UNIVERSITA’ DEGLI STUDI DI NAPOLI “FEDERICO II”

PhD thesis in Industrial products and process engineering

(XXIX cycle)

Photoresponsive azobenzene-based materials

for smart cell culture applications

Chiara Fedele

Supervisor Advisor
Prof. Paolo A. Netti Dr. Silvia Cavalli

Coordinator
Prof. Giuseppe Mensitieri

March 2014 — March 2017






PHOTORESPONSIVE AZOBENZENE-BASED MATERIALS FOR
SMART CELL CULTURE APPLICATIONS

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF THE
REQUIREMENT FOR THE DEGREE OF DOCTOR OF
PHILOSOPHY IN
INDUSTRIAL PRODUCTS AND PROCESS ENGINEERING

AUTHOR
Chiara Fedele

SUPERVISOR
Prof. Paolo A. Netti

ADVISOR
Dr. Silvia Cavalli

COORDINATOR
Prof. Giuseppe Mensitieri



Table of Contents

(0] 1107 ) S RSP 8
INEEOAUCTION ...ttt sttt et 8
1.1 Next generation of cell-instructive materials (CIMS)........c.ccceevvveennnen. 9
1.2 Photomechanical phenomena in different types of azomaterials......... 10
1.2.1 Types of @ZODENZENE..........eeeeeieeciieeeiieeeiee ettt 11
1.2.2 Amorphous azobenzene-based materials..........cccveeeiiercveercnieennnnn. 12

1.2.3 Azobenzene-containing liquid crystalline elastomers (LCE) and

RYATOZEIS ...ttt 13
1.3 Azopolymer photopatterning............ccceeeeveereerieerieenieenieeieesieeeeeenee 14
1.3.1 Interference lithography ...........cccceeviieniiiiiiniieieceeee e, 14
1.3.2 Focused 1aser beam ...........coeeuerieniieiinienieeieseeeeseee e 16
1.3.3 Spontaneous PatterNiNg .........ccveeecveeeriueeeriieeerreeerreeereeeeeeeeveeesveees 18
1.3.4 Soft lithography plus reshaping ...........ccccccveeviieeviieecieeeciee e, 19
1.3.5 Non conventional methods............ccceeviiiiiiniiiiiiiniieeeee e, 21
1.3.6 3D lithography using two-photon polymerization..............c.c.......... 22
1.4 Azopolymers as Cell-Instructive Materials (CIMS) .........ccccveevvrennee. 23
1.4.1 Surface relief Gratings .........ccccvveeeeviieeiiieeeiie e 24
1.4.2 Single laser beam topographies..........ccceevveeriieriienieeniienieeieeeee e 27

1.4.3 Stimuli-responsive LCEs and hydrogel-based actuators as CIMs....29
1.5 Aim and Outline of the Thesis .......ccccceevciieiieriiieiecieeieee e, 30

1.6 RETETEIICES et eeeeeeennnnnne 33



(@] 110 ) USSR PPRPPP 40

Light-responsive polymer brushes: active topographic cues for cell culture

APPLICALIONS ..evevieiiieeiiieiie ettt ettt et et e et e e e e aee e st eesbeessbeebeesabeenbeesnseenseas 40
2.1 INEOAUCHION ...ttt 41
2.2 Results and diSCUSSION .....cc.veruieriiiiiriieniieieeiienieeee ettt 43
2.2.1 Azo-pb synthesis and characterization...........c.ccceeveeevveeecveeecreeennnnn. 43
2.2.2 Azo-pb photopatterning using Lloyd’s mirror..........cccceeeveeeevveenenn. 45
2.3 SRG erasure using ultrasoniCation ............cccveeeveeerveeerieeesereeeeeeeeneeenenes 47
2.2.4 Cell culture studies with HUVECS ........ccccoiiiiiiiiiiiiiiiceeee, 50
2.3 CONCIUSIONS ...ttt ettt sttt 54
2.4 Experimental SECtIOMN........cceviieeiiiieeiiieeiie e eeiee e e eieeeeaee e eeeaee e 55
2.4.1 Materials and Methods.........c.ccoiiiiiiiiiiiiineeee, 55
2.4.2 Synthetic procedure for DRI-monomer.............cccccveeviveriienieenneenen. 55
2.4.3 Synthetic procedure for azopolymer brush (azo-pb)..........ccccecueeneee. 56
2.4.4 Surface relief grating inSCrPtiON.......cecveeriieriieeriierieeiie e e 57
2.4.5 Cell CUIUIE ...ttt 57
2.4.6 Ultrasonic cavitation procedure ...........c.oecvervveerreenieenieenieerieenveennnns 58
2.4.7 Ultrasonic cavitation in presence of HUVECS ..........cccoceeviennnnnen. 58
2.5 RETCICIICES ...ttt sttt st 60

(@] 110 ) S USRS 64

Azopolymer photopatterning by confocal microscope for in vitro directional

SPTOULING ANZIOZEINESIS ..vveeuerreerirreesireeerireeesreeessaeeessreeessseesssseessseeesssseesssesessseeenns 64

3.1 INEEOAUCTION .ttt e e e e e e e e e e e e e e eeeeeeanaan 65



3.2 Results and diSCUSSION .......ceveeiiiiiiiieniiieiiesie ettt 66
3.2.1 Effect of static topography on sprouting angiogenesis ..................... 68

3.2.2 Effect of pDRIm photopatterning in real-time on sprouting

ANZIOZEIIESIS .eeuvveeuvieereetieetieeteestteeteesteeebeesseeesseenseesnseeseesnseeseassseenseesnseens 70

3.3 CONCIUSIONS ...ttt st 77
3.4 Experimental SECtION ........cccueieriieeiiieeciie et et eee et eeeaee e 78
3.4.1 Sample Preparation ..........ccceeceveeerveeerveeerieeerreeeeeeeneeeereeesreeesneeas 78
3.4.2 Cell culture and generation of endothelial spheroids........................ 79
3.4.3 In vitro sprouting angiogenesis aSSAY ......c.eeervveerrrveerrrreersrreesireeessneens 79
34,4 TMAZING ..ceveeeeiieeeiie ettt et e et e e eeeaae e e e e saaeeesreeesseeesnsaeessseeas 80

3.5 RETETEICES ...ttt ettt 81
(O] 110 ) U U UUSUPPRPPR 84
Effect of surface topography on epithelial cell migration and signaling............ 84
4.1 INEPOAUCION ...ttt ettt et 85
4.2 Results and diSCUSSION. ....ccueruiiriiiiiiriienieeieeierieee e 86
4.2.1 Samples preparation...........c.eeceeeeeerieenieenienieeenieeseeesieeseeeseesneeeees 87

4.2.2 MDCK cells response to static Surface Relief Grating (SRG)

topography at a single-cell level and in wound healing assay ................... 88

4.2.3 Real-time response of MDCK monolayer to topography changes ...96

4.3 CONCIUSIONS ...ttt ettt ettt ettt ebe e ens 101
4.4 EXperimental SECtIOMN........ceecvieeiieeeiieeeieeeeieeesieeeseveeesveeeeveeeseeesseeens 101
4.4.1 Substrate preparation by spin coating and photopatterning............ 101
4.4.2 AFM characterization ..........cocceereeeeeenienieeniie et esice e 102



4.4.3 Cell culture and immunolabeling.............cccoeevvieeviiieiiieeiieeeeeee, 103

4.4.4 Migration @XPeriMENtS .........cecueereeeruierieereeniieereenseesseenseesnseenseennns 103
4.4.5 Drugs inhibition eXperiment ...........c.eccveevueenieeiieenieeieeesee e e 104
4.4.6 Ca®" SEAINING. ... 104

4.5 RETRICIICES ...ttt ettt 105
CRAPLET 5ottt ettt ettt e e e et et e e s e 108

Design of azobenzene-containing gelatin photoresist for the realization of

photoactuable 3D smart structures for cell culture applications...................... 108
5.1 INErOAUCTION ...ttt et 109
5.2 Results and diSCUSSION ......ccouuieuieriiiiiieiiieite et 110

5.2.1 Photoresist preparation...........c.eeecveeerveeerieeeieieesseeeeseeeeeveeesveeennnes 110
5.2.2 Structures characterization...........coeeeecueerieeiieenieeiene e 115
5.2.3 Biological iNVeStiGation ............ccceerueeeriienieeiiienieeiieereeeeeeeee e 120
5.3 CONCIUSIONS ...c.uveiieiiieiiieiieieeee ettt st 124
5.4 Experimental SECHION .......c.cevvieriieriieiieeie ettt 125
5.4.1 Acrylamide-modified gelatin B synthesis. ........c.ccccceevvievieniienennne. 125
5.4.2 Synthesis of azobenzene-based crosslinker (Azo-crosslinker). ...... 125

5.4.3 Gelatin photoresist preparation and two-photon polymerization....126

5.4.5 Cell culture and iIMaging. ..........ccceeeveeiieriieniienie e 127
5.4.7 Photostimulation. ............coceeiiiiiiiniiiieie e 127

5.5 RETETEICES ...ttt 129
Conclusions and future PersSPeCtIVES.......ueerveeerieeeiieeeiieeeieeeeeeeereeesreeeeeeeees 132



Chapter 1

Introduction®

Abstract. The realization of biomaterials whose properties are activated or inhibited on
demand via light is interesting for fundamental biological studies as well as for the future
development of new devices. One of the most widely used molecule in light-controlled systems
is the azobenzene for its ability to isomerize in response to light. In this Chapter, the fascinating
photomechanical effects, resulting from azobenzene-modified materials illumination and some
of the photopatterning techniques will be reviewed, together with the emerging applications of
azobenzene-based photoresponsive materials for cell culture studies.

*This Chapter is part of a review article in preparation: C. Fedele, S. Cavalli and P. A. Netti.
“Azobenzene-based polymers and their emerging application as cell-instructive materials”.
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1.1  Next generation of cell-instructive materials (CIMs)

Tissue dynamics results from a complex spatial and temporal coordination of
many different events that take place at the interface between cells and their
surrounding environment. More specifically, either chemical cues or the
physical characteristics of the extracellular matrix (ECM) (in terms of
topography and mechanical properties) are able to regulate the biological
response through cell membrane receptors (e.g. integrins) and intercellular
signaling pathways.'”? For example, contact guidance is the phenomenon by
which cell behavior is directed in vivo by the topography of the ECM fibrillar
proteins.”™ In order to develop the so-called cell-instructive materials (CIMs),
i.e. biomaterials able to elicit a specific cell response, such as cell alignment
and directed migration, or, ultimately, cell phenotype determination, a complete
understanding of the complex dynamic equilibrium between cells and the ECM
is determinant.” Thus, dynamic biomimetic materials able to reproduce in vitro
the time-dependent cell-material crosstalk will represent the next generation of
CIMs.° Therefore, a growing interest in the development of stimuli-responsive
biomaterials has been shown. One of the most important examples of systems
exposing a changing topographic signal to cells are shape memory polymers
(SMPs).” SMPs are a class of active materials that have the ability to memorize
a permanent shape through crosslinking, be manipulated and then fixed to a
temporary shape by an immobilizing transition and later recover the permanent
shape by a triggering event. Despite the promising results obtained with these
materials, this shape-memory activity is often not reversible, or not suitable for
biological applications.”'® Among several external stimuli, light is one of the
most promising, as it can be precisely localized over a substrate, programmed in
time and remotely addressable. So far, the use of light-responsive platforms has
constantly grown. For example, light-responsive molecular switches have
recently gained more attention for their implementation in the construction of
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molecular machines and motors, topic of the Nobel Prize in Chemistry 2016,
awarded to Jean-Pierre Sauvage, Fraser Stoddart and Ben Feringa.'' This
achieved reward will most probably converge scientists’ efforts in conceiving
new functional applications, also in the biological field, embedding these
molecular systems for producing, for example, macroscopic work.

Nowadays, one of the most widely used molecule in light-controlled systems is
the azobenzene.'? In fact, when illuminated with a specific type of light, the
azobenzene molecule undergoes an isomerization, which involves a change in
the geometry of the molecule from the more stable frans isomer to the less
stable cis isomer, the former having a rod-like shape, while the latter a bent

conformation.'>*

This process is reversible with light or heat, but the most
interesting properties of azobenzenes from a materials science perspective come
out when they are incorporated into polymers and other materials, in particular
a number of fascinating photomechanical effects may occur upon light

illumination."

1.2 Photomechanical phenomena in different types of azomaterials
Photoinduced motions in azobenzene-based systems range from chromophore
reorientations to material displacement, resulting in anisotropic optical
properties (e.g. birefringence), surface patterning, or even in macroscopic shape
changes.'® Similarly, we can attribute each of these phenomena to different
classes of materials. For example, the photoinduced mass transport occurs in
amorphous materials, while reorientational chromophore motions at the domain
level take place in liquid crystalline or semicristalline materials. However, what
these phenomena have in common is the azobenzene isomerization, which can
be tailored in terms of stability of the cis isomer or in the absorption spectrum
by changing substituents on the phenyl rings of the molecule. These two

characteristics, in particular, strongly determine the final photomechanical
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effects and, thus, the azobenzene choice in the material design acquires a great

importance.

1.2.1 Types of azobenzene

The position of the maximum absorption peak and the cis half life of an
azobenzene are dependent on the electron donating/accepting properties of
azobenzene ring substituents.'” Based on the absorption spectrum, azobenzenes
can be classified into three spectroscopic classes (Figure 1): azobenzene-type

molecules, aminoazobenzene-type molecules, and pseudo-stilbenes.'

