FISH). CTs 12 volume was calculated from 3D surface 

reconstruction of z-stack confocal images. Out results showed that CTs 12 

volumes increased at 3 h post pattern inscription compared to flat control and they 

resulted even bigger at 24 h post pattern inscription (Fig. 3.11 A, B). Additionally, 

inter-distances between the two homologous chromosomes also appeared higher 

at both 3 h and 24 h post pattern inscription compared to those on flat surfaces 

(Fig. 3.11 C, D).   
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Figure 3.11. A) Representative 3D volume reconstruction of CTs 12 from z-stack confocal images of FISH 

and DAPI (cyan) stained MCF10A cells nuclei.  B) Results of CTs 12 volume variation at 3 h and 24 h post 

pattern inscription, compared to flat control. C) Inter-distance calculation between the two homologous CTs 

12 represented as spots and D) the valuated inter-distances variation at 3 h and 24 h post pattern inscription, 

compared to flat control. Results were showed as box plots with their median value (***, ### p < 0.005, * p 

< 0.05, not significant if not shown). 

These results were in accordance with the nucleus volume growth, meaning that  

both chromosomes volumes and inter-distances increased as a consequence of 

nuclear expansion.  

3.3.6. Chromatin Organization and Condensation  

In eukaryotic cells, the genetic material is arranged into a protein complex called 

chromatin, where DNA are wrapped around two copies of histone proteins [51], 

forming the nucleosome structure. This basic unit can incur into several variations 

including DNA methylation and histone post-translational modifications [52], 
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which in turn can impact the chromatin condensation state and DNA processes 

including replication, transcription, and repair [53,54]. It is well known that the 

transmission of physical cues from cell-material interaction can regulate nucleus 

organization and chromatin condensation [55,56]. Here, the effect of nano-

topography on heterochromatin state and arrangement within the nucleus of 

MCF10A cells was investigated. More precisely, fluorescence intensity of 

H3K9me3 and H3K27me3 markers was evaluated in response to linear pattern 

inscription to examine the condensation levels of both constitutive and facultative 

heterochromatin, respectively. In addition, analyses of the average inter-distance 

between heterochromatin domains (HCDs) were carried out in order to explore 

the possibility of macroscopic nuclear deformation to propagate into its inner 

structure up to chromatin level. From the analyses of H3K27me3 intensity it was 

showed that its levels within nuclei of cells exposed to the pattern inscription 

remained equal to those within nuclei of cells on flat controls at early time post 

pattern inscription, whereas they decreased in nuclei of cells after 24 h from 

pattern inscription, indicating a reduction of chromatin condensation, which state 

the ability of the topographical signal to induce an opening of the chromatin 

structure (Fig. 3.12 A, B). However, H3K27me3 domains inter-distances 

exhibited a variation between cells on flat and patterned surfaces already 3 h post 

pattern inscription. Indeed, after 3 h and 24 h post pattern inscription, chromatin 

domains distances resulted to be higher with respect to those calculated for flat 

control (Fig 3.12 C). These results were in accordance with the analyses on 

nuclear volume. Indeed, comparing flat and patterned surfaces, HCDs inter-

distances increased in correspondence of a volumetric growth, stating that as the 

nucleus increases in response to the linear pattern formation, also HCDs moved 

away from each other. In order to exclude a measurement bias on the distances 

analyses, due to reduced fluorescence intensity values, which could have affected 

the identification of fluorescent domains, the number of spots for each nucleus 

was calculated at both early and long culturing time. Likely, the number of spots 
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between flat and patterned surfaces were not different, stating that HCDs 

distancing was effectively due to a volume expansion (Fig 3.12 D).  

 

Figure 3.12. A) Representative image of 3D spots reconstruction (1 µm diameter spheres) on confocal image 

of MCF10A nuclei stained for H3K27me3 (yellow). Spots were placed automatically by the software on 

regions with varying fluorescence intensity grades. Box plots showing mean value of H3K27me3 B) intensity 

fluorescence mean measured within nuclear volume, C) HCDs inter-distance and D) normalized spots 

number calculated for each nucleus, for both flat and patterned surfaces during culturing time (*** p < 0.005, 

not significant if not shown). Scale bar is 2 µm. 

In addition, similar results were obtained for H3K9me3 analyses of fluorescence 

intensity and HCDs inter-distances. Indeed, fluorescence intensity mean values 

resulted equal to flat control 3 h post pattern inscription, while they appeared 

lower than flat controls 24 h post pattern inscription (Fig. 3.13 A, B). However, 

H3K9me3 HCDs inter-distances showed the same time-evolution obtained from 

H3K27me3 HCDs inter-distances evaluation, with HCDs distances that resulted 
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to increase at both 3 h and 24 h following pattern inscription compared to flat 

control, (Fig. 3.13 A, C), as for H3K27me3 HCDs.  

 

Figure 3.13. A) ) Representative image of 3D spots reconstruction (1 µm diameter spheres) on confocal 

image of MCF10A nuclei stained for H3K9me3 (magenta). Spots were placed automatically by the software 

on regions with varying fluorescence intensity grades. Box plots showing mean value of H3K9me3 B) 

intensity fluorescence mean measured within nuclear volume, C) HCDs inter-distance on flat and patterned 

surfaces during culturing time (***, ### p < 0.005, not significant if not shown). Scale bar is 3 µm. 

3.3.7. Cell and Nuclear Mechanics 

Cell interactions with the external environment can influence cell adhesion and 

cytoskeleton organization, thus also affecting cell mechanics. Indeed, cytoskeletal 

filaments both produce and resist mechanical loads, allowing cells to resist shape 

deformation [60]. In addition, the force generated at cell-material interface are 

sensed by FAs and transmitted by the cytoskeleton to the nucleus [37,61–63], 

altering also its mechanical properties [64,65]. In this work, cell tensional state 

was evaluated by AFM, which is a widely employed powerful technique used to 

characterize an extensive range of biological and synthetic interfaces [66]. In 
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details, since cytoskeletal and nuclear mechanics are the principal contributors to 

overall cell mechanics [67], both cell and nucleus Young’s Modulus were 

measured on living cells in order to examine the effect of  topography variation 

upon the surface of pDR1m on their mechanical properties. A force mapping with 

64 curves over an area of 2 × 2 µm2 was performed on each cell, on two different 

regions, covering cell body (Fig. 3.14 A , region A) and cell perinuclear area (Fig. 

