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Preface 

The work presented in this thesis is the result of the doctoral studies started about 

four years ago in the Department of Engineering of Materials and Production, at 

the University of Naples “Federico II” (UNINA). The experimental work has 

been performed partly in UNINA and partly at the Institute of Applied Sciences 

and Intelligent Systems (ISASI) of the National Council of Research (CNR) in 

Naples, Italy, where I am holder of a Research Grant. 

The research work performed at the ISASI laboratories have been funded by the 

Italian Ministero dell’Istruzione dell’Università e della Ricerca (MIUR) within 

the Project: PANDION - Studio di sottosistemi funzionali inovativi per impieghi 

spaziali (PON01_00375). 

This thesis consists of an introductory part providing a background to the work 

performed and the reprints of the publications. 
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Chapter 1. Introduction 

Abstract 

Recently, the development of innovative materials able to control and guide the 

cellular responses for specific applications has been produced a great interest. 

The study of cell-material interaction is important because it provides a better 

understanding of how they affect the physical and chemical properties of 

materials on the cellular dynamics. In fact, it is known that some types of signals 

regulate important processes such as adhesion, differentiation, and other cellular 

events. Currently, it has extended the use of highly advanced analytical devices 

for the study of these phenomena. For morphological analysis using the 

fluorescence microscope that allows you to report different types of subcellular 

structures such as the actin cytoskeleton and the cell nucleus. In addition, the 

atomic force microscope, allows the analysis of the topography of biomaterials 

before being used as platforms for cell adhesion. The disadvantage in using these 

techniques is the one hand, that the fluorescent microscope uses of the dyes to 

analyze the morphology of the cell and, on the other hand, the atomic force 

microscope does not allow the real-time analysis of topographical formation of 

although the material has a high spatial resolution. 

The thesis is targeted to develop three types of instruments based optical 

interferometry, to provide new types of methods in cell-material interaction 

study, for both the manipulation and characterization of biomaterials, both for the 

quantitative study of cell behaviour under dynamic changes of the physical 

properties of adhesion substrates. The experimental apparatus for the 

characterization of the optical lithographic processes provides the capability of 

real-time monitor the formation in azopolimeri of so-called "Surface Relief 

Gratings" (SRG). In addition, via a special digital holographic microscope, the 

dynamics of fibroblasts has been studied on a petri glass platform. Experiments 

show that this device allow to open a new way of research on the quantitative 

analysis of cellular damage caused by the effect of phototoxicity induced by 

electromagnetic waves. Moreover, morphological processes of necrotic death can 

be monitored with quantitative-temporal phase analysis. Finally, a microscopic 

device based on the analysis surface in "Total Internal Reflection" has been 

improved through advanced interferometric techniques to obtain quantitative 

information about the cell adhesion processes. Validation and application of the 

technique have been demonstrated. 
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1.1. Material Science and Engineering 

Since the dawn of humanity, the humankind have used materials or a combination 

of materials as tools. Stone and wood had been using for millennia, but as time 

progressed, tools became far more complex. At some point, humans began using 

fire for heat and cooking, developed language and created adornments. Tools are 

made from materials and they were first transformed and manipulated thanks to 

fire. Materials and its progress are narrowly linked to the advance of the 

humanity. 

Materials science and engineering involves the discovery and design of new 

materials. The traditional examples are metals, semiconductors, ceramics and 

polymers. However, new and advanced materials that are being developed 

include nanomaterials and biomaterials. 

The basis of materials science involves studying the structure of materials, and 

relating them to their properties. They exhibit myriad properties, which 

determine its usability and hence its engineering application and include 

mechanical, chemical, electrical, thermal, optical and magnetic properties. Once 

a materials scientist knows about this structure-property correlation, they can go 

on to study the relative performance of a material in a certain application. 

Characterization is the way materials scientists examine the structure of a 

material. This involves techniques such as diffraction with x-rays, electrons, or 

neutrons, and various forms of spectroscopy and chemical analysis such as 

Raman spectroscopy, energy-dispersive spectroscopy (EDS), chromatography, 

thermal analysis, electron microscope analysis, etc.  

In recent times, biomaterials science has received much attention from 

researchers. A biomaterial is any matter, surface, or construct that interacts with 

biological systems. A biological system is a complex network of biologically 

relevant entities. As biological organization spans several scales, examples of 

biological systems are populations of organisms, or on the organ- and tissue scale 

in mammals and other animals, the circulatory system, the respiratory system, 

the nervous system, etc. On the micro to the nanoscopic scale, examples of 

biological systems are cells, organelles, macromolecular complexes and 

regulatory pathways. Biomaterials science encompasses elements of medicine, 

biology, chemistry, tissue engineering and materials science. The field is 

inherently interdisciplinary, and the materials engineers must be aware and make 

use of the methods of the physicist, chemist and engineer. The field thus, 
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maintains close relationships with these fields. In addition, many physicists, 

chemists and engineers also find themselves working in materials science. 

Breakthroughs in materials science are likely to have a significant impact on the 

future of technology. 

1.2. Tissue Engineering 

Tissue engineering refers to the practice of combining scaffolds, cells and 

biologically active molecules into functional tissues. The goal of tissue 

engineering is to assemble functional constructs that restore, maintain, or 

improve damaged tissues or whole organs [1]. The ability of an engineered 

biomaterial to approximate the structural and mechanical aspects of the cellular 

microenvironment is an important factor in determining the success or failure of 

engineered devices for tissue repair or replacement. Biological tissues basically 

consist of cells, signaling systems and extracellular matrix (ECM) [2]. The cells 

are the core of the tissue, however, in the absence of signaling systems and/or of 

the ECM cannot explicate their functions. In fact, cells are the building blocks of 

tissue, and tissues are the basic unit of function in the body. Generally, groups of 

cells make and secrete their own supporting structures, that is the extracellular 

matrix [3]. This matrix, or scaffold, does more than just support the cells; it also 

acts as a relay station for various signaling molecules. Thus, cells receive 

messages from many sources that become available from the local environment. 

Each signal can elicit a cascade of responses that determine what happens to the 

cell. By understanding how cells respond to signals, interact with their 

environment and organize into tissues and organisms, many researchers were 

able to manipulate these process to mend damaged tissues or even create new 

ones. When engineering and designing a new biomaterial, one of the most 

important aspects that have to be largely considered is the interaction between 

cells and material surface, namely cell-material interaction. 

1.3. Cell-Material Interaction 

Cell-material interaction occurs through a combination of biochemical and 

biophysical signal, including interfacial presentation of molecular, topographic 

and mechanical cues. Indeed, both biochemical and biophysical features of the 

biomaterial have been reported to affect and influence cell functions by triggering 

specific molecular events at the cell-material interface. Cellular activities that are 
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mostly influenced by material properties are adhesion, spreading, migration, 

proliferation and differentiation [4]. Cell adhesion and migration are highly 

complex and multistep processes, which share many common features. They both 

involve several compartments of the cell, including surface receptors, signaling 

elements and the cytoskeleton, which is a cellular structure mainly responsible 

for dictating cell shape and tissue elasticity (figure 1.1.) [5]. Both processes 

involve actin filaments. These are components of the cytoskeleton, a composite 

filamentous structure that influences cell shape and cell contractility on the 

cellular scale. Actin filaments are distributed throughout the cell and give the 

appearance of a gel network [6]. Some molecular motors, such as Myosin II, can 

contribute as active cross-linkers. Energetically driven changes of conformation 

of the molecular motors make actin polymer chains slide respective to the others. 

The collective contribution of the molecular motors leads to a global contraction 

of the network. Contracting bundles of actin play a dominant role in the cellular 

adhesion machinery and are named stress fibers as a consequence of their 

morphology [7]. Actin cytoskeleton is intrinsically mechanosensitive, in the 

sense that it adapts to mechanical forces. 

Fig. 1.1: Schematic representation of the different actin cytoskeleton assemblies within cells. 

Connection of the actin cytoskeleton to clusters of proteins that are anchored to 

the ECM makes it suitable to probe the mechanical properties of the extracellular 

environment, as a response to the resistance that adhesion-mediated anchorage 

makes to its contraction. The signaling pathways that coordinate the formation of 
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new adhesions as well as their maturation, are intimately linked to the dynamical 

reorganization of the actin cytoskeleton [8]. 

Focal Adhesions (FAs) are sites of tight adhesion to underlying ECM developed 

by cells in culture during their adhesion. As such, they constitute a structural link 

between the actin cytoskeleton and the ECM and are regions of signal 

transduction between the outside environment and the inside cellular cytoplasm.  

A mature FA contains hundreds of proteins that are grouped based on their 

contribution to four basic processes: receptor/matrix binding, linkage to actin 

cytoskeleton, intracellular signal transduction and actin polymerization. Both 

actin polymerization and acto-myosin contractile machinery generate forces that 

affect mechanosensitive proteins in the actin linking module, the receptor module 

(e.g. integrins), the signaling module and the actin polymerization module. The 

combined activity of the mechanosensitive components forms the 

mechanoresponsive network. 

1.4. Cell-Topography Crosstalk 

In in-vivo contexts, extracellular environment represent a set of topographic 

signals, perceived by cells at different scale. Fibrils and fiber bundles (collagen 

and fibrin), rough surfaces (crystal deposit in bone) and porous membranes 

(basement membranes) represent examples of natural topographies. These 

topographical signals play a relevant role in cell-material interaction through 

direct alteration in several cellular processes [9]. Recent advancements in micro- 

and nano-fabrication technologies made it possible to imprint on substrate 

surfaces topographic features favoring the study of the role of topography in cell-

material interaction. Soft lithography [10], [11], electron beam lithography [12] 

and nanoimprint lithography [13] can emboss topographic patterns with a tightly 

controlled spatial resolution (of a few nanometers). Cells interact with native 

topographical structures in many ways, often through a phenomenon known as 

contact guidance. Contact guidance is a leading example of a naturally occurring 

phenomenon that is characterized by the response of cells to structures on the 

micron and submicron scale [14]. Cell-nanotopography interactions can induce 

different effects within a single cell type due to the coupled effect of 

nanotopography in combination with physicochemical properties of the 

substrate. These interaction also vary across cell type, feature size, and feature 

geometry as well. Nevertheless, there are some general trends that can be 
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extricated from the rapidly growing body of literature [15]. Cells respond to two-

dimensional synthetic topographic substrates in a wide array of responses, which 

depend upon many factors including cell type, feature size and geometry or the 

physical properties of the bulk substrate material including substrate stiffness 

[16]. For example, Bettinger et al. [15] reported epithelial cell response to 

nanotopography.  

Furthermore, Walboomers et al. [14] reported the behavior of fibroblast cultured 

on a grooved polystyrene substratum and hypothesized that micro-grooves 

created a pattern of mechanical stress, which influences cell spreading and caused 

the cell to be aligned with surface microgrooves. Also smooth muscle cells 

showed to be influenced by nano-topography imprinted on polydimethylsiloxane 

(PDMS) and polymethylmethacrylate (PDMA) [17]. Therefore, in all these 

examples cell behavior on nanotopography was similar even if cell type was 

different. 

1.5. Dynamic Topographic Signals 

Several techniques have been proposed to encode micro- and nano-topographies 

on material surfaces, in order to investigate many processes involved in cell-

material interaction. Despite possessing a very high spatial resolution, these 

techniques require expensive equipments and are time consuming. Additionally, 

once produced, the geometric features of the master or substrate cannot be readily 

modified a posteriori since they are intrinsically static in nature. In order to 

overcome the limits of a physically static system and to develop more versatile 

platforms, large interest has recently arisen in using stimuli-responsive materials 

as dynamic supports to investigate cell response. For example, Davis et al. [18] 

have proposed a thermoresponsive cell culture system, used to control cell 

behavior via surface shape memory polymers. 

 

In details, by taking advantage of a polymer with a glass transition temperature 

of 37ºC, the temporary patterned shape could be switched in the flat stable form 

during cell culture. Among all the stimuli-responsive materials, this thesis 

focuses on photoswitchable polymers, aiming to control the topographic surface 

with light as external stimulus in a precise way. Azopolymers were selected as 

the best candidate, aiming to realize dynamic supports for studying cell adhesion 

and mechanics. 



  7 

 

1.6. Azopolymer as biomaterial 

Azobenzene is an achromatic molecule formed by an azo linkage (-N=N-) 

connecting two phenyl rings. Originally, azobenzenes were used as dyes and 

colorants, due to their powerful colors [19]. At later stage, their amazing 

properties were discovered and exploited in many field. The most fascinating 

characteristics of the azobenzene is their reversible photoisomerization. 

Azobenzenes have two stable isomeric states: a thermally stable trans 

configuration and a metastable cis form (Figure 1.2). Remarkably, the 

azobenzene chromophore can interconvert between these isomers upon 

absorption of a photon. For most azobenzenes, the molecule can be optically 

isomerized from trans to cis with light and the molecule will subsequently 

thermally relax back to the trans state on a timescale dictated by the substitution 

pattern. This photochemistry is central to azobenzene potential use as tool for 

nanopatterning. 

Fig. 1.2: Azobenzene photoisomerization. The trans form (left) can be converted to the cis form 

(right) using an appropriate wavelength of light. A different wavelength will induce the 

molecule back conversion to the trans form. Alternately, the molecule will thermally relax to 

the stable trans form. 

Azobenzenes can be separated into three spectroscopic classes: azobenzene-type, 

aminoazobenzene-type, and pseudo-stilbenes molecules [20]. 

The azobenzene-type molecules have a strong absorption in the UV, and low-

intensity band in the visible. The aminoazobenzenes and pseudo-stilbenes 

typically have strong overlapped absorptions in the visible region. The 

photoisomerization between trans (E) and cis (Z) isomers is completely 

reversible and free from side reactions, such that it is characterized as one of the 
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cleanest photoreactions known [20]. In the dark, most azobenzene molecules will 

be found in the trans form. 