Q ISR
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Figure 1. The three spectroscopic classes of azobenzene and their spectral characteristics:
azobenzene-type, aminoazobenzene-type, pseudo-stilbene-type (or push-pull azobenzenes).'®

Azobenzene-type molecules exhibit absorption characteristics similar to the
unsubstituted azobenzene and a long half life of the cis isomer. The
aminoazobenzene-type spectroscopic class, instead, includes azobenzenes with
ortho- or para- substituents with an electron-donating group (e.g. -NHy). This
results in a red-shifted absorption peak and a shorter cis half life. Substitution of
azobenzene at the 4 and 4’ positions with an electron-donor and -acceptor (such
as an amino and a nitro groups) leads to an asymmetric electron distribution,
which characterizes the third spectroscopic class, the pseudo-stilbenes, or

“push-pull” azobenzenes. These are significantly red-shifted and have the
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shortest cis half lives. The choice of an azobenzene is strongly related to the

properties that a material needs for a certain application.'®

1.2.2 Amorphous azobenzene-based materials

As anticipated in section 1.2, azobenzene-based amorphous materials exhibit
the unique appearance of surface patterns due to light-induced mass
migration.'® In this class of materials different kinds of polymer-dye systems
can be listed. First of all we can classify them into linear polymers and
molecular glasses. In the early stage of the research in this area, azobenzenes
were blended in polymeric matrices, but, this weak interaction provided
inefficient patterning ability.'* The covalent attachment of azobenzenes to the
polymeric backbone, instead, resulted in the possibility to form interesting
nano- and micrometric surface structures.”’ Recently, supramolecular coupling
between azobenzenes and polymer matrix is being implemented for surface
patterning, from hydrogen bonded materials, to the newly explored field of
halogen bonded supramolecular systems.”' Another way of exploiting
azobenzene-based photoinduced patterning ability is represented by grafting
azopolymer brushes onto a substrate.”**> Polymer brushes are materials made
up of polymeric chains chemically attached to a surface. Also here, both
covalent coupling and supramolecular interactions between azobenzene
moieties and polymer chains have been reported to produce surface patterns by
means of light stimuli.”*?’

Finally, small molecules with glass forming properties (the so-called molecular
glasses) bound to azobenzenes have been demonstrated to be capable of mass
transport in response to light.***’ In particular, in this last class of materials,
since the system is monodisperse, the photomechanical behavior is highly

reproducible.
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1.2.3 Azobenzene-containing liquid crystalline elastomers (LCE) and
hydrogels

Liquid crystals (LCs) represent a fascinating intermediate phase of matter,
coupling the mobility of liquids with the ordered packing existing inside
crystalline solids. Moreover, the combination between the entropic elasticity of
polymeric elastomers with the LCs leads to intriguing materials, the so-called
liquid crystalline elastomers (LCEs), which are extensively implemented as
actuators and sensors.””>! In fact, they can change their shape in response to an
external stimulus, mainly attributable to the disruption of the liquid crystalline
order inside the material associated with local changes in volume. When paired,
for instance, with azobenzenes, photocontrollable LC and LCE systems can be
obtained, where light can be used to trigger the order/disorder transition inside
the material itself. Although in the azobenezene context mentioning this class of
materials is deserved, a review of the photomechanical phenomena associated
with these materials is beyond the scope of this thesis, but the reader is
addressed to the remarkable and comprehensive reviews available on the
topic.’'?

Another class of materials which has been engineered with azobenzenes is
represented by hydrogels.>* The latter are polymeric materials formed by a 3D
entangled network of hydrophilic chains connected through chemical or
physical crosslinks.”> Therefore, once hydrogels are immersed in aqueous
media, they swell due to water absorption. This class of materials is widely
employed in biomedical applications because they present tunable mechanical
properties comparable with those of several tissues.**>’ Hydrogels may be of
synthetic origin or may exist already in nature. While natural hydrogels are
biocompatible, biodegradable and generally encourage cell adhesion, on the
other hand synthetic hydrogels can be easily engineered, thus offering the

chance to independently tune their physiochemical properties. When
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azobenzenes are included in crosslinked hydrogel matrices, the light-induced
isomerization can change the mesh size and/or the swelling properties of the
material.*® For example, the supramolecular complex between cyclodestrin and
azobenzene-containing polymers was found to provoke a reversible gelation
upon UV light illumination due to the trams-cis photoisomerization of the

azobenzene unit in different polymeric systems.”'40

1.3  Azopolymer photopatterning

1.3.1 Interference lithography

In 1995 two independent research groups (Nathanson/Rochon and
Tripaty/Kumar) contemporarily reported for the first time a mass transport at
the surface of a spin coated amorphous azopolymer thin film in response to an
interference pattern of laser light.*'™* Unexpectedly, this sinusoidal surface
modulation (called surface relief grating, SRG) of the material appeared as the
replica of the sinusoidal light interference pattern projected on it. SRGs are
stable below T, for a very long time (~years), but they can be erased at will
using light or heat. Since then, this behavior has been largely investigated with
a great number of experimental evidences and theoretical studies, but a
comprehensive explanation of the phenomenon, which takes into account the
structure-property relation of all the materials that show this behavior is still
missing.”* What seems to be for sure at the basis of this surface mass
transport is the continuous azobenzene isomerization typically observed in
push-pull azobenzenes, where the frans and the cis absorption bands overlap
consistently and the cis half life is really short. Consequently, a certain
wavelength can excite both trans-to-cis and cis-to-trans isomerization
processes, leading to a continuous cycle. This molecular mobility extends also
to the polymer chain level, leading to the fascinating anisotropic photoinduced

mass migration, which characterizes these materials.”” The light-induced
14



patterns are not permanent; in fact, heat, circular polarized light or an
incoherent light source can revert the surface to its initial flat profile by a
randomization of the azobenzenes. The formation of a pattern can be checked
by monitoring the diffraction efficiency of a non absorbed laser (usually 633
nm).”’ Each polarization state has different efficiency in modulating the pattern,
since it is able to orient chromophores in a different way (re-orientational
theory) and/or confines the material motion in a specific direction (anisotropic
photofluidization theory).* In a two-beam interference pattern there are
alternating bright and dark areas and recent experimental setups coupling AFM
onto an interference lithography system confirmed that the material tends to
accumulate in the dark regions, probably in order to relax the stress, which
accumulates from the isomerization movements.*® Following these theoretical
and phenomenological observations, it is possible to inscribe many different
surface topographies by varying interference polarization and intensity.

The interference lithography described above can be obtained in two different
configurations: in two-beam interference setup and in Lloyd’s mirror

configuration (Figure 2).*
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Figure 2. Graphical representation of Lloyd’s mirror configuration for interference lithography
and relative 3D model and cross section of the resulting surface modulation.*®
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In the former, a laser source is splitted into two beams, which are guided on the
optical table (with their travel distance after splitting being less than the
coherence length of the laser) in order to interfere at the surface of the material.
In particular, in this configuration it is possible to change the polarization state
of the two beams independently, leading to many different types of
combinations.*’ In the latter, instead, the sample is fixed orthogonally at the
edge of a mirror and one beam is projected at the intersection. In this way the
laser is reflected by the mirror on the surface of the material, leading to the
formation of interference fringes. Since the first discoveries, a growing effort
has been put in the realization of more complex patterns for the broadening of
azobenzene-based materials applications. For example, a three-beam
interference setup has been used for the formation of hexagonally arranged
ridges or troughs.”® Even unusual polarization states have been implemented in
SRG inscription in order to provide hierarchical structures. For instance, Kim et
al. used elliptically polarized two-beam lithography in order to generate

spontaneous superhelix-like arrangement in SRG.”!

1.3.2 Focused laser beam

It is known that also a single focused laser beam can affect the surface
modulation of an azomaterial producing different structures depending on the
intensity level.”™ In particular, in low power regimes (intensities of tens-
hundreds of mWem ?) a focused beam is able to make a hole in correspondence
to the center of the laser spot with two lobes that pile up away from high
intensity area along the polarization direction, while, when the power density
switches to high power regimes (reaching hundreds of Wem ?), a protrusion

instead of a cavity piles up in the center (Figure 3).
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Figure 3. Linearly polarized focused laser beam inscriptions on azopolymer films. A) Low-
intensity regime at orthogonal polarization directions and B) high-intensity regime.”” C)
Inscription of different stripes moving the sample a) orthogonally and b) along the polarization
direction.>* D) AFM image of a typical pattern inscribed by scanning the focused laser beam of
a confocal microscope and E) its 3D projection and cross section.”

A relative movement between the material and the laser allows for the
accumulation of the material in certain regions of the sample dictated by the
laser scanning, either with galvanometric mirrors, or moving the sample by
means of a motorized stage.

Ambrosio and co-workers, for example, demonstrated that it is possible to
inscribe different structures if the sample is moved along the polarization
direction or perpendicularly to it in low power regime.”* When the sample was

moved perpendicularly to the light polarization direction, it was observed the
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formation of a channel 480 nm wide, with the material amassed at the edges.
Instead, the movement of the sample along the polarization direction resulted in
the opposite structures, consisting in ridges spaced by 1 um, whose lateral size
was comparable to the diameter of the focused laser spot (about 200 nm)
(Figure 3C). Tuma et al. reported on the inscription of structures similar to
sinusoidal SRG by coupling the scanning of the laser of the confocal
microscope with the simultaneous sample movement in the perpendicular
direction.”® In a work previously published by our group, instead, the focused
beam of a confocal microscope was directly used in order to write complex
topographical patterns on the surface of a well-known azopolymer (Figure 3D
and E).” Here, the mass transport induced by the azobenzene cyclical
isomerization was activated only inside drawn regions-of-interest (ROIs) in

which the focused laser beam was scanned by means of galvanometric mirrors.

1.3.3 Spontaneous patterning

In 2002, Hubert et al. reported for the first time about a new interesting mass
transport phenomenon in azopolymers.”’ A spontaneous self-organization of the
flat surface of a thin film into ordered hexagonal bumps was observed, just by a
one-beam irradiation. As we have seen in the previous section, in interference
lithography the material tends to accumulate in dark regions. In the absence of
any dark region, as in the case of a single laser spot, the material creates a
diffraction structure in order to optimize the light dissipation. Spontaneous
patterns can be found in many other situations in nature, such as, for example,
in the morphogenesis of patterns on animal fur (e.g. the stripes of a tiger),
whose investigations were pioneered by Alan M. Turing.”®>’ In azobenzene-
based materials not only the abovementioned hexagonal cells form, but also

parallel stripes, or turbulent structures by changing irradiation conditions

(Figure 5).
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Figure 5. Spontaneous pattern formation in an azopolymer by A) unpolarized and B) linearly
polarized light. Scale bars are, respectively, 10 and 5 pm.”

The recent work of Galinski and co-workers explained this characteristic
behavior entirely by the principle of phase separation in the polymer.” In
general, if a metastable system is subjected to a perturbation, it becomes readily
unstable, tending to equilibrate again by the formation of two immiscible
phases, which undergo a spatial reorganization. In the case of azopolymers, the
perturbation of the system is represented by the light irradiation. In certain
conditions one-beam irradiation triggers the formation of a lamellar surface
pattern instead of an array of hexagonally packed microdomains. This pattern is
called in many ways, as, among others, “willow structures” for their
resemblance to the tangled structure of a willow basket. The microscopic
features of these patterns in azomaterials can be manipulated by controlling the
thickness of the deposited polymer or the temperature at which the material is
written.”” However, the precise underlying mechanism of such structural

developments is still puzzling the scientific community.

1.3.4 Soft lithography plus reshaping

Another method to obtain peculiar patterns on azopolymers is the possibility of
coupling soft lithographic methods and light-induced mass migration through
reshaping effects. This combination could provide a new route to expand the

potential applications of azopolymers in the microfabrication field. The name
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“soft lithography” can be extended to a group of patterning techniques which
share some characteristics, such as the implementation of elastomeric stamps in
printing, molding, and embossing (e.g. replica molding, microcontact printing,
solvent assisted micromolding, hot embossing).’ An example of the coupling
of these techniques to light-induced surface reshaping was given by Kang et al.
using a microscale line array instead of a flat film (Figure 6A).% The irradiation
of these structures with an interference pattern of light with many different
polarization combinations allows for more complex geometries to be obtained
through the so-called photofluidization of the material. Another example was
given by Lee and co-workers who first produced a set of pillars using a PDMS
negative master.”> Then, the profile of the outer surface of the pillars was
reshaped using polarized light with or without a capping layer (made up of
PDMS) obtaining, for example, a set of elongated pillars in the polarization
direction (Figure 6C and D). The work of Pirani and co-workers, instead,
exploited the photofluidization phenomenon of an azopolymer adding a
poly(methylmethacrylate) as stiffening element in pillar arrays.** The latter
material prevented the polymer flow outside the pillar volume, guaranteeing a
reversible bulk pillar elongation in the polarization direction (Figure 6E).
Finally, the use of “photoreconfigurable” azo-material particles rather than
conventional silica and thermoplastic polymers in nanosphere lithography

might diversify the structural motifs that can be obtained.®
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Figure 6. A) Graphical representation of a surface reshaping from an azopolymer line array and
B) SEM and AFM images of reshaped patterns using different combinations of polarized
light.®* Pillars reshaping C) without and D) with a PDMS capping layer.”> E) Reversible pillars
elongation in the polarization direction.**

1.3.5 Non conventional methods

In addition to all the previous examples from the literature on how azopolymers
can be patterned using light, a series of other less investigated methods can be
listed as well. Combining the classical concept of mask-aided photolithography
with azopolymers, Lambeth et al. inscribed a variety of different patterns on the
surface of thin azopolymer films using a PDMS phase mask (proximity field
nanopatterning).®® For this purpose, a series of azopolymers of varying
molecular weight were prepared via ring opening methatesis polymerization

(ROMP). The light projected on the material surface was modulated, thus
21



diffracting light to form 3D interference intensity distributions on the film. As
expected, the material migrated towards regions of low intensity exhibiting
features sizes in the range of 40-225 nm.