3.14 A, region B), which were supposed to provide elasticity of cell cytoplasm 

and nucleus, respectively. Results showed that after 3h from linear pattern 

impression, Young’s modulus of both oriented cells and nuclei was higher than 

cell grown on flat surfaces, with nuclei exhibiting lower values (Fig. 3.14 B, C). 

As expected, tensional state of cells increased in response to the force generated 

by the linear nano-topography to orient and align them along the pattern direction. 

In addition, mechanical properties were also evaluated at longer time after pattern 

realization. Precisely, after 24h both Young’s moduli appeared to increase 

compared to early time (Fig. 3.14 D, E), stating the time-varying cell mechanics 

response to the topographical signal.  

 

Figure 3.14. A) Graphical representation of AFM measurement on cell body (A) and nuclear region (B). 

Young modulus of B) cell cytoplasm and C) nucleus after 3h from pattern inscription compared to flat 

surface. Comparison of elastic moduli of D) cell cytoplasm and nucleus D) at early and long time after pattern 
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realization. Results were showed as box plots with their median values. (*** P < 0.005, * p <0.05, not 

significant if not shown).  

3.4. Conclusion 

Azopolymer substrates were used in order to realize photo-responsive platforms 

for cell behaviour investigation. Linear pattern were embossed in-situ on the 

surface of the azo material in presence of MCF10A cells by means of a confocal 

laser microscopy set-up. Then, cell response to the underneath topography 

variation was evaluated in terms of FAs assembly, cytoskeleton orientation and 

alignment, nucleus morphology and chromatin organization. Results reported that 

cell subcellular structures were able to sense the topographical signal already after 

3 h from the transmission of the stimulus. Nevertheless, analyses at longer time 

stated that cells showed a dynamic adaptation behaviour, with increasing 

spreading area and elongation, meaning that they required time to accommodate 

the new external environment. Additionally, measures on nuclear volume 

revealed that the optical impressed linear pattern induced a volumetric growth 

which exhibited a time evolution different from cells grown on planar surfaces. 

This result suggested an impact of nano-topography on cell cycle, resulting in a 

reduced proliferation rate of cells. Moreover, the morphology variation of nucleus 

caused by the topographical cues was reflected also within its internal structure, 

stating that macroscopic deformation generated from the force applied by the cell 

cytoskeleton, could be transmitted to its inside up to chromatin level. Indeed, the 

nuclear expansion dictated by the linear pattern was followed by homologous 

chromosomes volume and distance increase. Furthermore, analyses on chromatin 

scale revealed that levels of both facultative, expressed by H3K27me3 marker, 

and constitutive, expressed by H3K9me3 marker, chromatin reduced 24 h post 

pattern inscription, stating the efficacy of the topographical signal to induce a 

reduction of the chromatin condensation state, thus rendering the genetic material 

more accessible to transcription factors. Additionally, also heterochromatin 
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domains inter-distances increased in response to pattern formation. Lastly, 

Atomic Force Microscopy measurements of cell mechanics showed that the 

alignment of cytoskeleton actin fibres along the pattern direction produced a cell 

stiffening resulting in higher cells and nuclei Young modulus values.  
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Chapter 4 

Cyclic Topography Modulation of 

Azopolymer Surface to Spatio-Temporally 

Control Cell Functions 

4.1. Introduction 

The ECM is a dynamic environment which undergoes remodelling processes 

during growth, diseases, regeneration and wound healing [1–3]. For example, 

over production or reduced turnover of ECM are hallmarks of tissue fibrosis of 

many organs [4]. Moreover, the interplay between cells and their 

microenvironment is a mechanism regulated both in space and time, with stresses 

continuously generated at different length scales [5]. Thus, the ECM provides to 

cells both biochemical and biophysical cues which change in a spatiotemporal 

manner, influencing their functions. Additionally, many soft tissues, such as the 

heart, blood vessels, lungs and cartilage often are subjected to cyclic strains. 

Indeed, the endothelial cells (ECs) that are present in the inner layer of blood 

vessels, are constantly exposed to multiple dynamic mechanical stimuli, including 

hemodynamic shear stress, pulsatile stretch, and passive signalling cues, 

generated by the ECM [6]. Therefore, the realization of culturing platform capable 

to change “on-demand” their physiochemical properties represents a strategy to 

mimic cellular micro environment thus allowing to investigate cellular behaviour 

in condition that can better recapitulate the complexity of their native context. In 

the last years, several “smart” or “stimuli responsive” biomaterials were 

fabricated, which were capable of modulate their properties in response to 
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external stimuli, such as pH, heat, electric or magnetic field, mechanical 

stretching and light [7–9]. For tissue engineering applications, the realization of 

smart materials able to mimic the dynamic physical, chemical and biological 

aspects of the native ECM is extremely challenging. In 2D, Mao T. et al. designed 

and fabricated a two-layer microfluidic chip to allow the cyclic stretching of the 

elastic polymer PDMS, for studying the behaviour of human mesenchymal stem 

cells (hMSCs) to a series of frequencies from 0.00003 to 2 Hz and varied 

amplitudes of 2%, 5%, or 10% [10]. Cui Y. et al. also demonstrated that stretched 

soft pillar arrays, with, 1–5% cyclic stretching over a frequency range of 0.01–10 

Hz affected cellular spreading and the assembly of actin stress fibre of primary 

mouse embryonic fibroblasts (PMEFs) [11]. Further, numerous devices for 

cyclical cellular mechano-stimulation were engineered to investigate cellular 

response also in a 3D environment [12–15]. On the contrary, only few studies 

which provided a spatio-temporal control of the topographical signal in a 

reversible and cyclic manner were conducted [16]. Lam et al. first developed a 

micro topographical platform for cell culture consisting of reversible wave-like 

microfeatures on PDMS. They demonstrated that C2C12 cells were able to align, 

unalign, and realign repeatedly in response to the formation and removal of the 

microfeatures [17]. Also, Kiang et al. used  a soft polyacrylamide hydrogel with 

nickel microwires embedded within the top surface, which induced cyclic surface 

roughness variation. They showed that wavy micropattern influenced spindle 

factor and area of vascular smooth muscle cells after 1 h in culture [18]. Moreover, 

several works focused on the employment of shape memory polymers (SMPs), 

which rely on polymer transition temperature to trigger topography modulation 

from a temporary to a permanent shape. Le D.M. et al. showed that hMSC 

morphology could be switched from highly aligned to stellate shape in response 

to a surface variation from a 3 μm × 5 μm channel array to a flat surface [19]. 