Upon absorption of a photon (with a wavelength in the trans absorption band), 

the azobenzene will convert, with high efficiency, into the cis isomer. A second 

wavelength of light (corresponding to the cis absorption band) can cause the 

back-conversion. These photoisomerizations usually have picosecond 

timescales. Alternatively, azobenzenes will thermally reconvert from the cis to 

trans state, with a timescale ranging from milliseconds to hours, depending on 

the substituents can inhibit the cis-trans relaxation process, thereby allowing the 

cis state persist for days [21]. 

Photoinduced Azobenzene Motions 

Irradiation with light produces molecular changes in azobenzenes, and under 

appropriate conditions, these changes can translate into larger scale motions and 

even modulation of material properties. Molecular motions, photo orientation and 

consequent birefringence and macroscopic motions are some of the molecule 

movements that occurs upon absorption of light. The geometrical changes in 

azobenzene are very large, by molecular standards, and it is thus no surprise that 

isomerization modifies a wide host of material properties. This molecular 

displacement generates a nanoscale force, which has been measured in single 

molecule force spectroscopy experiments. In these experiments, illumination 

causes contraction of an azobenzene polymer, showing that each chromophore 

can exert pN molecular forces on-demand. 

Fig. 1.3: Statistical photo-orientation of azobenzene molecules. (A) The molecules aligned 

along the polarization direction of the incident light absorb, isomerize, and re-orient. Those 

aligned perpendicular cannot absorb and remain fixed. (B) Irradiation of anisotropic samples 
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leads to accumulation of chromophores in the perpendicular direction. Circularly polarized light 

restores isotropy. 

 

Additionally, orientation of azobenzene chromophores can be manipulated using 

polarized light (Figure 1.3). Azobenzenes preferentially absorb light polarized 

along their transition dipole axis (long axis of the azobenzene). The probability 

of absorption varies as cos2phi where pi is the angle between the light 

polarization and the azobenzene dipole axis. Thus, azomolecules oriented along 

the polarization of the light will absorb, whereas those oriented against the light 

polarization will not. For a given initial angular distribution of chromophores, 

many will absorb, convert into the cis form, and then revert to the trans form with 

a new random direction. Those chromophores that fall perpendicular to the light 

polarization will no longer isomerize and reorient; hence, there is a net depletion 

of chromophores aligned with the light polarization, with a concomitant increase 

in the population of chromophores aligned perpendicular (i.e., orientation hole 

burning).  

This statistical reorientation is fast, and gives rise to strong birefringence 

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

spectrum) due to the large anisotropy of the azo electronic system. Because 

unpolarized light can photo-orient (along the axis of illumination), even sunlight 

is suitable [22]. 

Surface Relief Gratings 

Along the line of active cell culture substrates, holographic imprinting of surface 

relief gratings (SRGs) on azopolymer films is a promising approach for a 

straightforward fabrication of dynamic substrates. Large-scale surface mass 

displacement was observed by Natansohn and Kumar groups who irradiated 

azopolymer films with an interference pattern of light [23], [24]. Once the 

sinusoidal pattern of light is in contact with the polymer, it is able to induce the 

formation of SRGs, in the form of topographic arrays that trace out the light 

intensity profile. This phenomenon has been used to realize micro-and nano-

grooved polymer films, suitable in many applications, such as optics and 

photonics [25], [26]. 

In a typical experiment, two coherent laser beams, with a wavelength in the 

azobenzene absorption band, are intersected at the ample surface (Figure 1.11.). 

The sample usually consist of a thin spin-cast film (10-1000 nm) of an amorphous 

azo-polymer on a transparent substrate.  
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Fig. 1.4: Experimental setup for the inscription of a surface relief grating: S refers to the 

sample, M are mirrors, D is a detector for the diffraction of the probe beam, WP is a waveplate 

(or generally a combination of polarizing elements), and BS is a 50% beam splitter. (A) A 

simple one-beam inscription involves reflecting half of the incident beam off of a mirror 

adjacent to the sample. (B) A two-beam interference setup enables independent manipulation of 

the polarization state of the two incident beams. 

The sinusoidal light interference pattern at the sample surface leads to a 

sinusoidal surface patterning, i.e. SRG. The process occurs readily at room 

temperature (well below the Tg of the amorphous polymers used) with moderate 

irradiation (1-100 mW/cm2) over seconds to minutes. The phenomenon is a 

reversible mass transport, not irreversible material ablation, since a flat film with 

the original thickness is recovered upon heating above Tg. Upon irradiation with 

linearly polarized light of appropriate wavelength, the azobenzene molecules 

statistically reorient and accumulate the direction perpendicular to the 

polarization plane (Figure x). The resulting molecular alignment gives rise to 

optical anisotropy that can be erased by irradiating the sample with circularly 

polarized or unpolarized light [27], [28]. 

When a thin amorphous azopolymer film was irradiated with an optical 

interference pattern, the material starts to migrate and move away from high-

intensity areas to form a replica of the incident irradiation in the form of a SRG. 

Many models have been proposed to explain this mechanism, such as thermal 

model, pressure gradient force model [29], mean-field model [30], optical-field 
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gradient force model [30], [31]. However a controversy regarding the mechanism 

still remains. 

Fig. 1.5: (A) Schematic illustration of the photoalignment of azobenzenes with polarized light. 

(B) Representation of the SRG inscription process. An atomic force micrograph and a surface 

profile of an inscribed grating are shown on the right. 

Azopolymers for Biological Applications 

The phenomenon SRG inscription on azopolymers has been used to realize 

micro- and nano-grooved polymers films, suitable in many applications, such as 

optics and photonics [25], [26]. Despite their extraordinary chemical/physical 

characteristics the number of studies on the use of azobenzene-based substrates 

for cell cultures is very limited. However some examples are reported here. For 

instance, Baac at al. [32] used SRGs as cell supports for controlling cell growth, 

adhesion and orientation. They found that human astrocytes were highly oriented 

along the groove direction. 

Moreover, Rocha et al. [33] studied the biocompatibility of azopolymers based 

polysiloxane coatings and investigated the stability of the substrates in aqueous 

environment. 

Barille et al. [34] examined the imprinting capabilities of the azo-based 

photoswitchable materials both in dry and wet conditions and analyzed neuron 

response to the topographic signal. 
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However, the possibility to exploit writing/erasing reversibility of azobenzene 

polymers in biological applications has not been addressed yet. This aspect has 

been investigated in this thesis. 

1.7. Aims and outcomes 

The progress of humanity and new discoveries has been highly related to the 

design of new methodologies and apparatus, which have allowed us to extend our 

biological limits to understand how universe works. With this thesis, we try to 

introduce the basics of using quantitative phase microscopy to study the cell-

material phenomenology. The thesis is organized as follows. Chapter 2 intends 

to provide a general knowledge of holography and particularly digital 

holographic microscopy (DHM) which is largely applied in this thesis for 

different characterizations. Chapter 3 presents for the first time that azopolymer 

platforms can be used as a photoreversible platforms for controlling some cell 

behaviors. A confocal microscope was employed to study several cellular aspects 

like cytoskeleton and focal adhesion. These nanostructures comes modulated 

depending on the topography of the substrates. On the other hand, azopolymer 

recording was carried on by a Lloyd interferographic lithography. Moreover, the 

characterization of the surfaces were  realized by an Atomic Force Microscope. 

Both apparatus have good advantages, but also have some disadvantages related 

to time scanning and dangerous invasive problems. To overcome these 

limitations, we propose optical interferometric methods for writing and analyzing 

biomaterials and their interactions. Chapter 4 focuses on the development of a 

DHM apparatus to characterize “surface relief gratings” on azopolymer. In 

chapter 5, a DH time-lapse microscope was built to study in-vitro fibroblast cells. 

The limits of “safe exposure” (SE) and “injurious exposure” (IE) were stabilized 

to limit phototoxic effects. The quantitative data recovered by our setup allows 

cell-death characterization fitting the data by means of a logistical regression 

curve. Chapter 6 describes a new device to study quantitative information from 

the cell adhesion. This apparatus is a kind of “Total Internal Reflexion 

Microscope” which allows retrieving quantitative data near to the interface 

thanks to the evanescent waves. The technique has been verified and biological 

samples has been analyzed. The last chapter encloses conclusions and future 

trends. 
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Chapter 2. Digital Holographic Microscopy 

Abstract 

Holography is a relatively recent interferometric technique. Dannis Gabor paper 

[1] from 1948 is historically accounted as its beginning. From then a large 

number of improvements have been investigated and still now holography is an 

up-and-coming technique.  

Holographic basic principle is the recording of an interference pattern on a 

photographic plate (classical holography) or by a charge coupled device (digital 

holography) and then, from the reconstructed wavefront, it’s possible to manage 

the amplitude as well as the phase of the optical wavefield. The capability to 

perform amplitude image and phase contrast image makes holography a suitable 

tool in many application fields from metrology to 3D display.   
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2.1. Historical developments and general introduction  

Holography got its name from the Greek words holos, meaning whole, and 

graphein, meaning to write. It is a means for recording and reconstructing the 

whole information contained in an optical wavefront, namely amplitude and 

phase, and not just intensity as in photography.  

Dennis Gabor invented holography in 1948 as a lensless process for image 

formation by reconstructed wavefront with the aim of improving electron 

microscope images [1]. Gabor’s ideas was unsuccessful in the field of electron 

microscopy because of practical problems but its validity in the optical field was 

confirmed by other researcher as G. L. Rogers [2] and El Sum and Kirkpatrick 

[3]. Because of the superimposition and the  poor quality of the reconstructed 

images the interest around holography declined up to the 1960s when the 

development of lasers made available a powerful source of coherent light. 

Holography is made of  two separated processes: the recording of an image, and 

the retrieval. The first stage is accomplished by means of a photographic film 

recording the interference pattern produced by the light waves scattered by an 

object and a reference beam derived from the same coherent light source, as 

shown in Fig. 2.1. (a).  

 

 
 

(a) (b) 

Fig. 2.1.: (a) Hologram recording: the interference pattern produced by the reference wave and 

the object wave is recorded; (b) Image reconstruction: light diffracted by the hologram 

reconstructs the object wave. 

Since the intensity at any point in this interference pattern also depends on the 

phase of the object wave, the resulting recording (the hologram) contains 

information on the phase as well as the amplitude of the object wave. The second 

stage is the image formation of the object. If the hologram is illuminated once 



  19 

again with the original reference wave, as shown in Fig. 2.1. (b), it reconstructs 

the original object wave. Indeed when the hologram was illuminated with the 

original collimated beam, it produced two diffracted waves, one reconstructing 

an image of the object in its original location, and the other, with the same 

amplitude but the opposite phase, forming a second, conjugate image. A major 

drawback of the technique proposed by Gabor [1] was the poor quality of the 

reconstructed image, because it was degraded by the conjugate image, which was 

superimposed on it, as well as by scattered light from the directly transmitted 

beam. The twin-image problem was solved when Leith and Upatnieks [4]–[6] 

developed the off-axis reference beam technique. They used a separate reference 

wave incident on the photographic plate at an appreciable angle to the object 

wave. As a result, when the hologram was illuminated with the original reference 

beam, the two images were separated by large enough angles from the directly 

transmitted beam, and from each other, to ensure that they did not overlap. 

Holography became a working tool to record and reconstruct whole wavefields 

both in amplitude and phase and thanks to this unique feature it found application 

in numerous fields. One of the most important is in interferometric metrology 

started by K. Stetson discovery of holographic interferometry in 1965 [7], [8]. 

This technique allows the measurement of the changes of the phase of the 

wavefield and thus the changes of any physical quantities that affect the phase.  

The idea of using computer for reconstructing a hologram was first proposed by 

Goodman and Laurence in 1967 and then by Kronrod et al. [9], [10] However, 

digital numeric reconstruction of imaged objects has been accomplished quite 

recently [11]. The development of computer technology and solid state image 

sensors made it possible to record hologram directly on charge coupled device 

(CCD) cameras. This important step enabled full digital recording and 

reconstruction of holograms without the use of photographic media, commonly 

referred to as digital holography (DH). DH has become a very useful technique 

for optical metrology in experimental mechanics, biology, fluid dynamics and 

non-destructive inspections. 

2.2. Holographic Recording and Optical Reconstruction 

Each optical field consists of an amplitude distribution as well as a phase 

distribution but all detectors or recording material only register intensity: the 

phase is lost in registration process. If two waves of the same frequency interfere, 

the resulting intensity distribution is temporally stable and depends on the phase 

difference .  This is used in holography where the phase information is coded  

by interference into a recordable intensity. To get a temporally stable intensity 
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distribution at least as long as the recording process must be stationary, which 

means the wave fields must be mutually coherent. 

The off axis geometry 

The experiments which will be presented in this thesis basically use the “off-

axis” arrangement with the object beam separated from the reference one by an 

angle   as shown in Fig. 2.2.(a). The reference beam is a collimated beam of 

uniform intensity, derived from the same source as that used to illuminate the 

object. 

 
 

(a) (b) 

Fig. 2.2.: Schematic view of the off-axis configuration for hologram recording (a); and image 

reconstruction (b). 