Holographic patterning can be performed also by means of biphotonic
processes in azobenzenes not belonging to the push-pull class (with a cis half
life of the order of hours).®’” In these works a blue incoherent light was used to
sensitize azobenzenes in the red region, provoking the azobenzene
isomerization from frans to cis state, while the recording was performed with
an interference pattern of a red laser. In fact, before irradiation with blue light,
all the molecules were in the trans state, which is more stable, and no effect
from the red light was observed. The red laser, responsible for inducing mass
transport, provoked also the back-isomerization of the cis isomers to the trans
state, in a cyclic manner, thus resembling the behavior of a push-pull
azobenzene.

The azopolymer surface can be topographically manipulated not only in far
field, but also in near field regime. The latter, in particular, can be achieved
exploiting the configuration of a scanning near-field optical microscope
(SNOM). The field-enhancement of the metallic tip can be used for drawing
topographical structures at the surface of azobenzene-containing materials,
overcoming the optical diffraction limit.*® SNOM can be used also to monitor

in real-time the formation of the inscribed structures.®’

1.3.6 3D lithography using two-photon polymerization

Another way to obtain a pattern with a crosslinkable azomaterial is by using 3D
photolithography.”®”" One major example of the technique used is direct laser
writing by means of two-photon polymerization (2PP), which allows for the
fabrication of 3D micro- and nanostructures in photopolymerizable mixtures

(photoresists). This technique is based on multiphoton polymerization, a
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nonlinear optical phenomenon. The used laser is in the infrared region, so that
the photoresist is perfectly transparent to it. By using an ultrashort pulsed laser,
the intensity is sufficiently high to allow a multiphoton absorption within the
focal volume (a “voxel”) causing a photopolymerization. This approach can be
applied to a great variety of materials and still the possibility to use functional
customized materials is widely open. Recently, the miniaturization of actuators
for various technological applications has been performed using 2PP and
azobenzene-based LCE. This approach demonstrated to be successful because it
allowed the maintenance of the liquid crystalline order inside the polymerized
structures, scaling down to the microscale the photoinduced shape changes of
azobenzene-containing LCEs (Figure 7).”° This motions were successfully used

in microrobot design (Figure 7B).”*"
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Figure 7. A) Graphical representation of aligned LCE mixture polymerized with 2PP.”" B)
Graphical representation of the motion mechanism of an azobenzene-based LCE
microswimmer.”> C) Actuation of this polymer mixture with light stimulus.”

1.4  Azopolymers as Cell-Instructive Materials (CIMs)

After reviewing the azobenzene photochemical properties and the
photopatterning techniques employed on different materials, in this section an
overview of the applications of azopolymers as light-responsive cell-instructive

materials (CIMs) is given. To date, azobenzenes have been used in many
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biological applications, such as in the realization of photosensitive micelles for
smart drug delivery systems, or even for the in vivo control of protein
conformation as molecular photoswitches (e.g. photopharmacology).'® 77
However, works in which azopolymers are used for cell culture applications,
even though really promising, are still very few and, to our knowledge, they
have never been reviewed and critically discussed. In particular, the formation
of linear topographies, made up of sinusoidal grooves (i.e. SRGs), over the
surface of an azopolymer with an easy fabrication method, seemed to be an
interesting way to probe in vitro the so-called contact guidance, the mechanism
through which the micro- and sub-micrometer scale structures of the ECM
proteins influence cell-matrix signaling in cell growth, orientation and
migration processes. The difference with respect to more traditionally used
biomaterials is that these materials possess dynamic properties that can
potentially be powerful in biological application. In fact, the natural
environment of a cell is rather dynamic, meaning that the chemical and physical
properties of the extracellular matrix (ECM) are continuously changing around
the cell, playing a fundamental role in the cell-ECM signaling and in the cell
life cycle. With the development of novel light-responsive biomaterials
exploiting the reversible activity of azobenzene molecules, it will be possible to
get a deeper insight into the processes involved in the dynamic cell-material

interaction.

1.4.1 Surface relief gratings

The first attempt to use azopolymers as CIMs has been carried out in 2004 by
Baac and co-workers.” SRGs were imprinted on a glass slide spin coated with
an azobenzene copolymer (Poly[(methylmethacrylate)-co-(Disperse Red 1
acrylate)]) (Figure 8A) and then primary human astrocytes (HAs) were cultured

on it. First cell growth on this photoresponsive azobenzene copolymer substrate
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was checked and then cell attachment and orientation on holographically
formed SRG features were evaluated. Cells elongated in the pattern direction,
and an application in the nerve regeneration after injury was then proposed.

Barillé et al. showed that pheochromocytoma (PC12) cells seeded on
photopatterned azopolymer films aligned along the grooves and arranged
orderly in a large area, while neurites were elongated along the pattern
direction.*® The main drawback of the described films is related to the low
stability in cell culture conditions. For this reason, complex chemical
functionalization of the solid support was necessary in order to prevent

azopolymer film detachment in aqueous media.

A

Figure 8. A) First application of azopolymer SRG to cell culture. a) AFM 3D projection and b)
human astrocyte alignment (scale bar is 100 yum).” B) Second attempt of using SRG pattern for
cell alignment. a) AFM analysis and b) PCI2 cells neurites elongation.”’ C) Use of the
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reversible behavior of azopolymer patterning in cell culture applications. a) AFM 3D projection
of realized SRG, b) NIH-3T3 alignment, ¢) pattern erasure with living cells and d) cell
fluorescence imaging on the side topography formed upon optical pattern erasure.®’

Another example of the use of azomaterials as cell culture supports for future
dynamic applications came from Rocha et al., where a siloxane polymer
backbone functionalized in side chain with azobenzenes and other chemical
groups was used for this purpose.” In particular, by changing the substitution
degree and the type of substituents in the side chain of the polymer, the T,
could be tuned near the physiological temperature (37 °C). SRG inscription on
these different materials has been carried out in order to probe the relationship
between the chemical structure of the polymer, the material T, and the
efficiency and stability of the SRG over time. Moreover, the low stability of the
photoinscribed topographies enabled the production of surfaces whose
properties changed dynamically during cell culture, providing a tool for cell
culture applications analogous to shape memory polymers, materials capable of
recovering from a ‘fixed’ temporary shape to a ‘memorized’ permanent shape
upon exposure to an external stimulus.*” Finally a human hepatoma-derived cell
line (HepaRG) was used to investigate the cell adhesion on these different
substrates. In particular, they found that the incorporation of adenine
nucleobase into the azo-polysiloxane chains improved the affinity of the
polymer for cells as evidenced by the increased number of cells attached and by
the formation of thick actin fibers as it also happened on the glass control
sample. Even in this case, there was no effective reversibility of the topography,
but the use of the synthesized substrates as dynamic cell culture supports is
proposed as an interesting future perspective.

A work recently published by our group, showed the use of SRG on a glassy
azopolymer for cell culture application, trying to exploit the reversibility of

azopolymer photopatterning by using an incoherent light source.®' In fact, these
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topographic features were used to study the response of NIH-3T3 murine
fibroblasts to the dynamic topographic changes of the substrate (Figure 8C).
Patterns with different pitches were prepared by varying the angle between the
laser beam and the mirror in Lloyd’s interference lithography configuration. In
terms of cell adhesion (length and orientation of focal complexes) and shape,
cells polarized and elongated along the direction of the linear patterns, while
assumed a roundish shape on the grids (two SRG superposed at 90°). Moreover,
cells were aligned in the same direction of the underlying grating, while they
were randomly oriented on the grid as well as on flat polymer in line with other
in vitro studies conducted on different materials with similar pattern features.
Finally, this work presented the pattern erasure using an incoherent light source,
which produced some ordered bumped structures at the surface, resulting in the
cell alignment to this new topographical cue.

In most of the examples reviewed in this section the use of SRG topographies in
cell culture has been approached, leaving to the future perspectives a real
biological study fully exploiting the dynamic and reversible features of these
azobenzene-containing materials. For example, as we have seen in section
1.3.1, azopolymer brushes possess the same capability of being patterned at the
microscale using interference lithography, bringing also an increased stability
due to covalent attachment to substrate. However, up to date, no reports on their

application in cell culture are present in the literature.

1.4.2 Single laser beam topographies

The actual step towards a real-time control of the topographical changes of the
cell environment implies the use of materials, which can be precisely
manipulated in physiological conditions reproduced in vitro. This could be
possible coupling a visible light-responsive material, as a lot of azobenzene-

based materials are, with a fast photolithographic technique in a temperature-
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and pH-controlled environment. One possibility regards the induction of
spontaneous patterning of a one laser beam with controlled polarization in a
one-step irradiation process. This method has been proposed by Barillé et al. in
2011.%° In that paper the formation of a sort of irregular SRG as a spontaneous
arrangement of the material in response to linearly polarized light is shown. The
inscription of such a pattern in vitro is proposed, directly while the sample is
placed in a petri dish and immersed in a phosphate buffered saline (PBS)
solution (Figure 9A). The feature dimension can be reduced by changing the
liquid height above the sample, but this in turn changed the irradiation time
needed for patterning. Anyway, even if PC12 neuronal cells could grow on
those substrates, they could not align to the pattern direction.

The second possibility for a real-time control of material patterning is
represented by the use of a focused laser beam and a relative movement
between the laser and the sample. As we remember from previous section, a
single laser beam scanned over the surface of an azopolymer leads to the
inscription of grooves and valleys over the surface depending on the power
regime and the polarization state of the laser. For this purpose, in a previously
published work of our group the use of the focused laser beam of a confocal
microscope is proposed in order to pattern an azobenzene material in presence
of living cells (Figure 9B).>> In fact, it was shown how the process is not
harmful for cells, which can be imaged after pattern inscription using the same
setup. Moreover, this technique was found not to be limited to two topographies
to be presented to the cells, but just by designing different regions-of-interest
(ROIs) it was possible to choose the pattern geometry, also in a multiplexing
way at a single-cell level. Finally the reversibility of the embossed patterns was
shown by using an incoherent light source after cell medium removal for about
30 seconds, in timing that are in line with normal laboratory practice (e.g.

medium change). This writing—erasure—rewriting cycle did not have any
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constraint on the initial and final inscribed topography. As a future perspective,
with this tool many biological questions could be answered such as, for

example, how the cell accommodates to the dynamically changing topographic

signals and in which time window.

A
a)

012345678 10 12 14 16 18 20
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Figure 9. A) a) Graphical representation of the in vitro inscription of SRG on azopolymer with
b) AFM analysis.** B) a) NIH-3T3 alignment on micropatterned azopolymer from the
patterning to 7 hours. b) Writing and erasure process. Scale bars are 20 pm.”

1.4.3 Stimuli-responsive LCEs and hydrogel-based actuators as CIMs

As it is explained in section 1.2.3, liquid crystalline elastomers (LCEs) are
broadly implemented as actuators and sensors.”> These materials are stimuli-
responsive polymer networks exhibiting reversible large-amplitude shape

changes in response to cyclic stimuli. Through the alignment into liquid
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crystalline order, they amplify volume changes when there is a transition
between liquid crystalline phases. Various stimuli can be used in order to
trigger a shape changing transition, but heat is generally used. The nematic-to-
isotropic transition temperature of LCEs is typically much higher than room
temperature, so their implementation as biomaterials has been limited.
However, there is accumulating evidence that in the near future their
application in biology and, in particular, as cell-instructive materials, will drive
forward the research in the field.¥*®” Another improvement, instead, might be
obtained using photoactuating hydrogel systems.”™ ** As a first example, an
azobenzene-containing crosslinker has been used in a PEG-based hydrogel for
dynamically change the mechanical properties of the material in a three-

dimensional cell culture system.*®

1.5 Aim and Outline of the Thesis

The main aim of this thesis is to design functional photoresponsive biomaterials
exploiting the photoinduced shape changes of azobenzene-containing materials.
In fact, one of the major challenges nowadays is the in vitro reproduction of the
dynamic interplay between cells and the ECM. In particular, surface topography
has been demonstrated to play an important role in affecting cell functions and
fate. “Smart” biomaterials are indeed required for a dynamic control of cell
behavior in vitro, simulating the complexity of natural ECM signaling.” In this
respect, photoresponsive polymeric biointerfaces are attracting attention,
because they are capable of many changes in their properties upon the
application of light. Here, different photosensitive azobenzene-based materials
are designed, in order to exploit their shape changes in response to light for cell
culture applications, either in 2D or in 3D. Moreover, in each Chapter an
original biological application is proposed, where the azopolymer

photostimulation leads to topographical or mechanical changes, sometimes
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even in real-time. Throughout this thesis biological studies both at a single- and
multiple-cell level are proposed. The rationale of this work stays behind the fact
that the development of functional applications for in vitro cell culture studies
starts from the single-cell behavior, in order to establish both the technique and
biological knowledge in the new experimental conditions. After that, the
developed techniques can be applied to more complex biological systems,
where the intercellular interaction plays an active role in determining the overall
cell behavior. Following this idea, this thesis aims to develop functional
applications for the established photopatterning techniques on azobenzene-
based thin films in multicellular processes. At the same time, new
photosensitive materials are proposed and evaluated for smart single-cell
culture. In particular, the work described here covers the synthesis of some
azobenzene monomers and polymers with the realization of suitable structures
for cell culture purposes. Following, the outline of the thesis is reported with a
brief description of each Chapter.