Nevertheless, SMPs provide only a single one way direction surface topography 

switching, hindering the possibility to apply cyclic stimuli. Azobenzene-based 
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materials well achieve this aim. Indeed, the photo-isomerization of the azo 

molecule represents a powerful mechanism for the realization of switchable 

biomaterials able to regulate cell-material cross-talk in a dynamic way [20]. More 

precisely, the possibility to realize and remove structural reliefs on the surface of 

azopolymers allowed these materials to deliver cyclic topographical signal to cells 

in a spatiotemporally controlled manner. For example, Isomaki M. et al. 

developed a bi-layer system composed of thin layer of Disperse Red 1-containing 

molecular glass covered by protective film of PDMS where the imprinted SRG 

were subsequentially removed during cell growth, reorienting the focal adhesions 

of epithelial cells [21]. Here, the photo-switching properties of pDR1m 

azopolymer were exploited in order to control both in space and time the 

presentation of topographical cues to human breast epithelial cells (MCF10A). In 

more details, anisotropic light-induced topographic pattern were embossed by 

laser light illumination on pDR1m azopolymer coated surface in presence of 

living cells at specific time after seeding. Then, after giving cells the time to adapt 

to the new environmental conditions, the underlying pattern was removed by 

irradiating the surface with the incoherent light of a mercury lamp. The effect of 

the cyclic stimulation on cell behaviour was investigated in terms of FAs, cellular 

and nucleus morphology and organization at early time after the inscription and 

the removal of the topographic cues. Moreover, after light-induced patterning and 

erasure cycles, cellular and nucleus mechanical properties after light-induced 

patterning and erasure cycles were evaluated by means of AFM. Finally, we 

reported some original preliminary yet striking results based on application of 

multiple cycle of inscription/erasure surface patterning evaluating their impact on 

supracellular organization along with nuclear ones. 

4.2. Materials and Methods 
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4.2.1. Sample Preparation 

The materials and methods used for samples preparation was already described in 

paragraph 3.2.1 of Chapter 3.  

4.2.2. Cell Culture 

The materials used for cell cultures were already described in paragraph 3.2.2 of 

Chapter 3.  

4.2.3. Pattern Inscription and Erasure 

The techniques used to impress and remove the linear pattern on pDR1m surfaces 

were described in Chapter 2. Method of pattern inscription in presence of living 

cells was already described in paragraph 3.2.3 of Chapter 3. Surface 

characterization was carried out by Atomic Force Microscopy (AFM) along with 

scanning electron microscope (SEM). For AFM, a Bruker Dimension Icon was 

employed, using Silicon Nitride tips (SCANASYST-AIR, Bruker, USA) with a 

spring constant of 0.4 N/m were used in ScanAsyst mode, in air at room 

temperature. SEM images were acquired with Ultra Plus FESEM scanning 

electron microscope (Zeiss, Germany). Photo-patterned pDR1m samples were 

mounted on microscope stubs and sputter coated with gold (approximately 10 nm 

thickness). The switching of surface topography was performed in presence of 

living cells. In details, cells were seeded on the flat surface of pDR1m for 24 h, 

after which they were exposed to a single or double cycle of light-induced 

patterning-erasure (P-E), meaning that they were firstly illuminated in order to 

inscribe the linear pattern, which was subsequently removed. For single cycle 

experiments, a faster topography surface photo-switching frequency (the inverse 

of period time occurring between the patterning and the erasure) was used (T = 3 

h), while for investigating cell behaviour in response to a double P-E cycle, a 

slower frequency (T = 12 h) was used to avoid the delivering to cells of a high 

energy amount in a short time interval.  
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4.2.4. Immunofluorescence and Live Staining 

Cells were fixed at specific time points (3 h post pattern inscription and 3 h post 

pattern erasure) with 4% paraformaldehyde for 15 min, permeabilized in 0.1% 

Triton X-100 in PBS for 10 min and then blocked with 3% bovine serum albumin 

(BSA) for 1 h. Focal adhesions (FAs) were stained with anti-paxillin monoclonal 

antibody solution (1:200 dilution, Ab32084) for 1 h in 3% BSA in PBS. 

Heterochromatin was assessed with anti-human Tri-Methyl Histone K27-

H3K27me3 antibody (clone C36B11, Cell Signalling, 1:400 dilution) for 1 h in 

3% BSA in PBS. After incubation, substrates were washed 3 times with PBS (3 

min per wash) and then incubated with anti-rabbit secondary antibody conjugated 

to Alexa Fluor 488 (dilution 1:1000; Molecular Probes) for 1 h in a humid 

chamber. Actin filaments were stained by incubating samples with Alexa Fluor 

555-phalloidin (1:200 dilution) for 1h in a humid chamber. Nuclei were stained 

by incubating samples with DAPI (dilution 1:1000; Sigma) for 15 min at 37 °C. 

Then, samples were mounted in Vectashield Antifade Mounting Medium (Vector 

Laboratories, Cat. H-1000-10). For live staining, cells were incubated in SiR-

DNA (SC007, Spirochrome) (dilution 1:1000) for 30 min at 37 °C. 

4.2.5. Cell Live Imaging 

MCA10A cell nuclei images acquisition was performed by using Single photon 

confocal microscopy (Leica Microsystems, Germany), implemented with an 

incubator at 37 °C and 5 % CO2. A 20 x objective (NA = 0.5) was used. Nuclei 

were stained with SiR-DNA dye (λabs=652 nm) prior to topography linear pattern 

inscription. Nuclei of cells on the flat surface were acquired with 633 nm laser. 

Then, P-E surface topography photo-switching was performed by using the same 

optical system, in order to preserve samples positions. Afterwards, a time-lapse 

acquisition was conducted every 30 min until 3 h post pattern inscription and 3h 

post pattern erasure in order to monitor the nuclear deformation during time of 

the same cells. 
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4.2.6. Image Analysis 

FAs, cell and nucleus morphological measurements were performed by using Fiji. 