The complex amplitude at any point ),( yx  on the photographic plate due to the 

reference beam can then be written as: 

                                              )2exp(),( xfiryxr r                                (2.2.1-1) 

where  /)(sinrf , since only the phase of the reference beam varies across 

the photographic plate, while that due to the object beam, for which both the 

amplitude and phase vary, can be written as: 

                          )),(exp(|),(|),( yxiyxoyxo                    (2.2.1-2) 

The resultant intensity is, therefore, 

 2|),(),(|),( yxoyxryxI

  )2exp()),(exp(|),(||),(||),(| 22 xfiyxiyxoryxoyxr r  
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)2exp()),(exp(|),(| xfiyxiyxor r  = 

)).,(2cos(|),(|2|),(| 22 yxxfyxoryxor r                       (2.2.1-3) 

The amplitude and phase of the object wave are encoded as amplitude and phase 

modulation, respectively, of a set of interference fringes equivalent to a carrier 

with a spatial frequency of rf . If we assume that the amplitude transmittance of 

the processed photographic plate is a linear function of the intensity, the resultant 

amplitude transmittance of the hologram is 

 2'

0 |),(|),( yxoTtyxt     

 )2exp()),(exp(|),(| xfiyxiyxoTr r            

)2exp()),(exp(|),(| xfiyxiyxoTr r .                                   (2.2.1-4) 

where 2

0

'

0 Trtt   is a constant background transmittance. When the hologram 

is illuminated once again with the original reference beam, as shown in Fig. 2.2 

(b), the complex amplitude of the transmitted wave can be written as 

 ),(),(),( yxtyxryxu  

           )2exp(|),(|)2exp( 2'

0 xfiyxoTrxfirt rr   

          )4exp(),(*),( 22 xfiyxoTryxoTr r  .                  (2.2.1-5) 

The first term on the right-hand side of Eq. 2.2.1-5 corresponds to the directly 

transmitted beam, while the second term yields a halo surrounding it, with 

approximately twice the angular spread of the object. These two terms constitute 

the zeroth order of diffraction. The third term is identical to the original object 

wave, except for a constant factor 2Tr , and produces a virtual image of the 

object in its original position. The fourth term corresponds to the conjugate image 

which, in this case, is a real image. If the offset angle of the reference beam is 

made large enough, the virtual image can be separated from the directly 

transmitted beam and the conjugate image. In this arrangement, corresponding 
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points on the real and virtual images are located at equal distances from the 

hologram, but on opposite sides of it. Since the depth of the real image is inverted, 

it is called a pseudoscopic image, as opposed to the normal, or orthoscopic, 

virtual image. 

2.3. Digital Holographic Recording and Numerical Reconstruction  

The principle of DH is identical to the classical one. The idea is always to record 

the interference between an object wave and a reference wave in an in-line or off-

axis geometry. The major difference consists in replacing the photographic plate 

by a digital device like a CCD. Therefore the wavefront is digitized and stored as 

an array of zeros and ones in a computer and the reconstruction process is 

achieved numerically through a numerical simulation of wave propagation. This 

idea was proposed for the first time in 1967 by J.W. Goodman and R.W. Laurence 

[9] and numerical hologram reconstruction was initiated by M.A. Kronrod and 

L.P. Yaroslavsky [10] in the early 1970s. They still recorded in-line and Fourier 

holograms on a photographic plate, but they enlarged and sampled part of them 

to reconstruct them numerically. A complete digital holographic setup in a sense 

of digital recording and reconstruction was achieved by U. Schnars and W. 

Jüptner when they introduce the CCD camera to record Fresnel holograms [11]. 

This method suppresses the long intermediate step of photographic plate 

development between the recording and the numerical reconstruction process and 

allows high acquisition and reconstruction rates. However, no electronic devices 

have been able to compete with the high resolution of the traditional holographic 

materials. 

Sampling  

The recording process is a sampling of an interference pattern consisting of 

spatial frequencies, the highest of which is given by the largest angle between 

object and reference wave. The limited resolution of the CCD chip and similar 

digital devices decides the maximum frequency allowed for sampling and 

severely restricts the experimental set-up configuration. According to the 

Whittaker-Shannon sampling theorem each period must be recorded by at least 

two detector elements. If   is the fringe spacing and 
pd  the detector pitch 

(centre-to-centre spacing between neighbouring detector elements) in one 

transversal direction, then 

                                                               pd2                                     (2.3.1-1) 
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A geometrical evaluation in which   is the angle between the object and the 

reference wave gives 

                                                       











2
sin2



                                        (2.3.1-2) 

Combining Eqs. 2.3.1-1 and 2.3.1-2 gives 

                                                    )
2

arcsin(
pd


                                      (2.3.1-3) 

 where )2/(1 pd is the sampling frequency. This means that the angular extent of 

the object, max , in Fig. 2.3., must not exceed this limit. In order to use the entire 

available bandwidth of the recording device, the equal sign in Eq. 2.3.1-3 should 

be used. Another geometrical evaluation shows that if the distance d between the 

CCD and the object is 

                                                       D
d

d
p



2
                                      (2.3.1-4)  

then the maximum bandwidth is obtained without violating the sampling 

theorem. D  is the transversal size (height or width) of the object, and small 

angular values are assumed according to Eq. 2.3.1-3. 

 

Fig. 2.3.: Schematic view of the angular extent of the object: θ is the angular extent of the 

object and the maximum angle between object and reference wave; d is the distance along the 

optical axis between the CCD chip and the object; D is the transversal size of the object, normal 

to the optical axis.[12] 

The distance d  is in general quite large compared to the object size. For example, 

when the detector pitch is m7.6  and the illuminating light comes from a He-Ne 

laser ( nm8.632 ), the object must be less than cm5  wide and placed 1m in 

front of the CCD. Applications that have been demonstrated over the last years 
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include microscopy [12], [13], deformation studies, particle analysis [14], 

vibration analysis [15], characterization of micro-optics, shape measurements by 

multi-wavelength contouring [16] and light-in-flight observation [17]. Even 

larger objects have been used with the aid of lenses that demagnify the object 

wave [18], magnify the interference pattern or image the object onto the CCD. In 

many cases the detector pitch 
pd  is equal to the size of each detector element, 

also called “unit cell size” or “pixel size”.   and   denote the one-

dimensional pixel sizes along   and   directions, respectively. 

Numerical reconstruction 

While the recording step is basically an interference process, the reconstruction 

can be explained by diffraction theory. Fig. 2.4. schematically shows the relative 

positions of the object, hologram and image planes, the z axis is the optical axis. 

 

 

 

Fig. 2.4.: Geometry for digital recording and numerical reconstruction. 

The hologram is positioned in the ),(   plane where 0z , while ),( yx  is the 

object plane at  )0(  ddz  and )','( yx  is an arbitrary plane of observation at 

'dz  . All these planes are normal to the optical axis. During reconstruction, the 

hologram is an amplitude transmittance or aperture that diffracts the reference 

wave and the propagation of the wavefield ),(),(),(  rhu   from the 

hologram plane to a plane of observation is numerically simulated. With Section 

2.2 in mind, a focused image of the original object should be situated at dz   

and dz   provided the reference as a plane wave. A detailed derivation of the 
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mathematical formulae of diffraction theory is given by Goodman. If )','(' yxb  

is the reconstructed wavefront in the plane of observation, then Rayleigh-

Sommerfeld’s diffraction integral can be written as: 

                          







dd
e

rh
i

yxb
ik

  cos),(),(
1

)','('               (2.3.2-1) 

where the integration is carried out over the hologram surface and 

                                      222 )'()'('   yxd                              (2.3.2-2) 

is the distance from a given point in the hologram plane to a point of observation. 

The quantity cos  is an obliquity factor normally set to one because of small 

angles. If the reference is a collimated and normally impinging wavefront, as in 

this case, one can set 1||),(  rr  , thus simplifying the numerical 

implementation. A disadvantage is that the plane reference does not exploit the 

maximum bandwidth of the CCD chip as is the case with a spherical one. For the 

sake of generality, the notation “ ),( r ” is kept throughout this chapter. 

Equation 2.3.2-1 represents a complex wavefield with intensity and phase 

distributions I  and   given by 

                  );',''*()','(')','( yxbyxbyxI    
 
 )','('

)','('
arctan

yxbR

yxbI
        (2.3.2-3) 

}'{bI  and }'{bR  denote the imaginary and real part of 'b , respectively. There are 

two ways [30] of implementing Eq. 2.2.2-1 in a computer: the Fresnel and 

convolution methods. Both approaches convert Rayleigh-Sommerfeld’s 

diffraction integral into one or more Fourier transforms which make the 

numerical implementation easy. Several Fast Fourier Transform (FFT) 

algorithms are available for efficient computations. 

Reconstruction by Fresnel Transform 

The Fresnel method is based on approximations of the expression in Eq. 2.3.2-2 

by applying the binomial expansion of the square root. When terms of higher 

order than the first two are excluded,   becomes: 
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For the ρ appearing in the exponent, neglecting higher order terms, represents 

very small phase errors. A sufficient condition [10] is that the distance 'd  is large 

enough: 

                                                  2
max

223 )'()'(
4

' 



 yxd              (2.3.3-2) 

Since this is an overly stringent condition, even shorter distances produce 

accurate results. The exponent being the most critical factor, dropping all terms 

but the first in the denominator produces acceptable errors only. Thus, the 

propagation integral in Eq. 2.3.2-1 becomes 
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which represents a parabolic approximation of spherical waves. Rewriting this 

integral yields the reconstructed wavefield as a Fourier transform of the product 

of the hologram, the reference and a chirp function,  
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where  
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y
 and {...}F denotes the Fourier transform. The 

transform is multiplied by a spatially constant intensity factor )'/(1 di  and a 

phase factor ))('exp()'exp( 22  diikd  not dependent on the hologram. The 

acquired hologram is a discrete set of numbers ),(   lkh  taken on a 

rectangular )( MN   matrix with steps   and   along the coordinates. 

Therefore, a numerical implementation of Eq. 2.3.3-4 must be the equivalent two-

dimensional discrete Fourier transform: 
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omitting the constant factor )'/()'exp( diikd   for clarity. {...}DF  denotes a 

discrete Fourier transform. The reconstructed image is a )( MN   matrix with 

elements ),( mn  and steps 
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Chapter 3. Reversible Holographic Patterns on 

Azopolymer for Guiding Cell Adhesion and Orientation 

Abstract 

Topography of material surfaces is known to influence cell behavior at different 

levels: from adhesion up to differentiation. Different micro- and nanopatterning 

techniques have been employed to create patterned surfaces to investigate various 

aspects of cell behavior, most notably cellular mechanotransduction. 

Nevertheless, conventional techniques, once implemented on a specific substrate, 

fail in allowing dynamic changes of the topographic features. Here we 

investigated the response of NIH-3T3 cells to reversible topographic signals 

encoded on light-responsive azopolymer films. Switchable patterns were 

fabricated by means of a well-established holographic setup. Surface relief 

gratings were realized with Lloyd’s mirror system and erased with circularly 

polarized or incoherent light. Cell cytoskeleton organization and focal adhesion 

assembly proved to be very sensitive to the underlying topographic signal. 

Thereafter, pattern reversibility was tested in air and wet environment by using 

temperature or light as a trigger. Additionally, pattern modification was 

dynamically performed on substrates with living cells. This study paves the way 

toward an in situ and real-time investigation of the material−cytoskeleton 

crosstalk caused by the intrinsic properties of azopolymers. 

  



32 

3.1. Introduction 

Understanding cellular reaction and response to the external environment is a 

central aspect in diverse biomedical, bioengineering, and clinical applications. A 

growing number of works emphasize the high sensitivity that cells display toward 

the chemical and physical features of the substrate to which they are connected. 

In particular, such features proved to affect different aspects of cell behavior like 

attachment, spreading, differentiation, and ultimately cell fate [1]–[5]. Different 

types of signals displayed by the material substrate, such as biochemical, 

mechanical, and topographical signals, can influence cell behaviour [6]–[8]. 

Topographic cues are known to exert a potent influence on cell fate and functions, 

and many techniques were developed to fabricate micro- and nanogrooved 

materials to study contact guidance and mechanotransduction phenomena. The 

realization of substrates with topographic patterns usually relies on micro- and 

nanofabrication techniques, chiefly soft lithography, electron beam lithography, 

or focused ion beam lithography. These techniques, despite possessing a very 

high spatial resolution, require expensive equipment and are timeconsuming, 

especially when large surfaces need to be processed. Additionally, once 

produced, the geometric features of the master or substrate cannot be readily 

modified a posteriori because the displayed topography is intrinsically static in 

nature. To overcome the limits of a physically static system and to develop more 

versatile platforms, great interest has recently arisen in using stimulus-responsive 

materials as dynamic supports to investigate cell response [9], [10]. These works 

made use of temperature-responsive cell culture systems, developed through the 

so-called shape memory polymers. A different approach uses azopolymer-based 

substrates in which topographic patterns are transferred on the material surface 

optically. More specifically, holographic imprinting of surface relief gratings 

(SRGs) on azopolymer films is a promising approach for a straightforward 

fabrication of dynamic substrates. In fact, holographic patterns of linearly 

polarized light allow the realization of precise and spatially controlled gratings, 

while circularly polarized or incoherent light allows pattern erasure [11]. Large-

scale surface mass displacement was observed by Rochon et al. [12] and Kim et 

al [12], [13] who irradiated azopolymer films with an interference pattern of light. 

Once the sinusoidal pattern of light is in contact with the polymer, it is able to 

induce the formation of SRGs, in the form of topographic arrays that trace out 

the light intensity profile. This phenomenon has been used to realize micro- and 

nanogrooved polymer films, suitable in many applications, such as optics and 

photonics [14], [15]. Because of their versatility and intrinsic properties, azo-

based materials may have a great impact in unraveling the dynamics of cell 

adhesion events or in inducing specific adhesion-related signaling. Indeed, few 

examples of SRG applications to cell cultures have been reported [16]–[18]. 
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However, studies related to dynamic pattern writing and/or erasing with living 

cells are lacking. On the basis of our previous experience on cell response to 

static micro- and nanoscale patterns [19]–[21], we explored the possibility of 

using light sensitive substrates to move toward the development of surfaces on 

which patterned signals can be manipulated dynamically. Therefore, we 

investigated the behavior of NIH-3T3 cells on a light sensitive azobenzene-based 

polymer. Surface production proved to be easy and fast, and micron-scale 

patterns were produced with conventional optical equipment. Polymer stability, 

reversibility, and dynamic writing and erasing were investigated. Elongation, 

orientation, and focal adhesion morphology of NIH-3T3 fibroblasts were studied 

on different light-induced micron-scale topographic patterns. Our data 

demonstrate that the process we propose is adequate for the production of 

material platforms to perform in vitro studies on reversible and adjustable 

topographic patterns. This can in principle allow investigation of 

cell−topography interactions and mechanotransduction in a dynamic 

environment. 

3.2. Materials and Methods 

General Materials. 