The Chapter 1 of this thesis presents an introduction on azobenzene-containing
materials with an overview of the existing photopatterning techniques. Then,
the recent use of these photoresponsive materials as cell culture substrates is
presented. Finally, the potential application of these materials in cell biology is
highlighted. In Chapter 2 patterned azopolymer brushes are used as cell
instructive supports. In particular, synthesized with a controlled radical
polymerization technique, these azopolymer brushes have been patterned at the
microscale using a Lloyd’s mirror interference lithography configuration.
Human umbilical vein endothelial cells (HUVECs) seeded on this patterned
substrate oriented in the pattern direction. Finally, pattern reversibility by
means of ultrasonication is shown. In Chapter 3 azobenzene-containing thin
films patterned in real-time are used to influence the remodeling of sprouting

angiogenesis from HUVEC spheroid models. This patterning has been carried

31



out using the focused laser beam of a confocal microscope. In Chapter 4,
instead, the photoinduced mass migration of an azobenzene molecular glass has
been used in order to influence the behavior of Madin-Darby canine kidney
(MDCK) cells, either as static patterns, or in real-time. In particular, an
application of static topographies in wound healing is proposed, while cell
signaling through cytosolic Ca®" concentration in real-time is investigated. In
Chapter 5 the realization of an azobenzene-based photoresist is shown,
together with the microfabrication of 3D photoresponsive structures by means
of two-photon lithography. Finally, the interaction of NIH-3T3 fibroblasts with
these structures upon photostimulation is reported. In Conclusion and Future
Perspectives a summary about the main results achieved in this thesis is

presented and future applications are proposed.
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Chapter 2

Light-responsive polymer brushes: active

topographic cues for cell culture applications™

Abstract. In the call for novel stimuli-responsive biomaterials azobenzene-containing
polymer brushes entail a remarkable potential. In fact, their ability to be patterned at
the micro- and nanoscale using interference lithography (IL) might be exploited for the
realization of cell-instructive materials (CIMs). In this Chapter, Disperse Red 1 (DR1)-
based photoresponsive polymer brushes were synthesized using a controlled radical
polymerization technique. A sinusoidal pattern was inscribed on the azopolymer brush
samples using the Lloyd’s IL configuration. Interestingly, we found that seeded human
umbilical vein endothelial cells (HUVECs) oriented in the pattern direction.
Furthermore, using a non-cytotoxic ultrasonication treatment, pattern erasure was
achieved. Hence, we envisage the possibility to use these surfaces as reconfigurable
cell-instructive biomaterials for tissue engineering applications.

*The work described in this Chapter is part of a manuscript submitted for publication: R. H.
Kollarigowda, C. Fedele, C. Rianna, A. Calabuig, A. C. Manikas, V. Pagliarulo, P. Ferraro, S.
Cavalli and P. A. Netti. “Light-Responsive Polymer Brushes: Active Topographic Cues For
Cell Culture Applications”. (First two authors contributed equally to the entire work).’
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2.1 Introduction

The field of photoresponsive surfaces has recently emerged as a fascinating
research area for the great potential of these materials in biomedical
applications. In particular one of the major challenges nowadays is the in vitro
reproduction of the dynamic interplay between cells and the extracellular matrix
(ECM) architecture.

In fact, cell-matrix signaling is influenced by the abundant micro- and sub-
micrometer scale structures of the ECM proteins that play a key role in cell
growth, orientation and migration processes, through a mechanism defined as
“contact guidance”.' In particular, surface topography has been demonstrated to
play an important role in affecting cell functions and fate. Recent developments
in advanced micro- and nanofabrication techniques have enabled material
scientists to produce in vitro substrates that are able to mimic the structure and
length scale of natural topography, especially in two-dimensions.' However,
current research is still focused on finding a straightforward process for precise
surface engineering, together with the possibility of creating patterned
substrates that can be further modified and even erased during cell culture. In
fact, the dynamic state of tissue is regulated by a highly complex temporal and
spatial coordination of many different cell-matrix and cell-cell interactions.
Thus, “smart” biomaterial systems are required to control cell behavior in vitro,
simulating the complexity of natural ECM signaling.” In this respect, stimuli-
responsive polymeric biointerfaces have attracted a lot of interest, because they
are capable of conformational and chemical changes upon the application of an
external signal. More importantly, these changes are often reversible,
mimicking the fast signal remodeling that happens in nature.* Among several
external stimuli, light is one of the most promising, as it can be precisely
localized over a substrate, programmed in time, remotely addressable and it
allows for the production of complex patterns in one step without any contact
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and contamination. Recent research has demonstrated that thin films of
azobenzene-based polymers are good light-responsive systems, thus
representing an original type of biomaterials for performing photocontrolled
cell culture experiments in which dynamic topographic cues are exploited to
induce cell response.”” In fact, azopolymers can be patterned at the micro- and
nanometer scale using interference lithographic (IL) techniques, such as the
Lloyd’s mirror configuration. This method leads to the so-called surface relief
grating (SRG) formation, which corresponds to a sinusoidal topography
modulation created by exposing the material surface to a laser light interference
pattern. This effect is due to the fast and cyclical trans-cis-trans isomerization

process, induced by light, in push-pull azobenzenes.'*'

Moreover, patterns
inscribed on these substrates have also been erased and subsequently different
topographic features have been rewritten in the same region."'

The main drawback of these films is related to the lack in stability, as well as
their failure in many consecutive uses. Very often, due to the formation of
cracks, the underlying polymeric layer easily detaches from the substrate during
cell culture. For this reason, complex chemical functionalization of the solid
support is usually necessary in order to prevent azopolymer film detachment in

613 In the call for more stable biointerfaces, biomaterials with

aqueous media.
macromolecules covalently immobilized at their surfaces would be desirable as,
for example, polymer brushes. They consist of polymeric chains tethered to
solid support from one end and forming layers with different grafting density,
from mushroom-like conformations to densely packed chains.

Regarding the possibility to inscribe holographic patterns using azobenzene-
containing polymer brushes, few example are already known.'*'” However,
there is a lack in the literature for what concerns the application of azopolymer

brushes as cell-instructive materials (CIMs), even if their potential as stable

patternable interfaces seems to be remarkable.
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In this work, we show that IL patterns in azopolymer brushes induce easily cell
orientation, coupling the unique photoresponsive properties of azobenzene-
based materials together with the stability of a grafted macromolecular layer.
Moreover, we show that ultrasonic cavitation can be employed for disrupting
the aggregation formed between polymer chains upon photopatterning, thus
succeeding in the erasure of the topographic pattern. Firstly, we present the
synthesis of azopolymer brushes that was carried out using a controlled radical
polymerization technique. Inscription of an interference pattern was achieved
by a Lloyd’s mirror IL setup. While, human umbilical vein endothelial cells
(HUVECS) response to the inscribed linear topography was observed with an
optical microscope. Finally, SRG pattern was mechanically erased by

ultrasonication, also in the presence of adherent cells.
2.2 Results and discussion

2.2.1 Azo-pb synthesis and characterization

Reversible  addition-fragmentation  chain  transfer = (RAFT) radical
polymerization in the “grafting from” approach was used to fabricate our
photosensitive polymer brushes, starting from an in-house synthesized
azomonomer, (DR1-monomer in Scheme 1). This compound was prepared
from an amine derivative of the commercially available Disperse Red 1 (DR1)
according to a previously reported synthesis.'"® RAFT approach is one of the
key techniques among controlled radical polymerization methods to get narrow
polydispersity index with multifunctional terminated chains, which can be
useful for further functionalization. These macromolecules can be grafted on a
solid support in layers with fully tunable structural properties, such as grafting

19-21

density and thickness. This synthetic method has been successfully coupled

to a wide variety of materials, covering a broad range of applications, from

microelectronics to biomaterials, e.g. drug delivery and cell adhesion control.””
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In this work azopolymer brushes were grown from amino-silanized glass
surface through the immobilization of the chain transfer agent (CTA) via the R
group.'”?® The thickness of the obtained polymer brush layer ranged between
150 and 200 nm, as measured by ellipsometry (data not shown). This result was
in good agreement with the theoretical predictions of loading monomer units,
confirming the efficiency of our polymerization strategy. The chemical
structure and a graphical representation of the polymer brushes are shown in

Scheme 1.
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Scheme 1. Synthetic procedure of azo-pb via RAFT technique and azo-pb graphical
representation. a) 0.28 mmol of DR1-amine, 1.2 equiv. of methacrylic acid (MA), 1.5 equiv. of
EDC-HCI, 1.5 equiv. HOBt-H,O and 3 equiv. of TEA in 4 ml of DMF for 24 hours at room
temperature. b) 1.57 mmol (600 mg) of DR1-monomer, 3.2 umol (0.79 mg) of initiator, in
methanol/1,4-dioxane (1/1, v/v) mixture at 70 °C for 48 hours. The chemical structure and a
graphical representation of azopolymer brushes (azo-pb) are depicted, where n stands for
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number of repeating units. Polymer backbone is reported in black, while azobenezenes in side
chains are colored in red.

Here, the polymeric backbone is depicted in the stretched form, while
azobenzene moieties are represented in their preferential orientation on a plane
that is parallel to the substrate. In the reported conformation, polymer tails are
crowded and forced to stretch away from the surface, along the direction normal
to the plane, in order to avoid as much as possible chain overlapping.23 The
chemical characterization of synthesized azopolymer brushes was carried out
using two powerful spectroscopic techniques. First of all, we performed an X-
Ray Photoelectron Spectroscopy (XPS) analysis to confirm the elemental
composition and then Raman spectroscopy.

The topography of dry azopolymer brushes was studied by atomic force
microscopy (AFM) as shown in Figure 1A. AFM was also employed to
investigate the formation of patterned area on the same sample as well as its

crasurc.

2.2.2 Azo-pb photopatterning using Lloyd’s mirror

In order to obtain linear patterns on azopolymer brushes, the photosensitive
property of azobenzene moieties was exploited. In fact, Santer and co-workers
have proven that IL can be successfully used to pattern similar azobenzene-

containing polymer brushes.'*"

The probability of light absorption by an
azobenzene molecule varies as cos*(0), where 0 is the angle between the light
polarization and the azobenzene dipole axis. Thus, azobenzene molecules
oriented along the polarization of the laser will absorb, whereas those oriented
perpendicular to it will not. This event is able to provoke a movement of the
entire polymeric chain and form a surface modulation that resembles the
sinusoidal light pattern.'*" In this work, we used IL to obtain linear patterns as

well. Interference patterns were obtained using a 442 nm He-Cd laser (60 mW

power) and we performed a set of experiments with the aim of finding the best
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conditions for the realization of holographic patterns, using our synthesized
polymer brush samples, in order to perform cell culture studies on these
platforms. Therefore, based on earlier achieved information, the pattern pitch
was chosen to be 2.5 um (setting the 0 angle between incident beam and mirror
to 5°). In fact, we have recently observed that cells cultured on azopolymer
SRGs showed a good polarization on this crest-to-crest distance.® Furthermore,
pattern depth has also been shown to elicit different cell response on different
cell lines.?* For this reason, in order to inscribe a pattern deep enough to be able

to influence cell behavior,l’ 24

we tuned laser polarization and beam illumination
time. The best results were achieved by exposing the sample to the laser beam
with a polarization oriented at 45° that was able to efficiently excite the
preponderance of azobenzene moieties in side chain (Figure 1).

A B

Figure 1. AFM images of A) before and B) after 2 hours of IL exposure with 45° polarization
of azo-pb (60 nm pattern height). C) AFM image of erased pattern by sonication with water at
room temperature. Micrographs are taken in the same area. Scale bars are 2.5 um. D) Graphical
representation of azo-pb before and after Lloyd’s mirror IL exposure and deleted pattern by
sonication (S + H,O means “sonication in water”). This is a simplified representation of the
polymer brushes, since currently there is no experimental information on DR1 organization in
the brush assembled structures that formed after laser patterning.
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In fact, in this situation the intensity interference pattern presents the electric
field vector with both non-zero x and y components. This polarization state is
thus able to excite the majority of azobenzenes regardless of their orientation in
the polymer brush sample.” After 1 hour of illumination we obtained a sharp
30 nm-high pattern, while, increasing the illumination time to 2 hours, the
height of the pattern raised, reaching in some areas 60 nm (Figure 1B). Further
increasing the irradiation time to 3 hours the pattern profile did not change in

terms of height (data not shown).