Immunofluorescence images were acquired using a LSM-700 confocal 

microscope (Zeiss), 63× oil objective (NA=1.4). Cell elongation was measured 

by phalloidin-stained cells using the MomentMacroJ version 1.3 script 

(hopkinsmedicine.org/fae/mmacro.htm). More precisely, cell elongation index 

was defined as the ratio of the principal moments (Imax/Imin). High values of 

Imax/Imin identify elongated cells. Cell orientation was defined as the angle that 

the principal axis of inertia forms with a reference axis. The reference axis was 

considered as the x-axis. Nuclear volumes were evaluated from confocal z-stack 

images by Imaris software, which provided a measure of 3D surface 

reconstruction. Also, fluorescence intensity mean values were measured within 

the obtained volumes. For live staining, cells were incubated in SiR-DNA 

(SC007, Spirochrome) (dilution 1:1000) for 30 min at 37 °C. Inter-distance 

between heterochromatin domains were measured on confocal z-stack images by 

using Imaris spot function, which provide a procedure to detect point-like 

structures. The dimension of the spheres was chosen in order not to overcome the 

z-resolution of the confocal microscope. For heterochromatin domains, the 

spheres were placed automatically by the software within immunofluorescent 

images of H3K27me3 stained nuclei. More precisely, they were positioned 

automatically by the software in regions with a local fluorescence contrast based 

on absolute intensity. Average distance between neighbours spots was then 

calculated. Statistical significance was assessed through Kruskall-Wallis or 

ANOVA test (Origin). 

4.2.7. Cell Mechanical Properties 

JPK NanoWizard II AFM was used to measure mechanical properties of living 

cells. An optical microscope was combined to the AFM to control tips and 

samples. Soft cantilevers (SAA-SPH-1UM, nominal spring constant 0.25 N/m) 
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were used to investigate cell mechanical properties. The AFM was operated in 

contact mode at a scan rate of 1 Hz. A total of 64 force curves were measured 

over a cell area of 2 × 2 μm2. Mechanical properties of cells, in terms of Young’s 

modulus values were estimated from each force curve within a force map. 

Evaluation of the Young modulus was performed with JPKSPM data processing 

software. The Hertzian model was used to calculate Young’s modulus for every 

force curve, thus generating 64 values for each force map. Results showed the 

median calculated from these values as a representative modulus of each force 

measured. Statistical significance was assessed through Kruskall-Wallis or 

ANOVA test (Origin). 

4.3. Results and Discussion 

The reciprocal communication between cells and ECM occurs in a dynamic 

environment, with the ECM continuously undergoing remodelling processes thus 

presenting pattern of biochemical and biophysical signals at cell-matrix interface, 

which evolve during tissue growth and diseases [1]. Therefore, the development 

of materials able to recapitulate the dynamic cell-ECM interplay is of great 

relevance to study cell behaviour changes in response to time-varying stimuli. To 

this aim, we realized a photo-switchable platform by exploiting the optical 

properties of pDR1m azopolymer thin films, which allowed to precisely 

present/remove specific topographical signals to cells. In particular,  the 

possibility to inscribe and subsequently remove the topographical pattern on the 

azopolymer surface provided a means to control and guide cell functions 

throughout the transmission of cyclic topographic cues. Therefore, human breast 

epithelial cells (MCF10A) behaviour upon topographic photo-switching was 

investigated in terms of FAs and cell cytoskeleton re-organization few hours after 

inscription/erasure cycle. In addition, nuclear morphology and inner structures 

organization were investigated after surface photo-switching in order to test the 

efficacy of the platform to reverse nuclear deformations induced by the 
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topographical cues, up to chromatin level. Finally, analyses of cell mechanics 

were carried out to examine the possibility to regulate also cell tensional state by 

finely tuning both in space and time the presentation of external topographical 

signals.   

4.3.1. Light-Induced Topographic Patterning and Erasure 

Linear pattern was impressed on the surface of pDR1m by using confocal 

microscope set-up described previously. Although, the characterization of the 

light-induced topographic pattern was already presented in Chapter 3, here erased 

surface was also characterized by means of SEM and AFM (Fig. 4.1 A, B).  

 

Figure 4.1. A) SEM and B) AFM bi-dimensional and cross-section of optically erased linear gratings realized 

on pDR1m surface.   

The surface analyses reported that the procedure was not able to totally remove 

the inscribed pattern, still presenting on the surface as wavy periodic structures 

after 2 min illumination. However, the depths were enormously reduced to few 

nanometres (2-5 nm), which were comparable to the roughness of flat non 

illuminated regions of azopolymer surface, as previously showed (Fig 2.6).  
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4.3.2. Cell Focal Adhesions and Cytoskeleton Re-organization on the 

Photo-Switching Platform 

FAs constitute the mechanical link between the extracellular material substrate 

and the intracellular cytoskeleton, through which external physical signals were 

transmitted to cell internal structures. For this reason, cell response to topography 

photo-switching was firstly examined in terms of FAs re-organization. As 

discussed in the previous chapter, pattern inscription induced a fast reorganization 

of FAs plaques, thus changing their morphological features already after 3 h of 

culturing. However, we asked if such fast FAs reorganization occurs also after the 

removal of the topographical cues. To this aim, we chose to perform topography 

surface photo-switching from patterned to erased surfaces after 3 h of culturing 

and FAs re-arrangement was investigated after a single patterning-erasure (P-E) 

cycle. More precisely, cells seeded on the planar surface were initially exposed to 

in-situ light-induced topographic patterning and then, after giving cells the time 

to adapt to the new environmental conditions, the underlying pattern was removed 

by illuminating the sample with a mercury lamp. Thus, cells subjected to P-E 

cycle experienced flat-to-pattern-to-erased topographic surface variation as 

schematically illustrated in Figure 4.2 A.  
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Figure 4.2. Graphical representation of the topography photo-switching process during the P-E cycle on the 

pDR1m surface in presence of cells. 

More in details, the impact of the azopolymer platform photo-switching was 

assessed by means of immunofluorescence staining of MCF10A FAs plaques 

(paxillin) after one P-E cycle on the erased surfaces (E) and compared to cells 

grown on flat regions (F) and cells exposed to in-situ light-induced topographic 

patterning (P) at the same culturing time. Results showed that, similarly to FAs 

on flat controls,  FAs were randomly oriented on the erased surfaces after the P-

E cycle, while FAs maintained exposed to the topographic pattern, i.e. not 

subjected to the pattern erasure, appeared oriented along the pattern direction after 

the same culturing time (Fig. 4.3, A, B). Also, FAs length and aspect ratio after 

the P-E cycle reached values comparable to FAs grown on flat regions, differently 

to FAs assembled in the presence of pattern, which resulted more elongated (Fig. 