Poly-Disperse Red 1-methacrylate (pDR1m), Triton X-100, TRITC-phalloidin, 

and HEPES solution were supplied by Sigma. Circular cover glasses were 

purchased from Thermo Scientific. Chloroform and other solvents were 

purchased from Romil. Anti-vinculin monoclonal antibody was supplied by 

Chemicon (EMD Millipore), whereas Alexa Fluor 488-conjugated goat anti-

mouse antibody and ToPro3 were purchased from Molecular Probes, Life 

Technologies. 

Substrate Preparation. 

Circular cover glasses (12 mm diameter) were washed in acetone, sonicated for 

15 min, and then dried on a hot plate prior to the spin coating process. pDR1m 

was dissolved in chloroform at a concentration of 5% (w/v). The solution was 

spun over the cover glass by using a Laurell spin coater (Laurell Technologies 

Corp.) at 1500 rpm. A Veeco Dektak 150 profilometer was used to monitor the 

polymer film thickness. Irregular coatings were discarded. 

Surface Relief Grating Inscription.  

A 442 nm He−Cd laser (power of ∼60 mW) was used in a Lloyd’s mirror 

configuration to project an interference pattern of light on the azopolymer films, 
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thus inducing mass migration and SRG formation. In more detail, the azopolymer 

sample was glued to one of the mirror’s edge and the horizontally polarized laser 

beam was reflected on it, thus realizing an interference pattern of light. The 

pattern pitch was given by 2d = λ sin(ϑ), where λ is the laser wavelength and ϑ is 

the angle between the incident beam and the mirror. With angle ϑ varying, 

patterns with different pitch could be easily prepared. Additionally, a beam from 

a He−Ne laser emitting at 632 nm was used for a real-time control of the 

inscription process by monitoring the diffraction efficiency of the inscribed 

grating. 

Surface Relief Grating Erasure.  

SRG structures can be erased by subjecting them to either high temperatures or 

light [22]. Temperature-induced erasure was performed by means of a hot plate 

that was used to heat patterned pDR1m films up to 130 °C, a temperature that is 

well above the glass transition temperature of the polymer (Tg ∼ 85 °C). In the 

case of light-induced erasure, two different strategies were pursued. First, a wave 

plate retarder (WPR) was placed between the linear polarized beam (442 nm 

He−Cd laser) and the sample and acted as polarization filter, thus converting the 

linear polarized laser beam in a circularly polarized one. The time exposure was 

10 min. When pattern erasure was performed in a wet environment, the circularly 

polarized laser beam was reflected with a mirror on top of a fluid-filled 35 mm 

diameter Petri dish. Three different fluid types were tested, namely, water, 10× 

phosphatebuffered saline (PBS), and Dulbecco’s modified Eagle’s medium 

(DMEM). The total fluid volume was 1.5 mL, and the time exposure was 10 min. 

Second, incoherent light was employed to randomize the azomolecules and erase 

the SRG inscription. In details, patterned samples were positioned in a Petri dish 

filled with aqueous solutions and irradiated from the bottom part by using a 

mercury lamp (15 mW intensity) with a 488 nm filter of a TCS SP5 confocal 

microscope (Leica Microsystems). The time exposure was 2 min. 

Atomic Force Microscopy (AFM). 

 A JPK NanoWizard II (JPK Instruments), mounted on the stage of an Axio 

Observer Z1 microscope (Zeiss), was used to characterize the azopolymer films 

in terms of surface topography and pattern features (depth and pitch). Silicon 

nitride tips (MSCT, Bruker) with a spring constant of 0.01 N/m were used in 

contact mode, in air at room temperature. The open source software Fiji was used 

to measure both pattern height and pattern pitch with the 2D Fast Fourier 

Transform function. Five samples for each pattern type were analyzed to obtain 

the geometrical parameters. 
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Cell Culture and Immunofluorescence. NIH-3T3 

fibroblasts were cultured in low-glucose DMEM and incubated at 37 °C in a 

humidified atmosphere of 95% air and 5% CO2. Prior to cell seeding, pDR1m 

substrates were sterilized under UV light for 30 min. In principle, UV irradiation 

does not interfere with pDR1m conformation, because the maximum absorption 

band of the azobenzene polymer is 483 nm (Figure S1 of the Supporting 

Information). After 24 h, cells were fixed with 4% paraformaldehyde for 20 min 

and then permeabilized with 0.1% Triton X-100 in PBS for 3 min. Actin 

filaments were stained with TRITC-phalloidin. Samples were incubated for 30 

min at room temperature in the phalloidin solution (1:200 dilution). Focal 

adhesions (FAs) were stained with vinculin. Briefly, cells were incubated in an 

anti-vinculin monoclonal antibody solution (1:200 dilution) for 2 h and then 

marked with Alexa Fluor 488-conjugated goat anti-mouse antibody (1:1000 

dilution) for 30 min at 20 °C. Finally, cells were incubated for 15 min at 37 °C 

in ToPro3 solution (5:1000 dilution) to stain cell nuclei. A TCS SP5 confocal 

microscope (Leica Microsystems) was used to collect fluorescent images of cells 

on flat and patterned pDR1m films. Laser lines at 488 nm (vinculin), 543 nm 

(actin), and 633 nm (nuclei) were used. Emissions were collected in the ranges 

of 500−530, 560−610, and 650−750 nm, respectively. Cell and FA morphometry 

measurements were performed by using Fiji software. The procedure has been 

previously described by Ventre et al. [21] Briefly, cell elongation was assessed 

from phalloidin-stained cells that were analyzed with the MomentMacroJ version 

1.3 script (hopkinsmedicine.org/fae/mmacro. htm). We evaluated the principal 

moments of inertia (i.e., maximum and minimum) and defined a cell elongation 

index as the ratio of the principal moments (Imax/Imin). In more detail, the 

moment of inertia of a digital image reflects how its points are distributed with 

regard to an arbitrary axis and extreme values of the moments are evaluated along 

the principal axes. High values of Imax/Imin identify elongated cells. Cell 

orientation was defined as the angle that the principal axis of inertia formed with 

a reference axis, i.e., the pattern direction in the case of 2.5 and 5.5 μm linear 

patterns and the horizontal axis (x-axis) for a flat surface and a 2.5 μm × 2.5 μm 

grid. Morphometric analysis of FAs was performed as follows. Digital images of 

FAs were first processed using a 15 pixel wide Gaussian blur filter. Then, blurred 

images were subtracted from the original images using the image calculator 

command. The images were further processed with the threshold command to 

obtain binarized images. Pixel noise was erased using the erode command, and 

then particle analysis was performed to extract the morphometric descriptors. 

Only FAs whose length was >1 μm were included in the subsequent analysis. 

Significant differences between FA length or cell orientation groups were 
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determined with the Kruskal−Wallis test run in Matlab (The Mathworks, Natick, 

MA). 

3.3. Results and Discussion 

Fig. 3.1: Three-dimensional AFM images of (A) flat spin-coated pDR1m, (B) 2.5 μm pitch 

pattern realized with an interference pattern of light, and (C) a 2D grating obtained by two-step 

illumination. The second grating was inscribed after rotating the sample by 90°.Schematic 

representation of the different actin cytoskeleton assemblies within cells. 

Azobenzene-based polymers undergo conformational changes when they are 

irradiated by light. More specifically, under irradiation with a proper wavelength, 

the continuous trans−cis−trans photoisomerization of azobenzene molecules, 

together with their change in geometrical disposition and polarity, results in a 

locally preferred orientation of the azobenzene groups, which direct 

perpendicular to the incident electrical field. As a result, polymer mass migration 

occurs, thus inducing a pattern inscription on the material surface. Many models 

have been proposed so far, aiming to elucidate the mechanism of light-induced 

mass transport and consequent pattern formation. Among these, a thermal model 

[23], a pressure gradient force model [24], a mean-field model [25], an optical-

field gradient force model [26], [27], and athermal photofluidization [28] have 

been developed and presented in the past few decades. However, a general 

consensus about the physics that governs SRG formation has not yet been 

achieved. In this work, we used SRGs as cell culture substrates. Topographic 

patterns were inscribed and erased on pDR1m films by using an interference 

pattern of light and circularly polarized or incoherent beam, respectively. 

Because of the photoreversibility of the azopolymer surface structures, a study of 

the response of NIH-3T3 cells to the dynamic topographic changes of SRGs was 

performed. Lloyd’s mirror is a well-consolidated setup that we employed to 

realize gratings on 700 nm thick pDR1m layers (Figure 3.3A). In detail, a linear 

polarized light reflecting on a mirror resulted in a holographic pattern of light, 

which was able to inscribe a parallel grating on the interfering azopolymer film 
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surface (Figure 3B). By performing a second inscription after rotating the sample 

by 90°, we realized a two-dimensional (2D) SRG (Figure 3.3C).  

Table 1: Dimensions of the Geometrical Features of the SRGs. 

Patterns with different pitches were prepared by varying the angle between the 

laser beam and the mirror. Our study was based on linear patterns with nominal 

pitches of 2.5 and 5.5 μm and a two-dimensional grid with a 2.5 μm × 2.5 μm 

pitch. Table 1 shows the measured geometrical features of the patterns, in terms 

of depth and pitch. The pattern pitch is in good agreement with the theoretical 

predefined values. The pitch mismatch observed on the microgrid is probably due 

to the imperfect overlap between the two linear patterns. In the following, 

substrates will be termed 2.5 and 5.5 μm linear patterns and 2.5 μm × 2.5 μm grid 

pattern. To use these materials as cell culture substrates, we performed a 

preliminary test to assess pattern stability under conditions comparable to those 

experienced during cell culture. Toward this aim, a 2.5 μm linear pattern was 

scanned via AFM, thus obtaining the time-zero height profile. Then the sample 

was immersed in DMEM at 37 °C for 24 h. Afterward, the sample was washed, 

air-dried, and scanned via AFM. The gross morphology of the pattern remained 

unchanged, as well as the height profile, thus demonstrating the structural 

stability of the substrate under biological conditions. The NIH-3T3 fibroblast 

response to the patterned substrates was studied in terms of cell adhesion (length 

and orientation of FAs) and cell shape. Flat polymer films were used as control 

surfaces. Different topographic patterns on azopolymer films proved to exert a 

strong influence on cell behavior. In fact, NIH-3T3 cells were mostly round or 

elliptical in shape when cultivated on a flat or 2.5 μm × 2.5 μm grid pattern 
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(Figure 3.2A,B), whereas they appeared to be polarized and elongated along the 

direction of the 2.5 μm (Figure 3.2C) and 5.5 μm linear patterns (Figure 3.2D).  

Fig. 3.2: Confocal images of NIH-3T3 cells on (A) flat pDR1m, (B) a 2.5 μm × 2.5 μm grid 

pattern, and (C) 2.5 μm and (D) 5.5 μm linear patterns on pDR1m. The cell cytoskeleton is 

stained with phalloidin (red); FAs are immunostained for vinculin (green), and nuclei are 

stained with ToPro3 (blue). Transmission images of the underlying substrate are shown at the 

bottom right corner of each confocal micrograph. Scale bars are 10 μm. 

This was confirmed by the quantitative image analysis performed on the confocal 

micrographs. In more detail, the cell elongation (Imax/Imin) was 17.8 ± 2.5 for 

cells spread on a 2.5 μm pattern and 9.5 ± 2.3 for those on a 5.5 μm linear pattern, 

which were significantly different from those measured on the 2.5 μm × 2.5 μm 

grid and flat pDR1m, i.e., 1.5 ± 0.1 and 1.8 ± 0.2, respectively. With regard to 

orientation, cells were aligned in the same direction of the underlying patterns on 

2.5 and 5.5 μm linear gratings, while they were randomly oriented on a 2.5 μm × 

2.5 μm grid and flat polymer (Figure 3.3A). Our results are consistent with other 
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reports that emphasize the role of FA assembly and orientation in cell shape and 

elongation [20], [21], [29]. We therefore analyzed the morphological features of 

FAs on the different topographies and on the flat substrate. FAs that formed on 

linear patterns had a comparable length that was not significantly different from 

that measured on the flat substrate. Furthermore, FAs on linear patterns displayed 

a narrow distribution of orientation angles, whose average values indicated a 

strong co-alignment with the pattern direction. As expected, FAs on flat 

substrates and on the 2.5 μm × 2.5 μm grid were randomly oriented, i.e., mean 

orientation of ∼45°, with a broad distribution. In particular, FAs on the 2.5 μm × 

2.5 μm grid were significantly shorter than those on flat surfaces (Figure 3B). 

Therefore, it is likely that the presence of arrays of dome-shaped pillars hampers 

the formation of longer focal adhesions.  

Fig. 3.3: (A) Quantitative analysis of the cell elongation index and cell orientation on 2.5 and 

5.5 μm linear patterns, a 2.5 μm × 2.5 μm grid, and flat pDR1m. Filled triangles refer to the 

elongation index, whereas empty circles refer to the orientation. (B) Quantitative analysis of the 

FA length and orientation on the substrates as in panel A. Filled diamonds represent FA length, 

whereas empty circles represent FA orientation with respect to the pattern direction. For the 

grid and flat surface, angles are evaluated with respect to the horizontal axis. The asterisk 

indicates significant differences with respect to the flat case (p < 0.05). Bars refer to the 

standard error of the mean for cell elongation and FA length, whereas they represent the 

standard deviation in the case of cell and FA orientation. 

Thick actin bundles were clearly visible in cells cultured on linear SRG, whereas 

a predominant cortical actin was observed in cells on flat surfaces. Interestingly, 

cytoskeletal assemblies that formed in cells on the micro grid had a peculiar 
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rosetteshaped structure. Even though confocal snapshots do not provide 

information about the dynamics of cytoskeleton assembly, it is tempting to 

speculate that as microgrids hamper FA formation, the subsequent organization 

of a stable cytoskeleton is also delayed. Stable actin bundels can form only a 

limited number of adhesion spots. The remaining actin is involved in an extensive 

ruffling at the cell periphery, as the cell tries to maximize the number of 

adhesions. Indeed, it is recognized that an increased ruffling activity occurs on 

scarcely adhesive substrates or when the available extracellular adhesive islets 

are very narrow [30]. Topographic patterns imprinted on pDR1m proved to be 

effective in controlling different aspects of the cell−material interactions and 

macroscopic cell behavior. More interestingly, though, surface modifications 

induced on azopolymers are, in principle, reversible; i.e., if they are exposed to 

specific chemical and physical cues, patterns can be manipulated or erased. 