2.3 SRG erasure using ultrasonication

The creation of patterned substrates that can be further modified and even
erased during cell culture is an important issue of current research in order to
simulate the complexity and remodeling of natural ECM. In this regard, another
important characteristic of azopolymer films is that the IL patterns can be
erased, either thermally by raising temperature above the polymer glass
transition temperature, or optically, using a circularly polarized as well as
incoherent and unpolarized light?® In our former work, exploiting this
azopolymer film property, the topographical pattern was erased with the use of
an incoherent and unpolarized light beam of a mercury lamp, while murine
fibroblasts were seeded on the polymer. Cells were indeed prone to rearrange
their morphology in response to the new topography.*”

Therefore, we tried to modify the pattern also in the case of polymer brushes
using the incoherent and unpolarized light of a mercury lamp. However, erasure
of SRG patterns with azopolymer brushes resulted more complicated. Neither
the use of the focused beam of a confocal microscope in circular polarization
was effective in erasing the pattern (data not shown). A possible explanation
can be found considering the fact that azobenzene-containing brushes strongly

aggregate as reported by Tong et al. in similar polymer systems.”” Moreover,
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we also recently demonstrated aggregation in azobenzene-grafted polymer
brushes upon single laser beam exposure.'"® We indeed hypothesize that the
strong interaction between azobenzene moieties in this densely packed polymer
system increased after the pattern formation and therefore it was difficult to
disentangle such network and erase the topographical structures. In fact, as
experimentally evidenced by Tong and co-workers, in liquid-crystalline
azopolymers different types of aggregation can occur as a consequence of a
confinement of the polymer.?” We can apply these considerations to our case, in
which polymer chains are confined over a glass surface. It is known that the
laser interference forces the polymer chains to stretch away from bright areas,
constraining the backbones to aggregate in a sinusoidal profile.'' In this way the
formation of compact aggregates is highly probable (as schematically shown in
Figure 1D). Nevertheless, even if the use of light as stimulus to erase the
photoinscribed patterns would be more convenient for biological investigations,
we found that ultrasonication (59 kHz) in water at room temperature was an
efficient way to disrupt aggregation allowing pattern deletion.

Ultrasounds (US) in a certain medium produce both thermal and mechanical
effects. The former are due to absorption of US by the medium, while the latter
are usually associated with the acoustic cavitation that is particularly relevant
when microbubbles form.”® During the process energy is transferred from the
sound wave to the medium mainly through absorption and scattering processes.
Absorption converts acoustic energy irreversibly into heat mainly via viscous
friction, even if in water-based media this phenomenon is often negligible. The
presence of oscillating microbubbles and the shear force arising during their
collapse in the early stage of the ultrasonication process, instead, could be
responsible of the disaggregation of polymer brushes by destroying the non-

covalent intra- and inter-molecular bonds.”’
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Even though light was not efficient in erasing the pattern in our system, its
removal by ultrasonication gave us the possibility to study the reversibility of
SRG on the azopolymer brushes without heating the material or using organic
solvents. Right after treatment the surface did not recover exactly the initial
topography, as shown in the AFM image of Figure 1C. Even though the texture
and topography of the polymer brushes were slightly different before and after
the sonication process, regeneration with treatment using proper solvent (i.e.
DMF) followed by several washing steps with methanol, allowed rewriting of a
similar pattern. All AFM images were carried out in the same region of the
sample thanks to the use of markers to spot the area of interest. This erasure
method was in fact used after each inscription on the same sample in the
different illumination conditions. The mechanism by which these patterns form
is still not completely elucidated. Santer et al. propose for similar polymer
brush systems the occurrence of a chain rupture upon photostimulation with an
interference pattern of laser light, which leads to the formation of an irreversible
pattern. Moreover, upon a treatment with dimethylformamide (DMF) they show
that the pattern depth further increased, owing to the fact that a fraction of the
ruptured chains was washed out by solvent treatment. Considering our results in
this framework, a possible chain rupture upon IL has to be taken in
consideration.'* Probably, a slight scission indeed occurred, since we noticed a
different polymer brush texture after sonication. However, this phenomenon did
not limit further patterning cycles (more than 3), which gave patterns of
comparable height. Moreover, since a detailed mechanism of SRG formation in
azopolymer brush is still not fully understood and our polymer brushes were
synthesized in different conditions compared to other similar systems, they
might behave in a different manner under external stimuli. However, unraveling
the mechanism of pattern formation and investigating on a possible chain

rupture were beyond the scope of this thesis work. For our specific purpose, this
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patterning/erasure cycle (shown as graphical representation in Figure 1D) was

efficient enough to perform biological studies with reconfigurable topography.

2.2.4 Cell culture studies with HUVECs

Our brushes were found biocompatible through a Live/Dead test when seeding
HUVECs (Figure 2), which are known to be quite sensitive to surface
topography and whose alignment is of particular interest in tissue engineering
for achieving functional vascularization.’*>' This test provides a two-color
fluorescence cell viability assay based on the simultaneous visualization of live
and dead cells with two probes that measure recognized parameters of cell
viability (intracellular esterase activity — Calcein AM) and plasma membrane

integrity (ethidium homodimer-1).

Figure 2. Confocal images of Live/Dead assay on azopolymer brushes. The images represent a
merge of the two channels for fluorescent calcein AM (green) and ethidium homodimer-1 (red).
A) HUVECs on azopolymer brushes. B) Positive control of live cells on a glass-bottom petri
dish, and C) positive control for dead cells after treatment with triton 0.1%. Scale bars are 100
pum.

Interestingly, most of the cells were aligned along the grooves of the patterned
area, as can be seen in Figure 3A and B, while they were randomly oriented in
non-patterned regions (Figure 3C and D).

We used a qualitative analysis for the evaluation of the cell orientation in order

to compare cells on patterned and non-patterned areas using an ImagelJ plugin

(the procedure is described in details in the experimental section 2.4.5).
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Figure 3. A) and B) represent the phase contrast images of HUVECs on patterned azopolymer
brushes after 24 hours of incubation. Red arrows represent pattern direction. C) and D) show
cells on non-patterned areas. Scale bars are 30 um.

Cells on linear patterns displayed a narrower distribution of orientation, whose
average values indicated a coalignment with the pattern direction (Figure 4). As
expected, cells on non-patterned areas presented a broad distribution, indicating
a random orientation.

To test whether our erasure method could be feasible with this cell line, we
performed the ultrasonication experiment on a non-patterned sample of
azopolymer brushes in the presence of adherent cells. In this case, cell culture
medium supplemented with HEPES buffer was used and ultrasonicator bath
temperature was set to 37 °C, in order to mimic cell culture conditions. After 1
minute of sonication cells started to detach from the surface, showing a less
spread morphology (Figure 5B) until they adopted a round shape after 10
minutes (Figure 5C).
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Figure 4. Cell orientation on the SRG pattern in patterned and non-patterned areas. Calculation
based on 7-9 cells per area. Cell orientation is evaluated with respect to the pattern direction for
cells in the patterned areas, while with respect to the horizontal axis for the non-patterned area.
Black squares represent the average value and bars refer to the standard deviation for cell
orientation. The asterisks indicates a highly statistical difference between the two cases by
performing an Anova test (p<0.01).

At the end of the process (10 minutes), cells were completely detached from the
substrate (Figure 5C), but, after an overnight incubation, they adhered again to
the surface (Figure 5D). This experiment proved that 10 minutes of sonication
treatment at 59 kHz at 37 °C (conditions applied also during pattern eresure)
was not harmful for cells, which remained viable and adhered again to the
polymer brushes. Probably ultrasonication provoked the direct detachment of
physisorbed proteins from the surface®” as protein layer was the sole anchoring
element for cells, which minimized cavitation stress just by detaching. While,
enzymatic treatments have been found to be highly damaging to cells and ECM
even though they are commonly used in every day culture practices.”> This

mechanical pattern erasure method, instead, appeared feasible in presence of

living cells.
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Figure 5. Ultrasonication of non-patterned polymer brushes in presence of cells. A) image of
adherent HUVECSs on polymer brushes, B) image of a single cell after 1 minute and C) after 10
minutes of sonication at 59 kHz in a sonicating bath set at 37 °C. D) Image of a sonicated cell
after an overnight incubation. Cells were stained with vital CellTracker™ CM-Dil. Scale bars
are 20, 10, 10 and 30 pm, respectively.

The study of the interaction between cells and their natural microenvironment
has been carried out extensively in the last decades.’*>’ The materials used in
most of the cases do not allow for a change in their properties, as it happens in
nature instead. Therefore, at the moment there is a growing interest in the
development of stimuli-responsive biomaterials in order to overcome these
limitations. Moreover, the possibility to imprint microfeatures on a substrate,

reset the topography with mild conditions and then reconfigure the surface

pattern is one of the major goals in microfabrication research related to tissue
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engineering. In particular, the methods generally used to obtain a pattern on
polymer brush surfaces are still not as straightforward as the photopatterning
approach.”®

In contrast, azobenzene-containing materials are gaining increasing attention for
their potential applications in cell culture as dynamically controlled materials.
In fact, spin coated azopolymers have recently been used as cell culture
supports proving their efficiency in providing different cell response and
behavior.” ' ***° The use of such polymers may help to gain a deep insight in
many biological questions regarding not only tissue engineering and
regenerative medicine, but also more basic studies of development and
pathogenesis.3 However the lack in long-term stability of these spin coated
polymers could highly reduce their range of applications. For this reason, the
use of covalently grafted azopolymer on glass surface, described in this work,
might be a real step forward in the realization of stable platforms for the
remodeling of topographic signals. Therefore, we are confident that this work

will be of interest to the general field of light-stimuli responsive materials.

2.3 Conclusions

In this work, we have shown how SRG inscribed on synthesized azopolymer
brushes and mechanically erased by ultrasonication can be exploited as
bidimensional reversible surfaces for contact guidance studies through optical
inscription and mechanical erasure of micrometer scale topography. Even
though, we are still investigating pattern erasure using light sources, since light
entails the unique property of a precise spatio-temporal localization, which
could enable pattern erasure in a specific part of the surface at will.
Nonetheless, the use of ultrasonication allowed cycles of writing/erasure of the
pattern. Furthermore, the sonication treatment could be performed even in the

presence of cells, without being harmful for them. Moreover, these substrates
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were found biocompatible for HUVECs, which were also able to feel the
underneath topography by aligning preferentially in the SRG pattern direction
or dispose in random direction when seeded on non-patterned brush surface.
From these results we envision the possibility to use such polymer brushes as
biointerfaces for “on-off” switching topographies allowing the attachment,
orientation and detachment of cells using mild conditions. We foresee that such
kind of polymeric stimuli-responsive platforms will allow future studies on how
remodeling of material topography may influence cell behavior with important

impact in the bioengineering research.
2.4 Experimental section

2.4.1 Materials and Methods
All chemicals and solvents were purchased from Sigma-Aldrich at the highest
purity available and used without further purification. All the chemical

synthesis was carried out under dry nitrogen using standard technique. Human

umbilical vein endothelial cells (HUVECs) were purchased from LONZA.

2.4.2 Synthetic procedure for DR1-monomer

0.34 mmol (1.2 equiv., 29.7 mg) methacrylic acid (MA), 0.48 mmol (1.5 equiv.,
92 mg of N-(3-dimethylaminopropyl)-N -ethylcarbodiimide hydrochloride
(EDC-HCI), 0.48 mmol (1.5 equiv., 97.02 mg) 1-hydroxy benzotriazole hydrate
(HOBt-H,0) and 0.96 mmol and (3 equiv., 133 pul) of triethylamine (TEA) were
dissolved in 4 ml of N, N-dimethylformamide (DMF) in a 25 ml round-bottom
flask. 0.28 mmol of an amine-derivative of the commercially available Disperse
Red 1 (DR1) (prepared according to our previous work)'® was added and the
reaction was continued for 24 hours at room temperature. The product
formation was followed by thin layer chromatography (TLC) and purified by

column chromatography with a mixture of methanol/dichloromethane 8/92
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(v/v). The product was obtained as red solid with 80% yield. MS for
CyH23N50;3: calculated for [M+H]" = 382.18 m/z; found (ESI) [M+H]" =
382.18 m/z. "H NMR (600 MHz, DMSO-d6): & ppm 8.37 (d, 2H); 8.14 (t, 1H);
7.94 (d, 2H); 7.85 (d, 2H); 6.97 (d, 2H); 5.66 (s, 1H); 5.35 (s, 1H); 3.55-3.50
(m, 4H), 3.39-3.35 (m, 2H); 1.86 (s, 3H); 1.18 (t, 3H).

2.4.3 Synthetic procedure for azopolymer brush (azo-pb)

The silanization and immobilization of RAFT agent on the glass coverslip have
been accomplished following the synthetic procedure already reported by our
group.'® A 25 ml round-bottom flask and a 5 ml vial were washed and dried.
All chemicals and dried glass apparatus were placed inside the glove box under
nitrogen flow for 30 minutes. 1.57 mmol (600 mg) of DRI-monomer were
weighed and transferred into 25 ml round-bottom flask with 10 ml of dry
methanol/1,4-dioxane (1/1, v/v) mixture. Then, 3.2 umol (0.79 mg) of 1,1’-
azobis(cyclohexanecarbonitrile) (initiator, I) were weighted and transferred into
the 5 ml vial and dissolved in 2 ml of dry methanol/1,4-dioxane (1/1, v/v)
mixture. Both monomer and initiator solutions were properly sealed and taken
out from the glove box. The monomer solution was degassed by three freeze-
thaw cycles for the complete removal of dissolved oxygen from the system.
Meanwhile, the initiator solution was degassed by bubbling nitrogen for 30
minutes. After that, monomer and initiator solutions were transferred into the
100 ml corning flask, which contained RAFT-immobilized glass coverslip,
under nitrogen atmosphere. The flask was sealed with Teflon tape and heated at
70 °C for 48 hours. The reaction was stopped by exposure to air. The glass
substrate was washed with methanol by sonication for 20 minutes at room
temperature, the washing process was repeated three times to remove
unimmobilized polymer on the glass substrate and finally it was dried in a

vacuum oven at 30 °C for 24 hours.
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2.4.4 Surface relief grating inscription

A 442 nm He-Cd laser (power of about 60 mW) was used in Lloyd’s mirror IL
configuration in order to project an interference pattern of light on azopolymer
brushes for inducing the formation of SRG. In more details, the azopolymer
sample was fixed to one of the mirror edges and the polarized laser beam was
reflected on its surface. The pattern pitch was 2.5 um, given by the equation
2d=M/sin(9), where A is the laser wavelength and ¢ is the angle between the

incident beam and the mirror. Inscription time was varied from 1 to 2 hours.