4.3 C, D). Lastly, FAs area of cell cultured after the P-E cycle also attained values 

comparable to those cultured on flat control surfaces, conversely from those 

formed on patterned surfaces that  retained smaller values (Fig. 4.3 D).  
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Figure 4.3. A) Confocal images of MCF10A focal adhesions (paxillin, red) on flat (la), light-induced 

topographic patterned (b) and erased (c) surface. The insert in the left lower corner represented images of 

flat, patterned and erased surfaces in transmitted mode (the pattern was shown with horizontally oriented 

parallel lines). B) FAs orientation on flat (F), patterned (P) and erased (E) surfaces. Angles were evaluated 

with respect to pattern direction for patterned surface and with respect to the horizontal axis for flat  and 

erased surfaces (~ 45° was considered as random orientation). Data are represented as mean values and 

standard deviations. Results of FAs C) length, D) aspect ratio (AR) and F) area on flat, patterned and erased 

surfaces, represented as box plots with their median values. Analyses were performed on cells exposed to 

flat, light-induced topographic patterning and P-E cycle surfaces of diverse regions within the same sample, 

in order to reduce variability due to different substrates. Only mature focal adhesions (area > 1 µm²)  were 

considered in the analyses (*** p < 0.005, not significative if not shown). 

Along these lines, AFM topography scanning over MCF10A cells exposed to the 

light induced and erased topography pattern shaded light onto the mechanism by 

which the loss of topographical cues sensing occurs after the erasure of the 

topographic pattern. In fact, in MCF10A cells cultured on nanograted patterned 

surfaces revealed that cells filopodia protrusions were assembled on top of the 

pattern ridges, thus favouring focal adhesion growth and elongation along the 

direction of the pattern (Fig. 4.4 A). However, on the erased surface, filopodia are 
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able to overcome the residual periodical structure (Fig. 4.4 B), stating that the 

roughness obtained with these light illumination parameters could be perceived 

by the cells as that present on the flat surface.   

 

Figure 4.4.  AFM 2D topography images of MCF10A cell filopodia on the A) patterned and B) erased 

pDR1m surfaces. Graphs showed that filopodia on the light-induced pattern assembled on top of pattern 

ridges, while after the pattern erasure they were able to laterally bulge out, surpassing the residual pattern.  

These results stated the ability of the pDR1m azopolymer engineered platform to 

deviate and revert FAs arrangement by removing “on-demand” the underneath 

topographic signal. Additionally, since FAs organization can influence cell 

morphology through the transmission of the topographical signals to cell 

cytoskeleton, as also shown in the previous chapter, analyses on confocal 

phalloidin-stained MCF10A cells were performed in order to examine the effect 

of the photo-switching platform at different cellular length scale. Thus, cell 

orientation, elongation and spreading area were evaluated after the P-E cycle on 

the erased surface (E), which were compared to flat control (F) and cells displayed 

to the light-induced topographic pattern (P). Results showed that cells on the 

erased surface appeared to recover a random orientation, comparable to cells 

grown on flat surfaces, while at the same culturing time, cells not exposed to the 

pattern erasure, i.e. cells remained on the patterned surfaces, resulted oriented 

along the pattern direction (P) (Fig. 4.5 A, B). Also cell elongation index (EI) and 

cellular spreading area of MCF10A cells subjected to P-E cycle exhibited values 

similar to those  of the cells cultured on the flat surface. Conversely, MCF10A 
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cells cultured on the patterned surfaces attained a higher elongation and bigger 

area values (Fig. 4.5 C, D). These results stated the efficacy of the photo-

switching platform to control cell shape in a way that cells restored, following the 

topographical signal removal, a morphological organization that shared several 

similitudes with those that have never been exposed to any topographical cues.  

 

Figure 4.5. A) Confocal images of MCF10A cells labelled with phalloidin (yellow, cytoskeleton) on flat (a), 

patterned (b) and erased (c) surfaces. The insert in the left lower corner represented images of flat, patterned 

and erased surfaces in transmitted mode (the pattern was shown with horizontally oriented parallel lines). B) 

Cell orientation on flat (F), patterned (P) and erased (E) surfaces. Angles were evaluated with respect to 

pattern direction for patterned surface and with respect to the horizontal axis for flat  and erased surfaces (~ 

45° was considered as random orientation). Data are represented as mean values and standard deviations. 

Results of cell C) elongation index (EI) and D) area on flat, patterned and erased surfaces, represented as box 

plots with their median values. Analyses were performed on cells exposed to flat, light-induced topographic 
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patterning and W-E cycle surfaces of diverse regions within the same sample, in order to reduce variability 

due to different substrates (*** p < 0.005, * p < 0.05, not significative if not shown).  

4.3.3. Analyses of Cell Nuclei Morphology on the Photo-Switching 

Platform 

It is known that topographical cues can be transmitted from adhesions to the 

nucleus throughout cell cytoskeleton, inducing nuclear morphology deformations 

eventually affecting gene-expression [22,23]. De Martino et al. reported the 

possibility to induce cyclic cellular and nuclear stretches to reroute otherwise 

committed human mesenchymal stem cells (hMSC) to osteoblastic lineage by 

dynamically changing the surface of azopolymer thin film from ordered parallel 

lines to grid shaped surfaces [24]. Here, the photo-switchable properties of 

pDR1m thin films were exploited to evaluate the feasibility of the dynamic 

platform to transmit cyclic topographic stimuli to human breast epithelial cells 

(MCF10A) capable to reverse nuclear deformations. More specifically, nuclear 

morphology and organization in terms of orientation, aspect ratio (AR), area and 

volume were investigated firstly on fixed samples after a single patterning-erasure 

(P-E) cycle. The topography photo-switching from patterned to erased surfaces 

was performed after 3 h from pattern inscription, as for the experiments described 

in the previous paragraph. Nuclear morphological parameters of cells experienced 

P-E cycle were measured 3 h after pattern erasure and compared to those of cells 

grown on flat regions and cells exposed to light-induced topography pattern, i.e. 

without pattern erasure, at the same culturing time. Analyses on nuclei orientation 

showed that the nuclei on the erased surface (E) after the P-E cycle recover a 

random orientation similar to nuclei of cells cultured on flat surfaces (F), while 

nuclei on the pattern (P) resulted oriented along the pattern direction (Fig. 4.6 A). 

However, as already investigated in the previous chapter, nuclei AR and projected 

area appeared not influenced by the topographical signal at early time from its 

transmission (Fig. 3.5 A, B, Chapter 3), thus after the P-E cycle nuclei showed 
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values equal to both flat and patterned surfaces, as expected (Fig. 4.6 B, C). 