Pattern erasure is an aspect that we carefully addressed as it would greatly 

increase the versatility of the pDR1m substrates. This could allow several 

instances of fabrication of various patterns on the same substrate without 

employing expensive equipment and further chemical products. In this work, 

pattern erasure was induced by using temperature or light as a trigger. In the first 

case, heating the linear SRG to 130 °C for 3 h caused the flattening of the 

gratings, and the pattern could be rewritten afterward (Figure 4).  

Fig. 3.4: Three-dimensional AFM images of temperature-induced SRG erasure. The temperature was set 

at 130 °C for 3 h; every hour, a 20 μm × 20 μm AFM image was acquired. A SRG pattern was rewritten 

on the flat substrate with the Lloyd’s mirror setup. On the right, height AFM cross sections are shown at 

different time steps. 

Temperature erasure of SRGs cannot be directly applied to living cell cultures. 

However, thermal modification of the pattern allowed us to obtain a relatively 

smooth surface to which to compare the other manipulation techniques. In 

principle, photoswitching has the potential to be implemented for dynamic 
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changes of the pattern features. As a preliminary experiment, circularly polarized 

light was used to reduce SRG depth. After irradiation for 10 min in air at room 

temperature, the grating depth decreased from 90 to 10 nm, similar in shape to 

that obtained through thermal processing. To assess the effectiveness of pattern 

modification on a cell culture experiment, we first cultivated NIH-3T3 cells on 

flat surfaces for 24 h. Cells were then trypsinized, and the substrates were washed 

in PBS and air-dried. Second, a 2.5 μm pattern was inscribed using the setup 

previously described on which cells were seeded on the patterned substrate and 

cultivated for 24 h. Finally, cells were trypsinized, the substrate was washed and 

dried, and the pattern was erased by exposing it to a circularly polarized light for 

10 min at room temperature. To draw out quantitative data on cell morphology 

and adhesion, we prepared a second set of samples in which cells were fixed and 

stained rather than detached from each substrate with trypsin. Therefore, confocal 

images of cells stained for vinculin, actin, and nuclei were acquired (Figure 3.5). 

Cells were randomly distributed on a flat polymer, while they acquired an 

elongated morphology when they were seeded on the linear pattern. Circularly 

polarized light dramatically reduced pattern height, and cells recovered a round 

morphology accordingly. The quantification of cell elongation and orientation is 

reported in Figure 5D, in which the highest values of elongation are measured on 

the 2.5 μm pattern, whereas the elongation of cells on the erased pattern is not 

significantly different from that of the flat case. Accordingly, cell orientation was 

nearly parallel to the pattern direction with a narrow distribution when cells were 

seeded on the pattern, while a random orientation with a broad distribution was 

measured for cells on both flat and erased pattern. FA length did not display 

changes in the writing/erasing cycles, whereas FA orientation was very sensitive 

to the topography as parallel FAs were observed on the SRG only (Figure 3.5E). 

Therefore, pDR1m-coated substrates can in principle be rewritten with different 

patterns, and cells respond to the modified signal accordingly. Cells are 

necessarily cultivated in aqueous media. To implement light-induced pattern 

modification or erasure while living cells are cultivated on the substrate, the 

circularly polarized laser beam must pass through the culturing medium before 

colliding onto the patterned surface. We then investigated whether the process of 

pattern erasure was affected by the presence of an aqueous environment. 

Therefore, the laser beam was directed into the Petri dish containing the SRG 

sample immersed in either water, PBS, or DMEM (1.5 mL in volume). After 

exposure for 10 min, we observed the formation of bubblelike structures on the 

polymer surface, which were arranged in a sort of aligned pattern. 

Simultaneously, the original topographic pattern intensity was drastically 

reduced. This particular effect occurred in a manner independent of the fluid type. 

Cells seeded on the erased SRG were not able to perceive the original topographic 
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signals (red arrow) but rather co-aligned along the bubblelike structures (yellow 

arrow).  

Fig. 3.5: Confocal images of NIH-3T3 cells cultivated on (A) flat pDR1m substrate, (B) SRG 

grating, and (C) pattern erased with circularly polarized light. Transmission images of the 

substrate are reported in the bottom right corner of each confocal micrograph, and AFM scans 

are shown below them. (D) Plots of cell elongation (▲) and cell orientation (○). (E) Plot of FA 

length (▲) and orientation (○). The asterisk denotes a significant difference with respect to the 

flat case. Bars indicate the standard error of the mean in the case of cell elongation and FA 

length, whereas they represent the standard deviation in the case of cell and FA orientation. 

The use of circularly polarized light to erase or reduce the pattern depth entailed 

a great disadvantage; in fact, the optical setup was hardly adaptable to cell 

environment conditions, and the laser intensity was not suitable for dynamic real-

time experiments with cells. For this reason, we introduced a new approach to 

erase SRG structures on pDR1m films, based on the use of a microscope. This 

new strategy was more adaptable to biological conditions; in fact, because of the 

microscope equipment it was possible to identify precisely the polymer surface, 

and because of the coupled isolated thermochamber, the biological environment 

was easily reproduced, allowing the observation of cells over several hours after 

light exposure. In this case, an incoherent and unpolarized light beam of a 
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mercury lamp, implemented in a Leica confocal microscope (15 mW intensity, 

488 nm filter), was used to erase the patterns. In fact, incoherent and unpolarized 

light is highly effective in randomizing azobenzene molecule orientation, as well 

as circularly polarized light. Starting from these observations, we irradiated a 

cellpopulated 2.5 μm pattern for 2 min with the mercury lamp. Also in this case, 

bubblelike structures appeared. However, NIH-3T3 cells were still vital and 

migrated over the substrate. Despite the fact that both circularly polarized and 

incoherent light sources proved to be very effective in erasing the pattern under 

dry conditions, the presence of an aqueous environment generates the bubblelike 

structures due to either scattering of the light or promotion of uncontrolled 

interactions between water and the azopolymer. It is most likely that upon 

irradiation water molecules deform the polymer, while pDR1m is stable in 

aqueous media under the normal cell culturing conditions. Therefore, we 

hypothesize that a photofluidization process (athermal anisotropic 

photosoftening) occurs, meaning that light-induced molecule mobility allows 

small forces to generate material flow [31]. In an aqueous environment, this 

phenomenon triggers a sort of interfacial phase separation between the 

hydrophobic polymer and the aqueous environment, with the formation of 

globular polymeric domains on the substrates. However, this needs to be 

confirmed with specific experiments. Azobenzene compounds, along with their 

response to light irradiation, have been widely investigated and are mainly used 

in the optics and photonics fields. Despite their extraordinary chemical and 

physical characteristics, the number of studies on the use of azobenzene-based 

substrates for cell cultures is limited. Specifically functionalized azopolymers 

were used to alter the surface chemistry of cell culture substrates, for example, 

wettability or ligand presentation, thus altering the cell response [32]. 

Azopolymers are particularly suitable for the fabrication of topographic patterns 

because of the orderly mass migration induced by interference patterns of linearly 

polarized light [11]. This makes these polymers an ideal platform for studying 

cell−topography interactions. The topographic signal and in particular micron- 

and submicron-scale signals proved to strongly affect and control a specific 

aspect of the cell behavior. They finely regulate the processes of cell adhesion 

and migration [20], [21], [29], and topographies can exert a profound impact on 

cell differentiation [1], [4] and tissuegenesis [19], [33]. In the case of topographic 

patterns encoded on azopolymers for in vitro cell cultures, Rocha et al.[17] 

studied the biocompatibility of azopolymer-based polysiloxane coatings and 

investigated the stability of the substrates in an aqueous environment. Barille et 

al.[16] examined the imprinting capabilities of the azo-based photoswitchable 

materials under both dry and wet conditions and analyzed neuron response to the 

topographic signal. Interestingly, they also reported that irregularities were 

observed when the pattern was embossed in the presence of PBS. To the best of 
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our knowledge, however, the possibility of exploiting the writing/erasing 

reversibility of azobenzene polymers in biological applications has not yet been 

addressed. We demonstrated that pDR1m-coated glass can be patterned in a 

reversible manner using either temperature or light triggers. Additionally, the 

microscopy setup we propose allows pattern feature alteration in the presence of 

cells without affecting their viability. However, even though the system has the 

potential to be employed for real-time experiments with living cells, the 

irradiation technique needs to be optimized to gain better control of azopolymer 

mass transport and hence improve pattern modification. 
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3.4. Conclusions and Future Trends 

In this work, we presented an effective and inexpensive technique for imprinting 

and modifying large-scale biocompatible topographic patterns on pDR1m-coated 

glass, using conventional equipment. Patterned substrates proved to be effective 

in confining FA growth and cytoskeletal assembly. The pattern could be easily 

erased and rewritten under dry conditions, whereas in a wet environment, 

circularly polarized or incoherent light was able to alter pattern shape. In 

particular, incoherent and unpolarized light-mediated erasure proved to be a 

promising strategy for real-time experiments with living cells as microscopy 

setup and illumination exposure time did not affect cell viability. Therefore, the 

system we proposed has the potential to be employed for understanding cell 

behavior and possibly mechanotransduction events in a dynamic environment. 
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Chapter 4. Imaging and Characterization of Surface 

Relief Gratings on Azopolymer by Digital Holographic 

Microscopy 

Abstract 

Azopolymers are unique materials with interesting optical properties due to the 

photoisomerization reaction, which induce large material motions at molecular, 

nanometrical and even macroscopical scales making suitable for many 

applications. Several methods such as direct efficiency diffraction and AFM are 

used to characterize and study the morphological properties of SRG’s. However, 

those methods are time-consuming, invasive or non-so much revealing. In this 

paper we shown that the use of DHM can overcome these limitations. We use a 

DHM set-up after using a Lloyd mirror to retrieve 3-D information from the 

whole sample in a fast and non-invasive way. AFM and DHM data are matched 

to validate our approach. Due to his high axial resolution, DHM shows 

nanometrical axial deepness information. 
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4.1. Introduction 

The request of the synthesis of functional polymers has experimented a great 

growth due to the need to produce optoelectronic materials for different 

applications such as light emitting diodes, thin-film transistors, sensors, light-

harvesting. Nowadays, functional polymers if  biocompatible can be used as 

supportive scaffolds in the field of tissue engineering. Recently,   we were 

focused our attention to study and make a biocompatible gratings by 

interferometric techniques in order to investigate the cell motion using azo-

polymer (poly Disperse Red 1 acrylate (pDR1a)) as surface relief grating (SRG)  

[1]. SRG’s were first observed in 1995 by Rochon [2] and Kumar [3]. Even more, 

it was the first time that a large-scale surface mass transport generated by 

polarized laser light was reported in polymer science. Such experimental work 

caught sight of new amazing light-induced phenomena never explained before. 

There is a last good reviewed work available covering Azopolymer micro- and 

nanostructures for photonic applications belongs to Priimagi and Shevchenko  [4] 

spiegare cosa dice questa review. Following the division initially explained by 

Natansohn and Rochon, the photoisomerization reaction can induce substantial 

material motions at different scales, i.e., molecular, mesoscopic and macroscopic 

level. The effect of SRG’s formations depends on light properties (intensity, 

polarization and wavelength…) and material characteristics (compound and 

material thick…). Many works have studied theoretical models to understand 

how light can cause such macroscopic movements of glassy materials at even 

more than 100ºC below the glass-transition temperature of the polymer. The 

common element of all currently proposed models is that the light-induced mass-

transport action is related to the optical field via its intensity gradients [5]; even 

so, the mechanism responsible for the formation of SRG is still unresolved [6]–

[8]. 

Besides, the diffractive properties of azopolymer diffraction gratings were in 

1984 (Todorov et. al.) [9] assumed to be only due to the birefringence 

phenomena. The Rochon team used an atomic force microscope (AFM) to 

examine the surface of the polymer [2], which allowed them to perceive the 

nanometrical sinusoidal variation of the depth. Therefore, it is easy to understand 

how important is to apply specialized advanced devices and methodologies to 

glimpse new phenomena that escape to human ingenuity. Then, characterize 

accurately such substrates is not a simple task. On one side, diffraction method 

was the original procedure that Todorov used to characterize the diffraction 

efficiency but did not provide surface information making it, at the present time, 

an homemade traditional technique to characterize the SRG’s. On the other hand, 

AFM has helped to researchers to characterize with incredible accuracy much 
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kind of surfaces, from the polymer films to the cells. For example, a research 

group recently coupled an AFM to an optical lithographic interferometer to 

characterize SRG’s [10]. However, this appreciative technic suffers from several 

disadvantages. From our point of view, the great disadvantage is the relative slow 

rate of scanning during AFM image, which avoid really the on-line image 

acquisition. Then, two key points arise and suggest the need for continue 

searching new analysis options which allow to the researcher make more flexible 

and simple the characterization of SRG’s. SRG’s on azopolymer are difficult to 

observe in optical bright-field microscopy and they are almost invisible when the 

groves thickness has nanometrical deepness. Those groves produce a sinusoidal 

phase shift to the incoming light where the thickness information is encoded. A 

qualitative visualization of this phase contrast may be obtained by contrast 

interference microscopy, that is, phase contrast or Normaski/Zernicke 

interferential contrast microscopy. However, by these techniques, it is not 

possible to retrieve the quantitative phase shift value. In order to overcome these 

intrinsic limitations, a Digital Holographic Microscope (DHM) approach is 

employed in this work [11]. DHM is noncontact, label-free, non-invasive and 

high axial resolution method that allows the recording and reconstruction of the 

wave front information from biomaterials (amplitude and phase information). 