2.4.5 Cell culture

HUVECs were cultured in gelatin-coated flasks in an incubator at 37 °C and
humidified atmosphere with 5% of CO,. Cell medium M200 supplemented with
LSGS Kit (fetal bovine serum 2% v/v, hydrocortisone 1 pg/ml, human
epidermal growth factor 10 ng/ml, basic fibroblast growth factor 3 ng/ml,
heparin 10 pg/ml) was used. Cells were detached with trypsin/EDTA (0.25%
w/v trypsin/0.02 mM EDTA) and counted with the Neubauer cell counting
chamber before seeding on solid substrates. Polymer brushes were sterilized
under UV light for 30 minutes prior to cell culture. After 24 hours cells were
observed with an Olympus CKX41 microscope and images were taken with a
Manta GigE Vision camera (Allied Vision Technologies).

Biompatibility was checked with the LIVE/DEAD® Viability/Cytotoxicity
Assay Kit (thermofisher). Calcein AM and ethidium homodimer-1 (EthD-1)
have been dissolved in Opti-MEM (Gibco) without FBS at the final
concentrations of 2 uM and 4 uM, respectively after the determination of the
optimal non-cytotoxic levels for HUVECs. The culture medium was removed,
cells were washed twice with PBS and incubated at room temperature for 7
minutes before imaging. The positive control for dead cells was done by

treating cells with triton 0.1% for 3 minutes as permeabilizing agent.
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Cell orientation on patterns was evaluated with the MomentMacrolJ v. 1.3 script
(hopkinsmedicine.org/fae/mmacro.htm). Cells were delineated by manually
drawing elliptic shapes with fixed aspect ratio. Cell orientation was defined as
the angle that the principal axis of inertia (evaluated by the script) formed with
a reference axis, i.e. the pattern direction in the case of SRGs and the horizontal

axis for flat surfaces.

2.4.6 Ultrasonic cavitation procedure

Azopolymer brush glass substrate was kept in a conical flask with 10 ml of
water and sonicated (59 kHz) for 10 minutes at room temperature. Then, the
substrate was washed with water and dried in a vacuum oven for 24 hours.
After that, the sample topography was characterized by AFM. Since topography
was different after water treatement, samples were left overnight in DMF and
then washed with methanol by sonication. Subsequently, samples were

analyzed again by AFM.

2.4.7 Ultrasonic cavitation in presence of HUVECs

Cells were stained with vital CellTracker™ CM-Dil fluorescent dye before
seeding. A staining solution in PBS was made to a final concentration of 2
pg/ml diluting a 2 mg/ml stock solution of dye in DMSO. Cells were covered
with 2 ml of the staining solution and incubated first at 37 °C for 5 minutes and
then at 4 °C for 15 minutes. After that, cells were washed twice with PBS and
finally fresh cell culture medium was added. For imaging during ultrasonication
experiment medium was supplemented with 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES) buffer before the experiment, while ultrasonic
cleaner bath was set at 37 °C, in order to reproduce cell culture conditions.
Adherent cells were sonicated for 10 minutes at 59 kHz, observed with a TCS

SP5 confocal microscope (Leica Microsystems) after 1, 5 and 10 minutes and
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incubated overnight at 37 °C in a humidified atmosphere with 5% CO, before

final observation.
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Chapter 3

Azopolymer photopatterning by confocal
microscope for in vitro directional sprouting

angiogenesis*

Abstract. Angiogenesis requires the temporal and spatial coordination between
different cellular events guided by external cues, among which topographical signals
play an important role. However, a sound knowledge of the actual influence of
dynamic contact guidance in a 3D environment is still lacking. Since a functional
vascular network is essential for the fruitful formation of a well-organized tissue, in
bioengineering the fine control over the capillaries formation is greatly important. In
this chapter we modulate the presentation of topographical cues during sprouting
angiogenesis through the real-time photopatterning of a Disperse Red 1-containing
polymer (pDR1m) using the focused laser of a confocal microscope with a fine spatio-
temporal control. After assessing the effect of a linear static topography in directing the
sprouts, we were able to induce a sprouting remodeling by in situ azopolymer
photopatterning.

"The work described in this Chapter is part of a manuscript in preparation. M. De Gregorio, C.
Fedele, S. Cavalli, C. Attanasio, and P. A. Netti, “Azopolymer Photopatterning for Directional
Control of Angiogenesis”. (First two authors contributed equally to entire work).
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3.1 Introduction

Angiogenesis is the formation of new capillaries from pre-existing blood
vessels and requires the temporal and spatial coordination between different
cellular processes. It is know that angiogenesis is triggered by external
conditions, such as hypoxia and tissue injuries.' Up to date, a complete
understanding on how endothelial cells (ECs) respond to those complex signals
during angiogenesis is still lacking. Thus, tissue engineering is now aiming at
implementing biomaterials and finding novel strategies in order to study the
dynamical formation of new capillaries in vitro for the control over the
formation of a functional blood vessel network. To achieve this aim, different
methods have been developed. The majority of the approaches reported in the
literature is based either on the presence of soluble factors dispersed within the
matrix,”* or on the conjugation of pro-angiogenic molecules to engineered
scaffolds.” Moreover, among different biomolecules, angiogenic inducers, such
as VEGF," as well as synthetic peptides,® have been extensively exploited.
Furthermore, ECs are known to be particularly influenced by topographical
cues conferred by the extracellular matrix (ECM) protein architecture.” For this
reason, natural matrices (e.g. collagen and fibrin) are often used to induce
network formation in vitro, since they form fibrillar interconnected structures
that can be aligned by external stimuli and further remodeled by cells.® In the
majority of these examples the influence of the contact guidance of the 3D
matrix was investigated, but none of those studies was able to address the issue
of spatio-temporal presentation of the topographical cues in sprouting
angiogenesis, recapitulating the in vivo dynamic nature of ECM. In order to fill
this lack of knowledge, the use of smart materials, and in particular the use of
light-responsive ones, might represent a new way of getting more insights into

the angiogenic process. As a matter of fact, the use of azobenzene-based
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polymers have recently been presented as a successful approach to change
topography in real-time in presence of living cells.”'® Poly(Disperse Red 1
methacrylate) (pDR1m) is a well-known azopolymer, which is widely used in
photonic applications for its capability of changing its surface profile upon
illumination, but recently it has also been used in biological applications.”"*
When illuminated with the focused laser beam of a confocal microscope,
different topographical features can be written in a biocompatible environment.
In particular, this technique has been successfully used to induce a response at a
single-cell level of NIH-3T3 murine fibroblasts to the dynamic topographic
changes in terms of cell adhesion (length and orientation of focal complexes)
and shape.'” In this Chapter an original extension of this method to
multicellular processes is shown, in order to study the influence of dynamic

contact guidance in more complex biological systems, like sprouting

angiogenesis.

3.2 Results and discussion

Since a functional vessel network is essential for the fruitful formation of a
well-organized tissue, the fine control over the formation of an efficient
vascular system remains one of the greatest challenge to achieve in tissue
engineering.15 Furthermore, the mechanism that leads to the formation of a new
capillary from a pre-existing vessel has not yet been completely elucidated.'® A
useful approach for studying this process in vitro is represented by the sprouting
angiogenesis assay, which allows the study of the formation of new blood
vessels testing the effect of different conditions. Among the in vitro models, the
angiogenic assay with human umbilical vein endothelial cell (HUVEC)
spheroids well replicates vessel formation from pre-existent ones.'” This model
allows for the observation of the spheroid characteristics in three dimensions,

from cell migration to the distribution of the spheroid mass. Many works have
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characterized the influence of soluble factors on the directional movements of
endothelial cells (ECs) and some of the biomolecules involved in the
angiogenesis process have been identified, but still very little is known about
the exact effect of the topographical features of the ECM in the formation of a
functional vessel network.

Cells situated at the edge of the sprouts are called “tip” cells for their ability to
lead the formation of a new sprout thanks to their long and motile filopodia.
These cells are known to be sensitive to pro-angiogenic growth factors and to
other guidance cues in order to enable organized vessel growth.'® Cells forming
the sprout, instead, are called “stalk” cells, since they follow the guidance tracks
traced by the leading tip cells. This phenotypic specialization in tip and stalk
cells is believed to be only transient in early-stage angiogenesis, because the
leader cell selection is thought to be the result of a continuous dynamical
competition.'” Moreover, at a single-cell level, tip cells are supposed to move
with a persistent polarity, followed by stalk cells, which, on the contrary, prefer
to move behind polarized cells.” The ability of patterned features to polarize
and direct the migration of many cell types has been largely studied.”’ Thus,
from this information, we hypothesized that influencing the migration of
leading cells during angiogenesis might, in turn, tune tubule orientation, in a
cooperative active process with the remodeling of the surrounding collagen
fibrils. Moreover, the influence of producing a change in topography during
sprout dynamics has not yet been investigated. For this reason, we decided to
first assess information on the influence of a static linear topography using
HUVEC spheroids as angiogenic model and later, in order to understand the
role of the dynamical change of the topographical signal on sprouting
angiogenesis, we used a poly(Disperse Red 1 methacrylate) thin film as
photoresponsive surface. Thanks to the material patterning at the confocal

microscope, we were able to deliver a topographical cue during early-stage
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angiogenesis in a spheroid model and then observe the rearrangement of sprouts

in real-time.

3.2.1 Effect of static topography on sprouting angiogenesis

First of all, in order to understand how cells respond to static linear
topographies in two-dimensions, we used a UV-curable polymer (NOA63,
Norland Optical Adhesive), a polyurethane widely used in soft lithography. A
NOAG63 patterned substrate was obtained by replica molding of a patterned
polycarbonate master, followed by UV curing at 365 nm. This method allowed
for the fast production of a large uniformly patterned area (~cm?). After peeling
off, the patterned NOA63 membrane was fixed at the bottom of a custom-made
single-well plate prepared as described in section 3.4.1. The replica molding
gave a linear pattern 150 nm deep and with 2.5 um pitch, as also revealed by
AFM analysis (Figure 1). These pattern features are similar to the typical
topographies that can be produced with the focused laser beam scanning

technique applied to pDR1m (Figure 4).
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Figure 1. A) AFM analysis of NOAG63 patterned substrate and B) cross section.
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Subsequently, the substrates were sterilized under UV light in a laminar flow
hood and then HUVEC spheroids were seeded on them. After that, samples
were incubated in order to allow spheroids to sink to the bottom of the well and
therefore let ECs adhere on the patterned material surface. Then a thick layer of
collagen was deposited on top of the spheroids, in order to sustain sprouting
formation. Fewer studies have investigated the response of ECs to contact
guidance if compared to the influence of soluble factors. Some of them have
shown that there is a positive correlation between the alignment of endothelial
sprouts and the orientation of extracellular matrix fibrillar structure, even if

cause and effect of this observation were not established.?>?*

In our experiment,
indeed, after 24 hours of incubation the spheroid core acquired a polarized
shape and longer sprouts were found in the pattern direction (Figure 2A). As
imaged by second harmonic generation (SHG),” collagen fibers surrounded
each sprout, but, on top of the spheroid core, thicker collagen fibers were
localized and disposed in the pattern direction (Figure 2B). This collagen
remodeling suggests that cell activity in those regions was more intense. On the
contrary, when the spheroid was embedded in the collagen 3D matrix without
the presence of the underneath topography, it developed isotropic tubules, while
its core maintained a round morphology with collagen fibers disposed all
around the spheroid itself (Figure 2C and D). These observations might be an
evidence of the fact that a persistent directional migration of the tip cells,

caused by the linear topography, was indeed able to orient both the preferential

sprouting activity and the collagen fiber remodeling.
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Figure 2. Comparison between HUVEC spheroids in presence of a NOA63 patterned substrate
(A and B) and over a flat surface (C and D). A) and C) are z stack maximum projection image
of fixed HUVEC spheroids; nuclei are stained in green, while the cytoskeleton is colored in red.
B) and D) show collagen organization around the spheroid imaged by second harmonic
generation (SHG) using a multiphoton microscope. Red arrows indicate pattern direction.

3.2.2 Effect of pDRIm photopatterning in real-time on sprouting
angiogenesis

After assessing that a static topography of the substrate, positioned at the
bottom of the well, was able to orient sprouts, we hypothesized that dynamic
topographical changes of the substrate could also have an influence on tip cell
behavior or in the tip-stalk cell selection, maybe altering sprouting direction in

real-time. In order to verity that, glass coverslips were covered with pDR1m by
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spin coating and then a custom-made single-well plate was prepared as

described in details in section 3.4.1 (Figure 3).

Figure 3. Construction of the custom-made single-well plate for the dynamic patterning. A)
pDR1m spin coated glass substrate and B) the final single-well plate. Scale bars are 15 mm.