Nevertheless, nuclear volume and height of cells exposed to the P-E cycle showed 

values similar to flat condition, diversely to cells nuclei displayed to the pattern 

which exhibited both bigger volume and height as a consequence of the 

topographical stimulus presentation (Fig. 4.6 D, E), demonstrating the ability of 

the dynamic platform to restore initial nuclear morphological organization.  

 

Figure 4.6 A) MCF10A nucleus orientation on flat (F), patterned (P) and erased (E) surfaces. Results of 

nuclear B) AR, C) area, D) volume and E) height represented as box plots with their median values. Analyses 

were performed on cells exposed to flat, light-induced topographic patterning and P-E cycle surfaces of 

diverse regions within the same sample, in order to reduce variability due to different substrates (*** p < 

0.005, ** p < 0.01, * p < 0.05, not significative if not shown). 

Additionally, in order to verify the nuclear morphology variation upon 

topography photo-switching on pDR1m surface, evaluation of nuclear orientation 

and volume was performed by analysing confocal z-stack images of nuclei of 

living cells. In more details, MCF10A cell nuclei were live stained with SiR-DNA 

dye in order to monitor the evolution of the same cell nuclei before and after the 

F-to-P and P- to-E surface photo-switching. Specifically, confocal images of 

nuclei of living cells were acquired on flat surfaces, 3 h after F-to-P and 3 h after 

P-to-E photo-switching. Results confirmed the trends observed for distinct 
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populations of cells for both nuclear orientation and volume, suggesting that a fast 

cellular response occurred at different supracellular levels (Fig. 4.7 A, B). 

 

Figure 4.7. A) Representative confocal images of the same MCF10A cell nucleus (SiR-DNA, cyan) 

undergoing flat (a) to pattern (b) and pattern to erased (c) photo-switching during cell culture. B) Evolution 

of nuclear orientation and volume analyses performed on living SiR-DNA stained cells subjected to the 

surface photo switching. Results were showed as mean values and standard deviations. 

4.3.4. Chromatin Organization and Condensation  

External physical signals can be transmitted to the nucleus influencing its internal 

structure organization ultimately affecting chromatin condensation state and 

gene-expression [25]. Thus,  in order to examine the effect of surface topography 

photo-switching on heterochromatin condensation state and arrangement within 

the nucleus of MCF10A cells, fluorescence intensity of H3K27me3 marker, 

which allowed to measure the condensation levels of facultative heterochromatin, 

was evaluated after performing a single P-E cycle. In addition, analyses of the 

average inter-distance between heterochromatin domains (HCDs) were also 
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performed. Previous analyses on H3K27me3 marker (paragraph 3.3.6, Chapter 3) 

revealed that the light-induced topography pattern did not produce a change in the 

fluorescence intensity mean values between cells exposed to flat and patterned 

surface, stating that the level of facultative heterochromatin was not influenced 

by the presence of the topographical cues. Therefore, we did not expect a variation 

upon photo-switching from F-to-P and from P-to-E surfaces. Indeed, analyses on 

confocal images of H3K27me3 stained nuclei exposed to P-E cycle reported 

similar values to flat and patterned controls (Fig. 4.8 A). However, the analyses 

of inter-distances between the heterochromatin domains (HCDs) showed that the 

photo-switching platform was able to affect the distance between HCDs after the 

P-E cycle, reducing them to values similar to the distance of HCDs of nuclei on 

flat surfaces, both exhibiting lower values than HCDs of nuclei exposed to the 

topographical signal (Fig. 4.8 B). These results were in accordance with previous 

analyses, which demonstrated that a nuclear volume expansion was followed by 

an increase of the distance between HCDs. Here, after the P-E cycle, the nuclear 

volume of MCF10A cells appeared to return to initial lower values, which 

corresponded also to a recovering of the initial HCDs inter-distances.  

 

Figure 4.8.  Box plots showing mean value of H3K27me3 A) intensity fluorescence mean measured within 

nuclear volume and C) HCDs inter-distance for both flat (F), patterned (P) and erased (E) surfaces (*** p < 

0.005, * p < 0.05, not significative if not shown).  
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Therefore, these results showed the potentiality of the dynamic platform to also 

control also the internal structure organization of the cell nucleus, in terms of 

heterochromatin domains inter-distances, by regulating the presentation and 

removal of the topographical signal during cell culture.  

4.3.5. Reversed Cell Tensional State after Topography Surface Photo-

Switching 

Cell mechanical properties can be considered as an indicator of cell tensional 

state, which can be influenced by external factors. The impression of a 

topographical linear pattern on the pDR1m surface has proven to increase both 

cell and nuclear Young’s modulus (paragraph 3.3.7 ,Chapter 3), as a consequence 

of cytoskeleton actin fibres alignment and elongation along the pattern. 

Additionally, analyses on cell and nuclear morphology revealed that cells were 

able to recover their initial organization after the removal of the topographical 

signal. In particular, cell re-organize their cytoskeleton actin fibres, which were 

previously aligned along a preferential direction dictated by the topographical 

signal, in a random conformation. Thus, we measured cell and nuclear mechanical 

properties after a single P-E cycle to find out if cells were able to release the 

topography-induced mechanical stress upon pattern erasure. Topography erasure 

was performed after 3 h from pattern inscription. Atomic Force Microscopy 

(AFM) was used to evaluate Young’s modulus of living cells on the flat surface 

(F), after 3 h from pattern inscription and 3 h after pattern erasure (E). A force 

mapping with 64 curves over an area of 2 × 2 µm2 was performed on each cell, 

on two different regions, covering cell body (Fig. 4.9 A, region A) and cell 

perinuclear area (Fig. 4.9 A, region B), which were supposed to provide elasticity 

of cell cytoplasm and nucleus, respectively. Results showed that after 3 h from 

pattern erasure, both cell and nuclear Young’s moduli returned to values similar 

to initial flat condition, which were lower than moduli of cells exposed to the 
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topographical signal (Fig. 4.9 B, C), meaning that cells can revert their tensional 

state in response to surface topographic pattern withdraw.  

 

Figure 4.9.  Graphical representation of AFM measurement on cell body (A) and nuclear region (B). Young 

modulus of B) cell cytoplasm and C) nucleus on flat, after 3 h form pattern inscription and after 3 h from 

pattern erasure. Results were showed as box plots with their median values. (*** P < 0.005).  