Consequently, 3-D quantitative sample imaging can be automatically produced 

by numerical refocusing of a 2-D image at different object planes without 

mechanical realigning the optical imaging system. This method allows the 

characterization of dynamical samples. DHM has been  [12] successfully applied 

for real-time 3-D metrology for studying microelectromechanical systems 

(MEMS), vibrational analysis, recognition and study of cells behavior [13]–[15], 

for imaging in turbid media [16], TIR  [17], [18] and plasmonic  phase image, 

resolution improvement (super-resolution)  [19], [20] and nano sized particle 

detection. In this work, we use DHM for the first time in order to study and 

characterize statically the SRG’s formation based on azopolymers.  

4.2. Tools and Approaches 

Substrate preparation 

Circular cover glasses (12 mm diameter) were washed in acetone, sonicated for 

15 min and then dried on a hot plate prior to the spin coating process. Poly-

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

chloroform at a 5% w/v concentration. The solution was spun over the cover glass 

by using a Laurell spin coater (Laurell Technologies Corporation, USA) at 1500 

rpm. A Dektak 150 profilometer was used to monitor the polymer film thickness. 
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Surface relief grating inscription 

Fig. 4.1: Lloyd mirror set-up. A SRG is patterned on the polymer surface due to an 

interferometric exposure. The SRG formation was monitoring by the diffraction effects. 

Interference phenomena occurs when the optical paths of two or more 

electromagnetic waves overlap in the space. When such a superposition of waves 

exists, the total electric field at a given point results into the sum of all the electric 

fields involved (at the same time). The intensity distribution in the region of 

electric field superposition varies from point to point between maxima, which 

exceed the sum of the individual intensities of the beams, and minima, which 

may be zero. The actual interference pattern formed will depend on the phase 

differences between the different electric field involved. Such a condition implies 

that the interfering beams must be coherent, thus they must maintain a constant 

relative phase difference during the emission. One-dimension periodic intensity 

distribution can be realized by overlapping two coherent plane waves. The period 

(d) of the obtained interference pattern is related on the wavelength (λ) of the 

laser, the refraction index (n) of the material and the angle between the two waves 

(θ): 

A 442 nm He-Cd laser (power of about 50 mW) was used in a Lloyd’s mirror 

configuration in order to project an interference pattern of light on the 

azopolymer films, thus inducing mass migration and SRG formation (Figure 1). 

In more details, the azopolymer sample was glued to one of the mirror’s edge and 

the horizontally polarized laser beam was reflected on it, thus realizing an 

interference pattern of light. Additionally, a beam from a He-Ne laser emitting at 

632 nm was used to control of the inscription process by monitoring the 

diffraction efficiency of the inscribed grating. 
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Atomic Force Microscopy (AFM) 

A JPK NanoWizard II (JPK Instruments), mounted on the stage of an Axio 

Observer Z1 microscope (Zeiss), was used to characterize the azopolymer films 

in terms of surface topography and pattern features (depth and pitch). Silicon 

Nitride tips (MSCT, Bruker) with a spring constant of 0.01 N/m were used in 

contact mode, in air at room temperature. The open source software Fiji25 was 

used to measure both pattern height and pattern pitch with the 2D Fast Fourier 

Transform function. 

Digital Holographic Microscopy (DHM) 

It has mounted a DHM set-up, which digital holograms were recorded in the off-

axis configuration using a CCD camera to characterize the SRG on the Azo-

polymers (Figure 2). A 594 nm He-Ne was used to just analyze the sample 

avoiding the isomerization effects due to the light. The set-up consist in two arms, 

which a beam spliter (BS1) divides the original beam in two parts. The first one 

is the object arm (OA) which function is similar to a conventional microscope. 

Another arm is installed as reference arm (RA). The last one allows to stamp the 

hologram information on the CCD camera when both beams impinge the CCD 

with different angle. Finally, the SRG data is retrieved numerically by computer 

analysis. The phase distribution at the surface of the object is obtained from the 

same hologram by calculating the argument of the reconstructed wavefront. The 

quantitative nature of the obtained phase distribution gives access to the 

topography of the object. 

Fig. 4.2: Digital Holographic Microscopy apparatus.  
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4.3. Results and Discussion 

Topographic patterns, inscribed by using the described Lloyd’s mirror setup, 

have been realized on a 700 nm thick pDR1m layers (Figure 4.3A). In details, a 

linear polarized light reflecting on a mirror resulted in a holographic pattern of 

light, which was able to inscribe a parallel grating on the interfering azopolymer 

film surface (Figure 4.3B). By performing a second inscription after rotating the 

sample by 90°, a two-dimensional (2D) SRG was realized (Figure 4.3C). 

Fig. 4.3: 3D AFM images of (A) flat spin coated pDR1m, (B) 2.5 μm pitch pattern realized with 

an interference pattern of light and (C) 2D grating obtained by two-step illumination, the second 

grating was inscribed after rotating the sample by 90°.  

Patterns with different pitch were prepared by varying the angle between the laser 

beam and the mirror. The study was based on linear pattern with nominal pitch 

of 2.5 and two-dimensional grid of 2.5 × 2.5 μm pitch. The pattern pitch is in 

good agreement with the theoretical predefined values. The pitch mismatch 

observed on the micro grid is probably due to the not perfect overlapping between 

the two linear patterns. In the following, substrates will be referred to as 2.5 μm 

linear pattern and 2.5×2.5 μm grid pattern. In order to analyze these materials 

also with DHM, a Match-Zhender interferometer was installed. To be sure that 

the measurements are sufficiently non-invasive, a Helium-Neon laser at 594 nm 

of wavelength was employed. In this way, a high percentage of light is 

transmitted through the sample preventing the activation of molecules. We have 

checked that DHM is quite powerful to reveal nano-groves and start to use this 

method to completely characterize static SRG’s (Figure 4.4). 

Fig. 4.4: (A) 1D and (B) 2D phase images groves by DHM  
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Such substrates were originally sized to use on the Tissue Engineer field. 

Preliminary experiments have been performed to study the biocompatibility of 

the realized SRG. Owing to the photo-reversibility of the azopolymer surface 

structures, a study of NIH-3T3 cell response to the dynamic topographic changes 

of SRGs also can be performed. 

4.4. Conclusion and Future Trends 

In this chapter we presented a DHM study to characterize the azo-polymers 

instead AFM. Two patterned substrates of 1D and 2D were realized with a 

lithographic interferometric method using the Lloyd mirror configuration. 

Subsequently, we have characterized and compared the samples with both 

techniques mentioned above. Therefore, the approach we proposed has the 

potential to be employed for understanding the dynamics of SRG formation and 

we believe it will has also future impact in the analysis of interaction between 

biomaterials and cell behavior study. 
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Chapter 5. Monitoring Cell Behavior under Blue Light 

Exposure by DHM 

Abstract 

The exposure to visible light has been shown to exert various biological effects, 

such as erythema and retinal degeneration. However, the phototoxicity 

mechanisms in living cells are still not well understood. Here we report a study 

on the temporal evolution of cell morphology and volume during blue light 

exposure. Blue laser irradiation is switched during the operation of a digital 

holography (DH) microscope between what we call here “safe” and “injurious” 

exposure (SE & IE). The results reveal a behaviour that is typical of necrotic 

cells, with early swelling and successive leakage of the intracellular liquids when 

the laser is set in the “injurious” operation. In the phototoxicity investigation 

reported here the light dose modulation is performed  through the very 

same laser light source adopted for monitoring the cell’s behaviour by digital 

holographic microscope. We believe the approach may open the route to a deep 

investigation of light-cell interactions, with information about death pathways 

and threshold conditions between healthy and damaged cells when subjected to 

light-exposure.  
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5.1. Introduction 

It is well known that visible wavelengths, ranging from 400 nm to 700 nm, exert 

various biological effects, including erythema [1], pigmentation [2], [3] and 

generation of oxygen species [4]. However, nowadays, the interaction of visible 

light with living cells is still of great interest for a wide variety of purposes [5]–

[8]. Among a plethora of cell features used for investigating cell damages, the 

morphology and volume are gaining great significance. In fact, the mechanisms 

of cell volume regulation (CVR) are of fundamental importance in live and 

healthy cells. They compensate for those minor volume variations that occur 

physiologically, by maintaining an appropriate balance of ions across the cell 

membrane. Any alteration of this CVR is associated to disease states and cell 

death pathways, as well described in a wide variety of reviews and papers 

available in literature [9], [10]. A common feature to dead cells is the loss of cell 

membrane integrity, with the subsequent release of the intracellular content. In 

fact, the most used assays, able to differentiate between viable and non-viable 

cells, are based on the assessment of the membrane integrity through time 

consuming process steps that make use of inclusion and/or exclusion dyes such 

as trypan blue or propidium iodide [11], [12]. However, such cell viability assays 

assess only the late stage of the cell death process, without any information about 

the cell death pathway and about the stimulus that induced the cell death. In fact, 

it is noteworthy that the early stage of the cell death is accompanied by non-

negligible and peculiar changes in volume and morphology that define the 

different cell death pathways [13]. In particular, the volume increase associated 

to initial cell swelling occurring during necrosis is a key morphological 

characteristic that discriminates this physiological cell death process from 

apoptosis that, conversely, in characterized by initial loss of cell volume 

associated to cell shrinkage [14], [15]. Indeed, when cells undergo necrosis, 

typically the cytoplasmatic granularity increases, the plasma membrane loses 

integrity and exhibits balloon-like structures, and the cell swells while the nuclei 

remain intact. In contrast, apoptotic cells exhibit typically blebbing of plasma 

membrane, formation of apoptotic body, chromatin condensation with 

margination of chromatin to the nuclear membrane, and nuclear fragmentation. 

Necrosis is considered as a form of cell injury that results in the premature death 

of cells in living tissue, whereas apoptosis is an orchestrated process of 

programmed cell death, encoded genetically in vertebrates, that plays a central 

role in development and homeostasis. Nowadays a great interest exists in finding 

methods and procedures able to measure accurately the cell volume changes over 

time in the early stage of cell death, in order to discriminate, as much precisely 

as possible, between diverse cell death processes and associated causes. In fact, 

for example, it is important to distinguish necrosis from other forms of cell death, 
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particularly because it is often associated with non-physiological loss of cells in 

human pathologies [16], [17]. Various techniques have been presented in 

literature for studying cell volume changes. The conventional optical 

microscopy, under bright field or differential interferometry contrast, provides a 

quite facile and rapid view of the early stage death in cell culture dishes but only 

qualitatively, without any quantitative information about volume changes. The 

electron microscopy [18], [19] provides high spatial resolution and is usually 

considered the ‘gold standard’ in cell death research. However, it is very 

expensive, time consuming and requires cell fixing, thus suspending any 

biological process. The electronic cell sizing is useful for precise measurements 

but is a population-based technique [20]. Scanning-based techniques allow for 

live-cell imaging on tissue culture plates with relatively high spatial resolutions, 

but these measurements are time-consuming, thus making it difficult to observe 

changes in morphology with a time resolution better than minutes [21]. Probably 

the most widely used methods are those based on flow cytometry [22]–[26]. They 

are quite convenient and give information about cell size through relatively easy 

to accomplish measurements based on light scattering phenomena. However, 

these techniques require suspended cells and therefore they assume a spherical 

shape for each cell, thus giving an output signal that is related only to the cell 

size, without providing a direct measurement of the volume. Additionally, 

individual cells cannot be monitored over time. 

In recent years, the digital holography (DH) in  microscopy configuration has 

been proved to be suitable for bio physics experiments to evaluate quantitatively 

forces, positions and biovolumes [27]–[33]. Basically, DH measures directly the 

phase changes undergone by a light wave passing through or reflecting from 

objects [34]–[37]. Such measured phases can be converted to a volume’s change 

of the cell through a variety of phase unwrapping methods. Therefore DH allows 

one to measure the temporal evolution of the volumes of both individual and 

many cells, without scanning procedures. The time resolutions are limited, 

basically, only by the frame rate of the camera used for recording the holograms 

[38], [39]. Compared to the above-mentioned techniques, DH allows one to 

detect accurately the volume changes occurring in the early stage of cell death, 

thanks to its excellent time resolution. 

Different works have been published in the last few years where DH is used for 

investigating the variations of cell morphology under in-vitro invasive 

stimulations. Pavillon et al. used DH for monitoring the transient swelling 

phenomena occurring in neuronal cells when stimulated by glutamate 

applications, but without leading to death [40]. A couple of works used DH for 

measuring the temporal evolution of cell volume changes during cell death 
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induced by chemical treatments: neuronal cells stressed by glutamate overdoses 

[41] and human epithelial cells stimulated by staurosporine [42]. More recently 

Wingren’s group proposed DH for monitoring morphologically cell cycle arrest 

and death under specific chemical treatments, but without real time information 

about the cell volume changes during death [43], [44]. Balvan et al. presented a 

combination of DH and fluorescence microscopy for distinguishing apoptotic and 

necrotic cancer cells through plumbagin treatments, but, again, without 

presenting temporal evolution of cell volumes [45]. In this framework, to the best 

of our knowledge, cell volume changes have been investigated only in case of 

chemical treatments. However, it is important to note that even light exposure at 

wavelengths towards the blue range is injurious for live cells, leading to cell death 

[46]. 