Later, HUVEC spheroids were seeded as previously described in section 3.2.1
and in the experimental section 3.4.3. After collagen gelation, samples were
patterned with the focused single laser beam technique described in the
experimental section 3.4.3. Briefly, a 514 nm Argon laser of a confocal
microscope is focused at the surface of the photosensitive material with a 25x
objective. The confocal software allows to delineate multiple regions-of interest
(ROIs) in which the lasers can be selectively tuned. Ideally, there is no limit on
pattern shapes that can be inscribed on the pDRIm with this method, but we
first decided to draw a set of linear stripes spaced about 3 um (an example of
the inscribed topography is reported in the AFM images in Figure 4). This type
of pattern was previously tested in our group with NIH-3T3 murine fibroblasts
and it was found able to orient cells along its direction.'® Furthermore, as
described in Chapter 2, a linear pattern produced on azopolymer brushes was

also able to induce a preferential orientation of HUVECs at a single-cell level.
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Finally, this topography is also similar to the one obtained on NOA63, allowing

a comparison with the behavior on static substrates.
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Figure 4. A) AFM analysis of linear topography inscribed by the confocal microscope single
laser beam technique in presence of wet collagen and B) its 3D projection.

This topography was inscribed in presence of a thick hydrated collagen layer
above the surface and, as we can see from the AFM analysis, this coating did
not hinder the mass migration of the azopolymer at the interface. As described
in the thesis introduction (Chapter 1) and in a work previously published by our
group,'® the use of the focused single laser beam of the confocal microscope
allowed the real-time patterning of the material in presence of living cells. In
general, this technique is a versatile tool for real-time biological investigations.

During photopatterning, indeed, the laser spot is precisely localized at the
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polymer surface, avoiding phototoxic effects. In addition, very often confocal
microscopes are equipped with a temperature-controlled chamber so that the
biological environment can be easily preserved. Thus, these conditions allowed
the observation of cell behavior over several hours after light exposure,
following the sprouting remodeling in time. In fact, we performed time lapse
imaging also at the confocal microscope after patterning. From these image
stacks we were able to notice an intense cell activity after patterning. In
particular, we inscribed the pattern when the sprouting activity was already
started (Figure 5A). Acting on the temporal presentation of the topographical
cue, we noticed a change in the direction of cell sprouts occurred during the

first 2 hours, leading to a sprout more aligned to the pattern direction (Figure 5).

Figure 5. Time lapse imaging of a HUVEC spheroid seeded on pDRIm. A) Image right after
pattern formation, and spheroid B) after 98 minute, C) after 114 minutes, and D) after 132
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minutes. Red arrows indicate the pattern direction, while green arrows indicate the changing
position of the sprout in response to the pattern inscription. Scale bars are 50 pm.

Usually, after patterning eventually followed by time lapse imaging for about 3
hours, cells were placed in the incubator overnight and then fixed, stained and

imaged (Figure 6) as previously described.

Figure 6. Confocal microscope images of spheroids 24 h after seeding. Representative images
of A) HUVEC spheroids cultured on patterned pDR1m and B) control ones on bare glass. The
yellow arrow indicates the pattern direction. Scale bars are 20 pm.

As we can clearly see by comparing these images, the final shape of the
spheroid, together with its sprouting activity, are completely different between a
spheroid interested by the pattern inscription (Figure 6A) and a control one
(Figure 6B). In fact, the sprouting activity in the spheroid shown in Figure 6A is
greatly anisotropic and long sprouts formed in the pattern direction. In order to
evaluate the directionality of the sprouting activity, we used a method
previously described by Borselli et al., in which the spheroid image was divided
into 8 sectors and the number of sprouts in each sector was quantified. In the
samples interested by photopatterning, the pattern was conventionally placed in
sectors 1, 4, 5, 8 (Figure 7A), and the same division was kept for the control
group (Figure 7B). Sprouts falling in each sector were counted and averaged

within the triplicate. Two groups were compared: “Sectors 1, 4, 5, 8” and
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“Sectors 2, 3, 6, 77, as reported in the histograms of Figure 7. As we see from
Figure 7C, in the group of patterned samples, 78% of the sprouts were found in
the 4 sectors related to the patterned area (sectors 1,4,5,8) and the difference
with the average number of sprouts in the non patterned area is statistically
significant (p<0,05). In contrast, in the flat control group of spheroids (Figure
7D) there was no significant difference between the average number of sprouts
in the two types of sectors. The reported data confirm that the in situ pattern
inscription in early-stage angiogenesis leads to a significant directional
sprouting. In this case, we were not able to image collagen fiber arrangement by
SHG, because the azopolymer is too sensitive in the SHG excitation conditions,
resulting in a damaged surface.

Even in case of fused spheroids we observed a similar behavior. In fact, we
inscribed the patterns in different directions and the sprouts clearly followed
those directions (Figure 8A). In spite of this behavior, fused spheroids in the
control sample assumed a roundish core shape with isotropically protruding
sprouts (Figure 8B).

Unfortunately, the pattern reproducibility was not always the same. First of all,
from previous studies of our group at a single-cell level, we know that a precise
focusing is fundamental for a good patterning. In fact, if this step of the process
is not accomplished with high accuracy, the resulting pattern resolution and
quality is poor. In the case of multicellular system, the obtainment of a precise
focusing is complicated by the presence of the big cell aggregate. Furthermore,
a liquid medium above the surface has also been found disturbing in confocal
pattern manipulation.” Sometimes, indeed, a side topography formed, that could
also be due to some scattering events occurring at the collagen-pDRIm

interface.

75



C D
Patterned samples Control samples
.
5 20 4
£ H5 w 15
2 £
a o
&2 5
G 2
o o
; og 10
< g
x 5]
0

Sectors 1,4,5,8 Sectors 2,3,6,7

(patterned area) (non patterned area) Sectors 1,4,5,8 Sectors 2,3,6,7

Figure 7. Effect of the pattern on angiogenesis modulation. Images A) and B) show the
methodology used for sprouting quantification in the case of patterned and control samples,
respectively. Histograms represent the average number of sprouts originated by three spheroids
in three different experiments C) exposed to the pattern, or D) to a flat surface (p < 0.05).

Figure 8. Bright field images of A) fused spheroids forming sprouts in the directions of the
different patterns wrote underneath each spheroid by the single laser beam technique as
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indicated by the red arrows. B) Fused spheroids displaying a roundish core shape and isotropic
sprouting in the control sample.

Figure 9. A) AFM image of the side topography at the boundary of the linear one. B) Spheroid
showing sprouts not aligned to the linear pattern direction but following the side topography.
Scale bar is 20 um.

In Figure 9 an example of a secondary pattern is shown. In this case, the
uncontrolled light stimulus provoked the formation of higher crests, which
pointed in a different direction with respect to the rectangular ROIs. Clearly, the
side topography effect on HUVEC behavior was dominant, leading to the
polarization of the spheroid in the direction opposite to the pattern through
sprout advancement in the crests direction. On the other hand, this observation
validates the hypothesis that contact guidance plays a major role during

sprouting process.
3.3 Conclusions

In tissue engineering, the generation of a functional blood vessel network is
essential for the fruitful formation of well-organized tissue. For this reason, the
spatial and temporal control over the vascular network formation in vitro is of

great importance. In the call for novel smart biomaterials and devices, which
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could help in giving more insights in the dynamic interplay between cells and
the surrounding environment, azopolymers emerge as ideal candidate for this
purpose. In fact, taking advantage of our previous experience about the ability
of the photoinduced mass migration in such thin films to generate cell-
instructive structures in real-time, in the work presented here, this methodology
was extended to a more complex multicellular system that is a spheroid of
endothelial cells employed for an in vitro sprouting angiogenesis assay. The
polarized shape of spheroids imaged after 24 hours demonstrated that
topographic signals play a major role in directing new sprouts, probably due to
contact guidance of leader cells. After assessing the effect of a static linear
patterned 2D surface on directional sprouting, the use of single laser beam of a
confocal microscope as photopatterning method was successfully implemented
to elicit a contact guidance sprout directionality, with the possibility to follow
up remodeling of sprouts direction in real-time. Future developments will
include an investigation of different topographies that could maximize the

directional sprouting response.
3.4 Experimental section

3.4.1 Sample preparation

For the realization of the static topography, NOA63 (Norland Optical
Adhesive) was patterned by replica molding from a patterned polyurethane
master and polymerized under UV light exposure for 20 minutes. While, for the
realization of the dynamic substrate, poly(Disperse Red 1 methacrylate)
(pDR1m), purchased from Sigma-Aldrich, was dissolved in chloroform (5%
w/v) and then spin coated onto a glass coverslip (15 mm diameter). A custom-
made single-well plate was built, in which patterned NOA63 or pDRIm thin

film was at the bottom of each well and a polystyrene hollow cylinder (10 mm
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internal diameter) was glued on each well using polymerized NOA63 after UV

light exposure.

3.4.2 Cell culture and generation of endothelial spheroids

Human Umbilical Vein Endothelial Cells (HUVECs) (Lonza) were grown in
Medium 200 (M200) supplemented with LSGS kit (Life-Technologies) at 37 °C
in 5% CO, and 100% relative humidity. After 3-4 days of culture, confluent
HUVEC monolayer (II-IV passage) was trypsinized and 800 cells per spheroid
were suspended in culture medium containing 0.25 mg/ml (wW/v)
carboxymethylcellulose (Sigma), seeded into ultra-low-attachment u-bottom
96-well plates (Costar) and cultured as described above to allow spheroids

formation.

3.4.3 In vitro sprouting angiogenesis assay

After 24 hours, spheroids were harvested and centrifuged at 900 rpm for 15
min. Then 1-2 spheroids were seeded in the custom-made single-well plates.
Few minutes later spheroids were coated by 1.2 mg/ml bovine skin collagen
and then collagen gelation was induced in an incubator for 45 minutes.
Subsequently, complete M200 culture medium, supplemented with HEPES
(Sigma) (25 ul/ml), was added. Regarding the experiments with NOAG63, the
samples were left in the incubator overnight and then fixed. Concerning the
experiment with pDR1m, instead, after the seeding procedure polymer surface
was photopatterned by a confocal microscope (TCS SP5 STED, Leica
Microsystems) using an Argon laser at 514 nm, applying a methodology
previously reported by our laboratory.'® Briefly, rectangular regions-of-interest
(ROIs) were drawn, spaced 3 um, directly underneath spheroid border.
Samples, prepared in triplicates, were left in the incubator overnight and then
fixed in 4% paraformaldehyde. Control samples (spheroids seeded on flat
azopolymer thin film as well as on plain glass) were seeded following a
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standard procedure, which involves spheroid embedding in the collagen matrix

before seeding.

3.4.4 Imaging

Samples were fixed with 4% paraformaldehyde, stained with sytox green
(nuclei) and rhodamine phalloidin (cytoskeleton) for the confocal microscope
imaging. Collagen fibers were imaged through second harmonic generation
(SHG) wusing a multiphoton microscope (TCP SP5 multiphoton, Leica

Microsystems).
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Chapter 4

Effect of surface topography on epithelial cell

migration and signaling™®

Abstract. Cell migration plays a crucial role in many biological processes, such as in wound
healing and cancer metastasis, regulating in a collective fashion cell displacements. Recently,
understanding the effect of topographical signals in these processes is gaining increasing
attention, together with the investigation of the dynamic interaction with the extracellular
matrix using novel intelligent materials. In this Chapter surface relief gratings (SRGs) on an
azobenzene molecular glass are implemented as contact guidance platforms in wound healing
assay. Furthermore, a preliminary study on the influence of real-time photopatterning on cell
collective response is reported, even in terms of Ca®" signaling.

The project was developed in the group Prof. Arri Priimdgi, Tampere University of Technology
(Finland). Biological experiments have been performed at the Institute for Biosciences and
Biomedical Technology (BioMediTech) in Tampere under the supervision of Dr. Soile Nymark
and Dr. Teemu Ihalainen.

"The work described in this Chapter is part of a manuscript in preparation. C. Fedele, T. O.
Thalainen, S. Nymark, S. Cavalli, P. A. Netti and A. Priimégi, “Effect of surface topography on
epithelial cell migration in wound healing assay”
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4.1 Introduction

Cell migration plays a crucial role in regulating many biological processes in
physiological as well as pathological conditions.' In several situations, cells
need to migrate persistently in a specific direction over long distances and in a
collectively and coordinated way, such as epithelial cells in wound healing and
embryo development. To date, the role of chemical cues in guiding epithelial
cell migration has been extensively studied, whereas the exact function of
physical signals coming from the extracellular matrix (ECM) in collective cell
migration has only recently gained attention.'

At the wound boundary, many cells appear much more elongated than the
others behind, acquiring a kind of mesenchymal phenotype. The so-called
epithelial-mesenchymal transition (EMT) is a physiological process that causes
an epithelial cell to assume mesenchymal cell properties through multiple
biochemical changes." Among others, this transition includes enhanced
migratory capacity and invasiveness, resembling the process by which non-
invasive tumor cells turn into metastatic ones. Thus, the influence of physical
cues on epithelial cell behavior and the identification of the signaling pathways
which lead, for example, to EMT might not only increase knowledge on
epithelium mechanotransduction (i.e. the ability of cells to translate external
mechanical stimuli into a biochemical response), but it might also provide new
insights into the plasticity of cellular phenotypes for possible future therapeutic
interventions.’