4.3.6. The Effect of Multiple Patterning-Erasure Cycles on Cell and 

Nuclear Morphology 

Several tissues and organs in their natural environment were exposed to multiple 

dynamic mechanical stimuli, such as heart and blood vessels [26]. Thus, in recent 

years numerous studies focused on the fabrication of engineered biomaterials able 

to recreate the highly dynamic nature of the environment surrounding the cells 

[27]. To this aim, azobenzene-based materials are good candidates since their 

photo-switching optical properties allowed to realize platforms able to cyclically 

stimulate cells by continuously presenting/removing surface topographical cues. 

Here, in order to investigate cell response to multiple topographical stimulation, 

the surface of pDR1m was exposed to a double patterning-erasure (P-E) cycle, 
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given that it can be illuminated several times without showing material 

degradation or photochemical modifications of molecules as shown in the Chapter 

2. In more details, cells seeded for 24 h on the flat pDR1m surface (F) were 

exposed to the light-induced topography patterning which generated an 

anisotropic linear pattern (P) that was subsequently erased (E) by means of a 

mercury lamp, after cell adaptation to the physical cues. This P-E cycle of 

azopolymer topographic features was performed twice on the living cells during 

the cell culturing time on the pDR1m substrate. The surface photo-switching was 

executed every 12 h to both allow cells to adapt to the new environmental 

conditions and provide a larger temporal window in which cells were exposed to 

a huge amount of light-energy, thus reducing photo-toxic effect (Fig. 4.10 A).  

 

Figure 4.10 A) Graphical representation of the topography photo-switching process during the double P-E 

cycle on the pDR1m surface in presence of cells.  

Validation of cell morphology adjustment upon changes in surface topography 

was made by optical microscopy observations. In details, confocal microscopy 

images of MCF10A cells exposed to the double P-E cycle were acquired in 

transmitted mode on flat surface and after 12 h post each surface topography 
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photo-switching in order to state cell responsiveness, in terms of morphological 

qualitative features, to the underlying surface variation, thus also affirming that 

the multiple light illuminations performed on living cells did not perturb cell 

viability (Fig. 4.11 A). Then, confocal images phalloidin-stained MCF10A cells 

were acquired at the end of the double P-E cycle on the erased surface and 

compared to cells cultured on both flat and cells exposed to light- induced 

patterned, i.e. without pattern erasure, surfaces at the same culturing time (Fig. 

4.11 B). Analyses reported that MCF10A cells were able to restore a random 

orientation and a less elongated shape as a proof of the topographical signal 

removal (Fig. 4.11 C).  

 

Figure 4.11. Bright field images of MCF10A cells seeded on pdR1m (a) flat surface, (b) 12 h post first pattern 

inscription, (c) 12 h post first pattern erasure, (d) 12 h post second pattern inscription and (e) 12 h post second 

pattern erasure. B) Confocal images of phalloidin-stained MCF10A cells (cytoskeleton, yellow) and DAPI 

stained nuclei (cyan). C) Results of cell orientation on flat, patterned and erased, after the double P-E cycle, 

surfaces represented as mean values and standard deviation. D) Results of cell elongation index (EI) on flat, 

patterned and erased, after the double P-E cycle, surfaces represented as box plots with their median values. 

(*** p < 0.005, not significant if not shown).  
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Since we are interested to investigate the effect of cyclic topographic stimulation 

on nuclear organization, cell response upon the double P-E cycle was observed 

also in terms of nuclear morphology, which was shown in the previous chapter to 

be impacted by the transmission of light-induced topography pattern. In 

particular, nuclear orientation, aspect ratio (AR) and volume variation on the 

erased surface (E) after the two P-E surface photo switching was calculated from 

z-stack confocal images of DAPI stained nuclei and compared to nuclei of cells 

exposed to flat (F) surfaces and patterned (P), i.e. not subjected to pattern erasure, 

surfaces at the same cell culturing time. The analyses showed cell nuclei on the 

erased surface restored the random orientation exhibiting also elongation values, 

(aspect ratio) equal to those of nuclei cultivated on the flat surface (Fig. 4.12 A, 

B). Additionally, analyses on nuclear height and volume showed that both nuclear 

morphological parameters of cells on the erased surface assumed values similar 

with respect to nuclei of cells on the flat surfaces, resulting higher than nuclear 

height and volume of cells maintained exposed to the topographic pattern for 48 

h (Fig. 4.12 C, D). These results demonstrated that even after two topography 

photo switching cells were able to re-organize their subcellular structures, 

recovering the configuration they assumed in the absence of topographical 

stimulus.  
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Figure 4.12. A) Results of  MCF10A nuclear orientation showed as mean values and standard deviation. 

Results of MCF10A nuclear B) aspect ratio (AR), C) height and D) volume. Analyses were performed on 

cells exposed to flat, light-induced topographic patterning and double P-E cycle surfaces of diverse regions 

within the same sample, in order to reduce variability due to different substrates (*** p < 0.005, not 

significative if not shown).  

4.4. Conclusion  

The photo-switching properties of pDR1m were exploited in order to realize 

dynamic platform able to spatiotemporally control the transmission of specific 

topographic signals to MCF10A cells. Indeed, the possibility to induce multiple 

surface topography variations allowed to present and remove a topographic signal 

at precise time instants of cell growth in order to control and guide cell behaviour 

and functions. Here, we showed that light-induced topography patterning and 

erasure (P-E) cycles were capable to induce a reversible cell response in terms of 

FAs, cell and nuclear morphology. Also, chromatin organization within the 

nucleus appeared to be affected by the cyclic stimulation, with heterochromatin 
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domains reducing their inter-distances following nuclear volume reduction in 

response to pattern erasure after the P-E cycle. Moreover, evaluation of cell and 

nuclear mechanics, measured after every surface topography photo-switching, 

revealed that cells can revert also their tensional state as a consequence of cell 

cytoskeleton re-organization from a topography-induced stretched configuration 

to more relaxed arrangement. Furthermore, MCF10A cells showed a reversible 

response to both rapid and a slow topography photo-switching frequencies (T = 3 

h and T = 12 h) used in a single or double P-E cycle, respectively, validating  the 

potential of the dynamic platform to provide also multiple topography stimuli in 

response to which cells proved to return to the initial conformational state they 

assumed on the flat surface before surface light-induced patterning. In conclusion, 

this dynamic platform represented a means to control cell functions both in space 

and in time, which can be exploited also as a way to guide stem cell final fate for 

tissue growth and regeneration applications.   
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Conclusion and Future Perspectives 