Here we propose an innovative DH configuration able to monitor the cell volume 

variations induced by blue light exposure at different cell adhesion stages, thus 

giving quantitative information about the cell death pathways occurring under 

this kind of injurious stimulation. Compared to the above mentioned DH 

techniques, here for the first time we develop a DH set-up that uses a blue laser 

source that simultaneously serves as reading and erasing tool, by switching the 

DH operation between what we call here “safe” and “injurious” exposure (SE & 

IE). In other words, the same laser source is used for recording the holograms, 

by using exposure parameters that preserve the cell viability, and for 

overexposing the cells. Compared to the above-mentioned DH methods, we can 

improve the longitudinal resolution thanks to the shorter wavelength of the blue 

source. The resulting highly resolved volume data reveal the morphology 

evolution typical of necrotic cells, with swelling and subsequent membrane 

rupture. Moreover, the versatile nature of the laser exposure, temporally as well 

as spatially, allows one to localize the death stimulation, contrary to all of the 

above-mentioned techniques where the entire cell population is induced to death 

through chemical treatments. This method allows one to extract very important 

information on the interaction between laser light and live adherent cells, 

establishing the threshold conditions between healthy and damaged cells. This 

study opens the route for further investigations on light induced mechanisms in 

living specimen and, thanks to the possibility of structuring the light pattern, even 

at the interface between live and dead samples. 
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5.2. Experimental Setup 

Fig. 5.1: Schematic view of the DH set-up. SH, shutter; F, filters; BS, beam-splitters; M, 

mirrors; OM, opitcal microscope objectives; TL, tube lens.  

Figure 5.1 shows the off-axis DH set-up used for monitoring the cell volume 

changes during blue light exposure. It is based on a Mach-Zehnder interferometer 

mounted under transmssion configuration. The beam exiting a CW laser diode 

(Melles Griot), emitting 5 mW @ 473 nm, has a diameter of 0.75 mm and is 

splitted by the beam-splitter BS1 into two beams called object and reference 

beams. The object beam is deviated vertically and redirected downward on the 

sample holder through the mirrors M2 and M3. The 20x microscope objective 

OM1 magnifies the sample image, while the beam splitter BS2 recombines the 

two beams and addresses the interference pattern onto the sensitive chip of a 

conventional CCD camera (1628 x 1236 pixels, 4.4 mm sized, JAI). The glass 

Petri dish (Sigma Aldrich) with living cells is mounted into a conventional micro-

incubator chamber (Warner Scientific) in order to maintain the appropriate 

temperature and atmosphere conditions (37°C and air mixed at 5% CO2). A small 

angle between the reference and the object beams is introduced to spatially 

separate the first order spectral components from the zer-order term to enable 

effective filtering in the Fourier domain. The phase shift data encoded by the 
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wavefront traversing the cell bodies arises basically from the difference in 

refractive index between the specimen and the surrounding medium, and is 

proportional to the thickness of the observed transparent specimen. This phase 

shift Dφ can be expressed as follows [29], [40]:   

where l is the laser wavelength, nc is the mean cellular refractive index, nm is the 

refractive index of the surrounding solution, and   is the cell thickness at position 

(x,y) in the field of view. We considered, in the first approximation, nc=1.375 for 

the cellular refractive index [31] and nm= 1.337 for the refractive index of the 

medium [30]. The cell volume was evaluated by adding the volumes above each 

pixel belonging to the cell in the reconstructed phase image. These volumes were 

calculated by multiplying the height obtained from Eq. (1) by the lateral size of 

the corresponding base pixel that, in this case, was px= 0.128 mm. The evolution 

of the cell volume was monitored in real time thanks to multiple image 

acquisitions and, in particular, was performed here during different stages of the 

cell adhesion. It is worth noting that the refractive index of the cell may be 

considered approximately the same during the experiment [42], thus allowing 

one to consider the volume change as the main contribution to the phase 

variations.  

As already mentioned in the first section, we use here for the first time a DH set-

up with a blue laser source for cell morphology investigation, thus improving the 

spatial resolution, compared to traditional DH methods with red sources. The 

operation conditions were controlled accurately in order to assess the threshold 

between what we call here safe exposure and injury exposure (SE, IE), by 

evaluating the integrity of both cell body and membrane reconstructed by DH. In 

the first case, the best performance in terms of both DH reconstruction and cell 

integrity was obtained by using a laser power attenuated down to about 200 mW 

and an exposure window DT about 1 s long, in correspondence of which 1 

hologram is acquired, at regular intervals DT of 150 s. These parameters allowed 

us to exposure the cells up to 48h without any significant damage onto the cell 

body, thus allowing us to inspect all the typical adhesion stages of the cells from 

seeding till the early and the late adhesion stages (ESA and LSA). The SE was 

achieved by using a homemade programmable electronic system able to trigger 

appropriately the mechanical shutter and the CCD camera up to 48h long 

operation. The IE consisted simply in switching the laser emission to continuous 

mode at about 4 mW. The IE was applied to both ESA and LSA, in order to 

investigate the cell volume evolution under two main different cell adhesion 
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conditions. For these experiments NIH-3T3 fibroblast cells were grown in 

Dulbecco’s Modified Eagle Medium supplemented with 10% Fetal Bovine 

Serum (both Life Technologies, Carlsbad, CA, USA), 2 mM L-glutamine 

(Sigma, St. Louis, MO), and 100 U/ml penicillin 100 μg/ml streptomycin at 37°C 

in 5% CO2. The cells were trypsinized and seeded in a 35 mm glass Petri dishes 

(World Precision Instruments) at a density of 10104 cells per plate and monitored 

by the DH setup over 24h in a complete growth medium and under temperature 

and humidity controlled environment. A conventional CO2/pH controller 

(Harvard Apparatus) insured the right conditions for the cell culture medium.  

Fig. 5.2: Typical phase map images of live cells under SE at different time intervals. The scale 
bar is 20 m. The colour bar corresponds to m units. 
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5.3. Results and Discussion 

Fig. 5.3: Temporal evolutions of cell volume for each cell indicated in Fig.3. The dispersed data 

correspond to the reconstructed values, while the continuous lines represent the SF fitting 

curves. Reconstructed phase map images of cells acquired under IE during ESA. The scale bar 

corresponds to 20 m. The colour bar corresponds to m units. 

Table 1: The table presents the fitting results, where SD means standard deviation. 

The Supplementary Movie 1 shows the phase map evolution of live cells under 

SE from the ESA till the LSA, and Fig. 5.2 shows some of the corresponding 

frames.  
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The cells appear clearly to spread completely onto the glass surface of a 

conventional Petri dish in a couple of hours, without any significant anomaly, 

thus demonstrating the non-invasive nature of the SE modality. Successively, 

another experiment was performed for monitoring the cell volume changes 

during IE in correspondence of the ESA. The laser source was switched on CW 

just a few minutes after seeding the cells into the Petri dish. The image acquisition 

started around 10 minutes after seeding and continued for about 9 hours with an 

acquisition rate of 0.4 frames/min, namely one frame every 150 s. The 

Supplementary Movie 2 shows the typical phase map evolution of cells during 

IE, and Fig.5.3 shows two typical frames. 

The phase images show clearly how the cells try to adhere to the substrate and, 

before spreading, exhibit a swelling effect with the formation of “balloon-like” 

and blebs structures, typical of necrotic cells. Successively the cell membrane 

rupture occurs and the intracellular fluid flows out the cell body, with a 

consequent volume decrease. The volume was evaluated for each cell in Fig.5.3 

and the corresponding temporal evolutions. 

Fig. 5.4: (a,b,c,d) Temporal evolution of the reconstructed phase map under 3D representation 

in case of a single cell during ESA when subjected to IE. The scale bar is 6 m. The colour bar 

corresponds to m units. (Plot) Temporal evolution of cell volume and area during ESA when 

subjected to IE. 

The experimental data of the cell volumes are represented by the dispersed dots 

and were fitted with the following Sigmoid function (SF):   

where V0 and Vf are the initial and final volume of the cell reconstructed through 

the corresponding phase maps, t0 is the mean temporal point of the SF, namely 

the centre of the SF where the volume reaches the maximum value, and t is the 

time constant. The volume data show clearly the volume increase of the cell 

before membrane rupture, typically occurring in necrosis. The variability of cell 

volume variation was due to the slight different adhesion stage in each cell. The 
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R-squared results show clearly that the SF definitely fits well the volume data, 

thus providing a significant model for predicting the temporal evolution of the 

cell volume during light-induced necrosis.  

Fig. 5.5: Phase map images of cells under LSA during IE. The colour bar corresponds to m units. The 

scale bar is 20 m. Temporal evolutions of cell volume. The dispersed data correspond to the 

reconstructed values, while the continuous lines represent the SF fitting curves. The table presents 

the fitting results, where SD means standard deviation.  

Table 2: The table shows the resulting fitting parameters. 

The same kind of experiment was performed onto another cell culture sample by 

magnifiying digitally a single cell, in order to demonstrate the reliability of the 

technique and to observe more details abut the cell morphology. The 

Supplementary Movie 3 shows the typical temporal evolution of the 
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reconstructed phase maps under 3D representation of a single cell during blue 

laser exposure on ESA. Figure 5.4 shows four frames corresponding to different 

time intervals. The morphological changes experienced by the cell are clearly 

visible with high spatial resolution during the entire cell death process.  

The first frames of the movie correspond to the state in which the cell is alive just 

after seeding and observed under SE. The cell morphology appears stable and un-

perturbated. Conversely, the cell motion and vibrations appear to rise 

significantly when switching to IE, corresponding to the early stages of the 

necrosis, when the cell tries to regulate its volume desperately till death. In this 

case we evaluated the temporal evolution of both the cell volume and the cell 

area, and Fig.5.5 shows the corresponding results.  

The cell volume initially oscillates according to the regulatory mechanisms that 

compansate the physiogocial volume variations in order to maintain an 

appropriate balance of ions across their cell membrane. Then, the volume data 

exhibit the upward slope corresponding to the swelling just before the membrane 

rupture, while the area data arise correspondingly. The intracellular liquid flowed 

out of the cell, the volume dropped down rapidly by about 32%, following the SF 

behaviour. 

Fig. 5.6: Large microscopic view of the cell culture dish investigated. The rounded area 

corresponds to the continuous blue light exposure during necrosis. 

The blue light exposure was investigated also during the LSA by switching the 

DH modality from SE to IE after cell spreading onto the Petri dish. The 

Supplementary Movies 4,5 show the temporal evolution of the reconstructed 

phase maps under 2D and 3D representation and Fig.5.5 presents a couple of the 

corresponding frames.  



72 

The phase images clearly show how the spread cells release intracellular liquids 

with a consequent decrease of the volume. Figure 5.5 shows the temporal 

evolution of the resulting volume data fitted again to a SF. 

The R-square values are always above 0.9, thus demonstrating the reliability of 

the SF model. Figure 5.6 shows the microscope large view image of the cell 

culture sample investigated in Fig.5.5, just after light-induced necrosis.  

The highlighted round region corresponded to the surface exposed to the blue 

laser during IE. The most of the inner cells exhibited the round shape typical of 

dead cells, while the outer ones appeared clearly adhered to the substrate, thus 

confirming the toxicity of the continuous exposure to the blue laser light. 

5.4. Conclusion and Future Trends 

We performed a novel quantitative study for investigating real time the cell 

volume changes during blue-light exposure under both early and late adhesion of 

fibroblast cells. We adopted a holographic microscopy technique for obtaining 

quantitative data. Furthermore, we added an innovative approach if compared to 

the standard DH techniques as here for the first time we develop a DH set-up that 

uses a blue laser source that simultaneously serves as reading and tool for 

inducing phototoxicity, by switching the DH operation between what we call here 

“safe” and “injurious” exposure (SE & IE). The results show that the cell 

morphology and volume evolve with characteristics that are typical of necrotic 

cells, with swelling, balloon-like structures and successive membrane rupture and 

leakage of intracellular liquids. This technique allows one to extract information 

about the interaction of blue light with live adherent cells, establishing the 

threshold conditions between healthy and damaged cells. This study could open 

the route to further investigations on light induced mechanisms in living 

specimen and, thanks to the possibility of structuring the light pattern, even at the 

interface between live and dead samples. 
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Chapter 6. Common-path configuration in Total Internal 

Reflection Digital Holography Microscopy 

Abstract 

Total Internal Reflection Digital Holographic Microscopy (TIRDHM) has 

recognized to be a powerful tool in retrieving quantitative phase images of cell-

substrate interfaces, adhesions, and tissue structures close to the prism surface. 

In this work, we develop an improved TIRDHM system taking advantage of a 

refractive indexes mismatch between the prism and the substrate where is placed 

the sample, in order to allow phase-shifting DH with just a single beam 

interferometric configuration. Phase shift method is used to retrieve amplitude 

and phase images in coherent light and TIR modality, instead of the traditional 

off-axis method. Essentially, the substrate-prism interface acts like a beam-

splitter generating a reference beam where the phase-shift dependence on the 

incident angle is exploited in this common-path configuration. With the aim to 

demonstrate the technique validity, some experiments are performed thus 

establishing the advantage of this compact and simple configuration where the 

reference arm in the set-up is avoided. 
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6.1. Introduction 

Many microscopic biological samples, such as cells, molecules and their 

intracellular constituents, are transparent objects, characterized by low contrast, 

and therefore represent a challenging task for optical measuring techniques. For 

imaging and studying these transparent phase objects, some techniques have been 

developed [1]–[6] and they have played very important roles in the advance of 

modern biology and medicine. In this context, digital holography (DH) 

approaches in microscopy is especially significant, because it presents several 

advantages [7], [8]. First, it has shown to be a good technique to retrieve the 

quantitative phase information and the sample optical thickness using a reference 

wave [9], [10] (off-axis configuration) or even in an on-axis arrangement, 

through the phase-shifting digital holography method [11]. Furthermore, DH is a 

non-invasive, label-free and non-destructive technique and numerical refocusing 

of holographic images can be carried out from an only single hologram (multi-

focus). Over the years, several useful and particular methods have been 

developed to improve the capabilities and in this way, to cover a greater number 

of applications, e.g. for shape and strain measurements [12], [13], optical-image 

encryption [14], quantitative analysis of biological samples [15]–[17], 3D 

imaging and display [18]. In addition, in microfluidic environment, quantitative 

phase-contrast imaging methods, based on interferometric technique, have been 

recently developed [19], [20]. Moreover, especially compact on-chip imaging 

methods have been proposed. For instance, lens-free light-weight holographic 

digital microscopy installed on a cellphone has been developed by Tseng et al. 