In this work, an azopolymer thin film based dynamic platform is proposed with 

the aim to investigate cell behaviour in response to light-induced surface 

topography variation. Indeed, in recent years the introduction of “on-demand” 

time-varying material properties into engineered substrates for the study of cell 

behaviour has resulted to be a requirement in order to reliably mimic the highly 

dynamic native extracellular microenvironment. Several works has been reported 

where cell-material interactions were studied at the interface, showing the 

influence of micro-nano topography on cell functions, even though the majority 

of these works were conducted in static conditions. However, the emerging of 

active materials, able to change their properties in response to external triggers, 

provide the possibility to control both in space and in time the presentation of 

physical signals to cells. Nevertheless, a limited number of cell culturing 

substrates capable of transmitting cyclic topographical signals to cells have been 

developed. Here, an intensive study and characterization of azopolymer material 

properties was conducted with the aim to realize a dynamic platform able to 

control both in space and in time the presentation of light-induced topographical 

signals to cells. In more details, in Chapter 1 an overview of cell−material 

interaction with the mechanism of physical signal transmission from focal 

adhesions to the nucleus was discussed together with azopolymers optical 

properties and their biological applications. In Chapter 2 a detailed description 

of confocal microscope set-up used to imprint linear pattern in the form of parallel 

ridges/grooves on the azopolymer surface was given as well as the relation 

between topographical pattern geometrical features and laser scanning 

parameters, allowing to finely control the shape of the sinusoidal imprinted 

pattern in terms of height and pitch. Moreover, two different methods of 

topography erasure were proposed based on azopolymer surface light illumination 

of either the Gaussian beam of a confocal microscope or the incoherent light of a 
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mercury lamp. Lastly, a method to prevent blister formation at azopolymer 

film/glass substrate interface in presence of water solutions through glass surface 

silanization was proposed in order to enhance azopolymer adequacy for cell 

culture experiments. In Chapter 3, azopolymer substrates were used in order to 

realize photo-responsive platforms for cell behaviour investigation. More 

specifically, a linear pattern was embossed in-situ on the surface of the azo 

material in presence of human breast epithelial cells (MCF10A) by means of a 

confocal laser microscopy set-up. Then, cell response to the underneath 

topography variation was evaluated during time in terms of focal adhesion 

assembly, cytoskeleton orientation and alignment, nucleus morphology and 

chromatin organization. Results showed that cell subcellular structures were able 

to sense the topographical signal already after 3 h from the transmission of the 

signal. Also, analyses at longer time reported that cells showed a dynamic 

adaptation behaviour, with increasing spreading area and elongation, meaning 

that they required time to accommodate the new external environment. 

Additionally, measures on nuclear volume revealed that the light-induced linear 

pattern causes a volumetric growth which exhibited a time evolution different 

from cells grown on planar surfaces. This result suggested an impact of nano-

topography on cell cycle, resulting in a reduced proliferation rate of cells. 

Moreover, the morphology variation of nucleus caused by the topographical cues 

was reflected also within its internal structure, stating that macroscopic 

deformation generated from the force applied by the cell cytoskeleton, could be 

transmitted to its inside up to chromatin level. Indeed, the nuclear expansion 

dictated by the linear pattern was followed by homologous chromosomes volume 

and distance increase. Furthermore, analyses on chromatin scale revealed that its 

levels reduced 24 h post pattern inscription stating the ability of the dynamic 

platform to open the chromatin structure, thus rendering genomic materials more 

accessible to transcription factors. Additionally, heterochromatin domains inter-

distances resulted to increase in response to pattern formation, demonstrating a 
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re-organization of the inner nuclear structure following pattern inscription. Lastly, 

Atomic Force Microscopy measurements of cell mechanics showed that the 

alignment of cytoskeleton actin fibres along the pattern direction produced a cell 

stiffening resulting in higher cells and nuclei Young modulus values. In Chapter 

4, the photo-switching properties of azopolymer were exploited in order to realize 

dynamic platform able to spatiotemporally control the transmission of specific 

topographic signals to MCF10A cells. Indeed, the possibility to induce multiple 

surface topography variations allowed to present and remove a topographic signal 

at precise time instants of cell growth in order to control and guide cell behaviour 

and functions. Here, we showed that light-induced topography patterning and 

erasure (P-E) cycles were capable to induce a reversible cell response in terms of 

focal adhesions, cell and nuclear morphology. Also, chromatin organization 

within the nucleus appeared to be affected by the cyclic stimulation, with 

heterochromatin domains reducing their inter-distances following nuclear volume 

reduction in response to pattern erasure after the P-E cycle. Moreover, evaluation 

of cell mechanics revealed that both cell and nuclear Young modulus, measured 

after every surface topography photo-switching, showed that cells can revert also 

their tensional state as a consequence of cell cytoskeleton re-organization from a 

topography-induced stretched configuration to more relaxed arrangement. 

Furthermore, MCF10A cells showed a reversible response to both rapid and a 

slow topography photo-switching frequencies (T = 3 h and T = 12 h) used in a 

single or double P-E cycle, respectively, validating  the potential of the dynamic 

platform to provide also multiple topography stimuli in response to which cells 

proved to return to the initial conformational state they assumed on the flat surface 

before surface light-induced patterning.  

In conclusion, we developed a dynamic platform for cell behaviour investigation 

which is able to transmit precise spatiotemporally controlled instructions to cell, 

influencing their morphology and functions. Also, this cell culture platform 
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allowed to study the connection between cell morphology and nuclear internal 

organization, in terms of chromosome and heterochromatin domains 

arrangement, generated by the dynamic topography surface variation with the aim 

to examine the impact on the genomic materials as a consequence of nuclear 

deformation induced by the topographical signal. Eventually, the possibility to 

erase the imprinted pattern restoring the initial flat surface allowed to induce both 

single and multiple topography variation thus transmitting cyclic stimulation to 

cells, which resulted to be able recover their initial morphological configuration, 

paving the way to the use of a new class of cell-instructive biomaterials, on which 

topographic cues can be presented/removed “on-demand” allowing to unravel 

many biological processes involved in dynamic cell-topography interaction. 

Further, given that this photo-switchable platform represents a means to control 

cell functions in a spatiotemporal way, we propose for future experiments to 

exploit it in order to guide stem cell final fate for tissue growth and regeneration 

applications.   
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