[21]. It offers a cost-effective tool for telemedicine applications to address 

various global health challenges. On the other hand, Bishara et al. [22], [23] 

integrated the LED-based digital in-line holography platform with a microfluidic 

channel for sample transporting, referred to as holographic optofluidic 

microscopy (HOM). Anyway, due to the underlying principles of DH 

microscopy, it returns integral information, which leads into account the 

contribution of the entire object volume and eventually of adjacent samples. 

Furthermore, in cellular biology, there are many interesting questions involving 

the regions of contact between a cell and a solid substrate. Then, to improve data 

selectivity, and exclude interference from the out-of-focus background, since 

1981, Alxelrod et al. [24] have used a different optical technique to analyze 

cellular organelles and biological molecules structure, near biological surface. 

The method is called Total Internal Reflection Fluorescence (TIRFM) and it uses 

an evanescent wave to selectively visualize fluorescent surface regions until 

approximately 200 nm into the sample medium. In fact, for this kind of system, 

when light is incident from inside of a higher refractive index medium n1 into a 

lower-index one n2, the entire incident light is reflected back to the first medium 
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if the incidence angle is greater than the critical angle (θc=sin-1n2/n1). In other 

words, there is no propagating field in the second medium, except for the 

evanescent wave, whose amplitude decays exponentially over a distance of a 

wavelength fraction. Since then, TIR microscopy has recognized to be a powerful 

tool in answering issues regarding the contact surfaces and current technical 

advances have greatly simplified a wider range of its applications. For example, 

Su et al. [25] integrated surface plasmon resonance (SPR) and common-path 

phase-shift interferometry (PSI) techniques in a biosensing imaging system for 

measuring the two-dimensional spatial phase variation caused by biomolecular 

interactions. In fact, owing to the fact that SPR is good at real-time and label-free 

characterization of binding interactions between biological macromolecules, it 

has become an important biochemical analysis tool [26]–[28]. In 2008, for the 

first time, Ash et al. [29] combined total internal reflection system with an 

holographic microscopy (TIRDHM) to image the phase profile of light in a TIR 

system with a prism. One year after, they extended the method to microscopic 

samples [30]. 

6.2. Common path interferometer in Total Internal Reflexion 

Fig. 6.1: Schematic of TIRDHM setup in off-axis configuration. BS: beam-splitters; M: 

mirrors; MO: microscope objective; BE: beam expander.  

In this work, we develop an improved TIRDHM system taking advantage of a 

refractive indexes mismatch. In particular, we added a crystal with a high 

refractive index, as prism cover. As explained better later, this difference between 

the crystal and the prism refractive indexes introduces a “double reflection”. One 

of the reflected beams which carries no useful information, can be used as 

reference beam, avoiding the reference arm in the set-up. Furthermore, the phase 
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shift method is used to retrieve the phase information instead of the traditional 

off-axis method, where the reference and object waves are offset by an angle, to 

avoid the overlap of the numerical reconstructed images. But this in effect 

reduces the information content of the hologram to one quarter of the pixel count, 

which is at a premium in digital holography. In on-axis configuration, the object 

field is in general aligned with the reference beam, and the entire hologram pixel 

count is utilized, which also leads to higher resolution of the resultant image. 

Therefore, compared with classical off- axis TIRDHM [29], [30], our technique 

shows some improvements. Above all, we save to use an external reference beam, 

employing a compact common path interferometer, and, thanks to the phase shift 

method, we are able to suppress the zero-order and the twin image terms on the 

image, without reducing the information content, but making use of the full pixel 

count in forming the holographic image. However, to validate the proposed 

method, we build up the off-axis interferometer, too, in order to compare the 

results obtained in the two cases. In Fig. 6.1 and Fig. 6.2 (b) the experimental 

setup in off-axis and on-axis configuration are depicted, respectively. In off-axis 

set-up, a blue polarized laser (λ=473 nm) input beam is split into two parts, object 

and reference, by a beam splitter BS1 and recombined at BS2 for superposition, 

forming a Mach-Zehnder interferometer. The object beam enters the prism and 

undergoes total internal reflection. In object arm, a 4f system is incorporated to 

maintain fixed the incidence point of the beam on the prism hypotenuse, see red 

inset in Fig. 6.1. Then, a magnified image of the hologram plane, by a 10x 

microscopic objective (MO), is recorded on to the CCD camera. 

Fig. 6.2: (a) apparatus of TIRDHM system by refractive index mismatch and (b) schematic of 

TIRDHM setup in on-axis configurationSchematic of TIRDHM setup in off-axis configuration. 

BS: beam-splitters; M:  

The major difference between off-axis (Fig. 6.1) and onaxis [Fig. 6.2 (b)] setup 

is that in the latter the reference arm is saved. To improve the traditional 
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TIRDHM system, we put a high refractive index medium on the prism; see Fig. 

6.2 (a). For the attachment of the LiNbO3 crystal on the hypotenuse surface of 

the BK7 prism, an immersion oil is used as index matching fluid between the 

crystal-prism interfaces. In particular, we use a Zcut niobate crystal LiNb03 with 

depth 500 micron, refraction index n= 2,36; and a BK7 prism with n=1,52. 

Because of two media very different refractive indices, on its interface, the 

incident beam is splitted in a reflected and transmitted beam. The reflected one 

is a plane undistorted wavefront and it can be used as reference beam. Instead the 

transmitted beam undergoes again the TIR effect and when it meets the sample 

surface, it picks up the sample wave front data. The phase difference between 

two beams is showed in equation 1) and depends by incident angle θi: 

where d is the crystal thickness, nr and ni are the refractive indices of the crystal 

and prism respectively. At this point, in order to retrieve the intensity and the 

phase of this wave front, the phase shift algorithm [11] is applied. According to 

1), changing the mirror position in the 4f system, a small variation of the incident 

angle occurs which results in a big phase shift. Then, properly varying the angle, 

four intensity images are available for reconstruction algorithm. In particular, the 

phase of the sample wave front is obtained by: 

where I(·) indicates the intensity image recorded on the CCD and (x,y) are the 

image plane coordinates. Instead, the amplitude image can be recovered through 

the following: 

As example, in Fig. 6.3 (a)-(d), four intensity images for an onion tissue sample 

are shown. They are recorded in correspondence of every π/2 shift of phase ϕ, as 

displayed in Fig. 6.3 (e). According to 1), these phase shifts are obtained by 

appropriately changing the incidence angle θi. At this point it should be noted 

that because of the prism presence, the object plane optically appears to the 
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camera at a certain angle of inclination, so the prism introduces a tilted plane 

anamorphism. In the following, to correct this tilt aberration, a special cubic 

phase plate (CPP) algorithm [31] is applied in order to correct the defocus on 

some part of the reconstructed images. Furthermore, the angular spectrum 

method (AS) is employed to propagate the sample wave front until the focused 

plane.  

To show how the improved TIRDHM system impacts the imaging in microscopy, 

we performed different experiments and the results are reported in Fig.6.4, 

Fig.6.5 and Fig.6.6, respectively. In a first trial, a very small amount of onion 

tissue is deposited over the crystal covering the prism, corresponding to the four 

images acquired and shown in Fig. 6.3. In Fig.6.4 (a) and (b), the intensity and 

phase images reconstruction are shown, respectively. They are obtained 

according to 2) and 3) that is the method described in [11]. Thanks to the obtained 

phase maps, we can see what happens on the contact surfaces between the cells 

and the substrate, detecting refractive index changes on the interface and 

morphological changes with nano-metric precision. As further confirmation, in 

Fig.6.4 (c), we display a pseudo-3D phase reconstruction where the phase 

difference between the onion tissue and the background of the sample can be 

better appreciated.  

In Fig.6.5, we report the results of another experiment showing the Quantitative 

Phase Maps (QPM), also in pseudo 3D, Fig.6.5 (b), of onion tissue cells obtained 

through the common-path system described previously.  

According to (2), the phase images are reconstructed and the results show that 

through our method it is possible to easily obtain the phase objects reconstruction 

without reference beam.  

Fig. 6.3: (a) four π/2 phase shift points chosen for on-axis reconstruction; (b), (c) (d) and (e) 

intensity images corresponding to π/2 phase shift. 
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Fig. 6.4: (a) amplitude, (b) phase and (c) pseudo-3D phase image reconstruction by proposed 

on-axis TIRDHM. 

6.3. Technique validation 

Fig. 6.5: (a) reconstructed Quantitative-Phase-Map of onion tissue cells, (b) also in pseudo 3D. 

As additional demonstration of the proposed method validity, we perform a 

comparison between the two techniques: the traditional TIRDHM, using off-axis 

method and the improved TIRDHM system, using on-axis method, proposed in 

this paper. In this case, as sample, a 10 ml drop of water is deposited on the 

niobate crystal that covers the prism. In Fig. 6.6 (a) and (b) the amplitude and 

phase image reconstruction for off-axis method are shown, respectively. Instead, 

in Fig.6.6 (c) and (d) the amplitude and phase results for on-axis method are 

displayed. Comparing both amplitude images, Fig. 6.6 (a) and (c), no particular 

changes are detectable, except for small differences in the offset. A similar result 

is obtained for the phase images reconstructions obtained both by traditional 

method, in off-axis, Fig. 6.6 (b), and by phase shifting in on-axis configuration, 

Fig. 6.6 (d). Comparing these two images, one can note that both techniques 

return the same phase image. This confirms that for the purpose of the final result, 

the two techniques are entirely comparable. Moreover, as further proof of the 

proposed technique validity, we compare the phase profile along the same line, 
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for off-axis, in blue, and on-axis arrangement, in red, see inset in Fig. 6.6 (b) and 

(d), respectively. It is well visible that the same phase jump is retrieved, about 4 

radiant, apart from small local oscillations. Ultimately, the proposed method can 

be regarded as a convenient alternative to the traditional off-axis TIRDHM 

method.  

Fig. 6.6: (a) and (b) amplitude and phase reconstruction by offaxis method. (c) and (d) 

amplitude and phase reconstruction by on-axis configuration. 
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6.4. Conclusion and Future Trends 

In conclusion, in this work an improved TIRDHM system, incorporating a high 

refractive index crystal cover, is described. The aim is to retrieve the complex 

wave front in a different and more convenient way, with respect to the traditional 

one. In particular, taking advantage of a refractive indexes mismatch between the 

prism and crystal, a reflected beam which carries no useful information, can be 

used as reference beam, avoiding the reference arm in the set-up. Furthermore, 

the phase shift method is used to retrieve the phase information instead of the 

traditional off-axis method. To the authors knowledge, this is the  first time which 

this method in used in a TIRDHM system. The results demonstrate that amplitude 

and phase images of the purely phase objects are correctly reconstructed through 

the proposed method. Moreover, the results obtained are fully comparable with 

those from the traditional method. This establishes the validity ofthe proposed 

technique.  
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Summary and Future Trends 

The thesis was focused on the development of interferometric microscopic 

techniques to high resolution study cell-material interaction by means of 

quantitative phase imaging analysis. Three devices were built.  

First, we presented a technique for stamping and modifying large-scale 

biocompatible topographic patterns on pDR1m-coated glass, using conventional 

equipment. Patterned substrates proved to be effective in confining FA growth 

and cytoskeletal assembly. The pattern could be easily erased and rewritten under 

dry conditions. Therefore, the system we proposed has the potential to be 

employed for understanding cell behavior and possibly mechanotransduction 

events in a dynamic environment. 

Confocal microscope and AFM have some disadvantages which can be overcome 

with DHM. Characterization experimentsby DHM have included the full-field 

real-time accurate measures of the SRG on azopolymer plataform, and fibroblast 

dynamics and adhesion. On the other hand, a TIRHM was designed to recover 

the quantitative phase map from the adhering surface. 

We characterize the azo-polymers by DHM instead AFM. Two patterned 

substrates of 1D and 2D were realized with a lithographic interferometric method 

using the Lloyd mirror configuration. After, we have analysed the samples with 

both techniques mentioned above. Therefore, we believe the approach will has 

future impact in the analysis of interaction between biomaterials and cell 

behaviour study. 

Next, we performed a novel quantitative study for investigating real time the cell 

volume changes during blue-light exposure under both early and late adhesion of 

fibroblast cells. A holographic microscopy technique was adopted for obtaining 

quantitative data. Additionally, we added an innovative approach if compared to 

the standard DH techniques as here for the first time we develop a DH set-up that 

uses a blue laser source that simultaneously serves as reading and tool for 

inducing phototoxicity, by switching the DH operation between what we call here 

“safe” and “injurious” exposure (SE & IE). The results confirm that the cell 

morphology and volume evolve with characteristics that are typical of necrotic 

cells, with swelling, balloon-like structures and successive membrane rupture and 

leakage of intracellular liquids. This technique allows extracting information 

about the interaction of blue light with live adherent cells, establishing the 

threshold conditions between healthy and damaged cells. 
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An improved TIRDHM system, incorporating a high refractive index crystal 

cover, was built. The goal was to retrieve the complex wave front in a different 

and more convenient way, with respect to the traditional one. In particular, taking 

advantage of a refractive indexes mismatch between the prism and crystal, a 

reflected beam which carries no useful information, can be used as reference 

beam, avoiding the reference arm in the set-up. Furthermore, the phase shift 

method is used to retrieve the phase information instead of the traditional off-axis 

method. The results verify that phase images are correctly reconstructed through 

the projected method. In addition, the results obtained are fully comparable with 

those from the traditional method. 

This work opens a new ways to study cell-material interaction. In the first place, 

other surfaces can be manipulated and characterized by the first device. Nexts 

experiments will use LiNbO3 as a photomodulable platform. We believe that 

surface charges have interesting effects on cell adhesion and orientation. Then, 

the latest devices can characterize such effects on the cell like no other kind of 

setup. We want to study the cell death behaviours deeply by DHM quantitative 

study. Differentiate between apoptosis and necrosis will be the next scopes. In 

addition, the phototoxicity effects can be measured for other wavelengths.  

Different kind of microscope apparatus and new methodologies are already 

developing in our laboratories.  
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