The study of the influence of topographical and mechanical signals on cell
migration has been carried out extensively at a single-cell level, but recent
studies are now approaching to the multicellular level using many
microfabrication techniques." ¢ Soft lithography has represented a versatile tool
for the cell-material manipulation at the micro-scale, e.g. through removable

microstencils or 3D microwell fabrication.’ However, the materials that are
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usually implemented for this purpose are not able to reproduce in vitro the
dynamic interplay existing in vivo between cells and ECM. As we have seen in
previous chapters, the use of azobenzene-containing materials represents a step
beyond these limitations, since azomaterials are able to modify their shape in
response to external light stimuli.® This approach has recently been successfully
implemented in cell culture applications, also in a reversible manner.” "

In this Chapter, an azobenzene-functionalized molecular glass has been
patterned on a large area by interference lithography in Lloyd’s mirror
configuration (see Chapter 1 and 2) in order to obtain a sinusoidal modulation
of the material surface. This substrate has been used for studying the influence
of a static regular topography on the collective migration of Madin-Darby
canine kidney (MDCK) epithelial cells during wound healing. Later, a tentative
identification of possible involved signaling pathways was carried out through
the use of pharmacological inhibitors.

Finally, a preliminary study on the mechanotransduction and -cell-cell
communication via calcium signaling in MDCK cells through real-time

patterning of the azomaterial has been performed.

4.2 Results and discussion.

For the study of collective migration in epithelial cells, many recent works used
microfabricated substrates in order to confine cells in certain geometries and
then model their behavior accordingly.” ’ For example, particle image
velocimetry (PIV) analysis revealed that MDCK epithelial cell confluent
monolayer used to migrate in a vortex-like manner, moving in circles of
typically 100—150 um in diameter, which is the natural correlation length of
these cells. When MDCK cells were confined in smaller geometries, like micro-
channels, such behavior disappeared.”> Thus, from these experiments we can

say that topographic cues play an important role in the collective organization
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of epithelial cell migration. However, to our knowledge, the influence of focal
adhesions confinement (which is known to direct cell migration at a single-cell

level in many cell 1ines)14'15

on epithelial cell migration in collective processes
like wound healing has never been studied. Our approach aimed to fill this gap
through the use of sinusoidal regular patterns on an azomaterial in an in vitro
wound healing model. Moreover, the photoinduced mass transport, which
characterizes this material, was used to give some insights into the

mechanobiology of MDCK epithelial cells and their intercellular

communication.

4.2.1 Samples preparation

In order to obtain linear patterns with tunable spacing and modulation depth in
a highly reproducible manner, we chose a Disperse Red 1 molecular glass
(DR 1-glass), a recently synthesized molecule (Figure 1B).'"*!” This molecule
has glass forming properties and, bearing a push/pull azobenzene on it (DR1), it
allows for photoinduced mass migration at the surface by using a laser source.
The light-induced mass transport phenomenon is discussed in more details in
Chapter 1. This monodisperse material has photoinduced motions, which do not
depend on the polydispersity of the system (differently from azopolymers),
allowing for a high reproducibility of the photomechanical behavior.

As we have seen in Chapter 1 and 2, one of the optical methods to obtain large
area (~cm?) sinusoidal patterns on the surface of an azomaterial is interference
lithography. In particular, when used in Lloyd’s mirror configuration, it allows
for the fast inscription (~ minutes) of intensity patterns.18 This method results in
the formation of a half circle of patterned area, where the pattern spacing (and
consequently the modulation depth) can be easily tuned by changing the angle
between the mirror and the incoming laser. In Figure 1A and C an AFM

analysis of a typically inscribed pattern is reported.
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In our study we needed first to understand which pattern had the greatest
influence on MDCK cell behavior. So, we inscribed three patterns with
different pitch: 500 nm, 1 um and 2.8 um, corresponding to different angles
between the laser and the mirror (28°, 14° and 5°, respectively).
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Figure 1. A) AFM analysis of the SRG topography with 1 pum pitch and its cross section. B)
DRI1-glass chemical structure. C) AFM micrograph 3D projection.

4.2.2 MDCK cells response to static Surface Relief Grating (SRG)
topography at a single-cell level and in wound healing assay

After sterilization and collagen 1 coating, MDCK cells were seeded on all
different samples and put inside the BioStation incubator for the migration
experiment for 5 days. When epithelial cells are cultured at a single-cell level,
they behave like mesenchymal cells, due to the so-called epithelial-
mesenchymal transition (EMT). In this state they are more sensitive to the
typical cues that influence cells during migration. In Figure 2 cell behavior after
24 hours of migration is shown. At his time point, cells were organized in isles,
whose shape differed from a sample to another. In fact, it is known that the
transition to a collective migration in epithelial cells depends on the density of

cells." This means that cell-cell contacts play a key role in collective behavior
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of cells, providing a strong “mechanical coupling” and allowing biochemical
signaling between neighboring cells. In Figure 2B, the influence of the 1 pm
pattern on cell behavior was more visible, as cell islands acquired a more
pronounced elongated shape in the pattern direction. The 2.8 um pattern was
able to induce cell orientation as well, even if in a less evident way (Figure 2C).
Moreover, the migration of the cells was different. Usually, epithelial cell
migration is described, adopting the physics of fluids, as a turbulent flow,
where cells move in circle."” On the patterns, as it happens at a single-cell level

and in other cell lines like fibroblasts,® '

epithelial cells were able to move
along the pattern direction even in a collective directional flow, until they

reached a certain cell density threshold.
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Figure 2. Bright field 4x images of MDCK during migration on patterns with different pitch.
A) 500 nm, B) 1 um, C) 2.8 um and D) flat, respectively. Images were taken after 24 hours of
migration. Yellow arrows indicate pattern direction.
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After that, an in vitro wound healing assay was performed. Among the in vitro
models for wound healing, the most reliable one has been introduced by
Poujade et al.”! This method used freestanding PDMS membranes with
rectangular through holes (stencils). Cells were seeded in these confining wells
where they reached confluence. PDMS membranes were subsequently peeled
off, allowing cell monolayer to migrate in a collective fashion toward the gap.
We used the described technique using PDMS slices instead of stencils in order
to confine cells around the slice and create a boundary. Our set of samples was
made up of three configurations: one with the slice placed along the pattern
stripes (from now on it will be referred to as “parallel sample”), the second
where the slice was placed orthogonally to the stripes (called “orthogonal
sample”) and a flat control sample (the two configurations of the patterned
samples are sketched in Figure 3). After cells reached confluence, we peeled off
the PDMS, thus generating a model wound in vitro. First, we performed a test
with 2.8 um-patterned substrates fixing them at different time points, so that we
could monitor cytoskeletal organization and cell-cell junctions with high
resolution. As we can clearly see from Figure 3A and B, at time zero, that is
right after PDMS peeling off, both the wound boundaries of the parallel and
orthogonal samples were perfectly flat, while, looking at Figure 3C and D, after
24 hours the situation changed. In fact, a great difference was visible between
the parallel sample and the orthogonal one. In the former, after 24 hours the
boundary was still flat, while in the latter cells at the boundary acquired a
different shape, protruding lamellipodia rich of actin fibers in the pattern
direction, in order to migrate along it and close the wound. This happened also
to the flat control and in the flat areas of the other samples (data not shown).
This observation is in agreement with the normal behavior of epithelial cells,
which are able to change phenotype (EMT process) in response to a tissue

injury and start migrating in order to heal.*!
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The same experiment was performed in the BioStation incubator with the 1 pm-
sample, in order to follow cell migration for 6 days (Figure 4). Since the very
beginning, we observed that the two patterned samples (parallel and orthogonal)
were behaving in a completely different way. In fact, the migration in the
parallel sample was evidently slowed down by the pattern (also if compared to
the flat sample), since cells at the leading edge preferentially migrated along it,
rather than across it.

On the contrary, cells on the orthogonal sample were faster and their migration
was more persistent. This behavior was similar to the one observed in the flat
sample, but after 6 days, the orthogonal sample presented a healed region
regarding only cells above the pattern, showing that, in the exactly same
conditions, the pattern speeded up the migration, or, more probably, it increased
the persistency of the migration, speeding up the overall healing process. A
quantification of the behavior on different patterns through PIV is ongoing.
Finally, in order to understand the signaling pathways involved in the migration
aided by the topographical cues, we tested different inhibitor drugs in the
migration experiment on the 1 pm sample.” > It is well-established that the cell
cytoskeleton is responsible for cell stiffness level through the increased
polymerization of actin fibers due to myosin activity.”> Myosin is regulated by
the phosphorylation of the myosin light chain (MLC) by the MLC kinase
(MLCK), whose activity is triggered by elevated activation of the small GTPase
RhoA, causing, in turn, upregulation of the activity of the RhoA-dependent
kinase (ROCK).”?* RhoA activity can be increased by an higher engagement
of integrin receptors by the formation of bigger adhesion complexes. Another
signaling pathway, instead, is naturally able to counterbalance the RhoA-ROCK
pathway. This pathway is generally accompanied by elevated activity of
phosphatidylinositol-3-kinase (PI(3)K).
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Figure 3. Confocal images of immunolabeled MDCK cells at the boundary of the wound on
patterned samples (2.8 um pitch). Tight junctions are stained in green, cytoskeleton in red,
while nucleus is colored in blue. A) and C) are parallel samples, while B) and D) represent the
orthogonal samples. Samples were fixed at different time points, respectively, A) and B)
represent the samples right after PDMS peeling off, while C) and D) were fixed after 24 hours.
Yellow arrows indicate the pattern direction. Scale bars are 10 um.
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Orthogonal

Figure 4. Bright field images (2x) of in vitro wound healing during migration on the three
samples: A) and B) orthogonal, C) and D) parallel and E) and F) flat. In particular, A), C) and
E) represent the in vitro wound right after PDMS slice peeling off, while B), D) and F)
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represent the situation after 6 days. Yellow dashed lines delimitate the patterned area and
yellow arrows highlight the pattern direction, while red dashed lines indicate qualitatively the
wound boundaries.

A well-known antagonist of PI(3)K activity is PTEN (phosphatase and tensin
homolog), also known for being a tumor suppressor.”> We selectively inhibited
these different pathways using Y27632, a ROCK inhibitor (Figure 5A),
LY294002, a PI(3)K inhibitor (Figure 5B), and bpV(HOpic), a PTEN inhibitor
(Figure 5C). Introducing in the culture medium Y27632 ROCK inhibitor, we
reduced the cellular contractility. In fact, together with other molecules of this
type (e.g. blebbistatin), Y27632 selectively abrogates intercellular forces
leading to the impossibility of the force transmission between a cell and its
neighbors. As we can see from Figure 5A, after 24 hours of migration cell isles
are not elongated in the pattern direction, as it happens instead in the patterned
control (Figure 5D). This behavior is even more evident if we compare Figure

5A with Figure 5B.
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Figure 5. Bright field images (4x) of MDCK during migration on patterns with 1 pm pitch in
presence of different drugs. Respectively, A) Y27632, B) LY294002, C) bpV(HOpic), D)
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control sample without any drug and E) flat control sample with 1.5 ul of DMSO. The images
are taken after 24 hours of migration. Yellow arrows indicate the pattern direction. Yellow lines
represent the active signaling pathway, while dashed lines represent the pharmacologically
inhibited pathway.

The latter represents the 24 h image of the LY294002 inhibited PI(3)K
pathway. Here, an enhancement of ROCK activity occurred, resembling the
single-cell behavior of MDCK cells, which prefer to individually follow the
pattern. Furthermore, in this sample a decrease in cell proliferation has been
detected. This observation was in good agreement with a previous report on the
implication of PI(3)K signaling pathway in the control over cell proliferation.*®
Finally, knowing that PTEN is an antagonist of PI(3)K, the use of the drug
bpV(HOpic) (which pharmacologically suppresses PTEN) is expected to
enhance PI(3)K activity and, potentially, downregulate ROCK activity. In fact,
it has been reported that ROCK is able to regulate PTEN to control cell
migration.”” ROCK downregulation by PTEN inhibition has been recently
demonstrated in non-invasive melanoma cells, which have a higher basal level
of PTEN with respect to invasive melanoma cells.” Effectively, also in MDCK
cell type the pharmacological inhibition of PTEN level was able to partially
suppress ROCK pathway, thus leading to a less evident capacity by the cells of
following the pattern (Figure 5C).

All these observations taken together give us the evidence of a strong
implication, as expected, of the ROCK signaling pathway in the mechanism of
MDCK epithelial cells in EMT to sense micrometric topographical cues. In
fact, on microscale topography a focal adhesion confinement is provoked.'
Presumably, this geometrical control over adhesion complexes increased
ROCK activity, upregulating the RhoA-ROCK pathway. In other words, this
activity most probably increased cell stiffness through ROCK triggered actin
polymerization, leading to a less compliant membrane. This behavior has been

referred to as topotaxis, the mechanism by which stiffer cells (whose membrane
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is less compliant) are able to adhere only on the topography ridges, while softer
cells are able to isotropically spread between interstitial parts of the topography
through membrane protrusions. In this way, stiffer cells are able to feel the
anisotropy of the underneath topography, while softer cells perceive a patterned

substrate as a flat surface, losing the contact guidance information.”

4.2.3 Real-time response of MDCK monolayer to topography changes

After assessing the influence of microtopography on MDCK cell migration, we
wanted to understand the influence of the dynamic change in the topography
over the behavior of a confluent MDCK cell monolayer. At the molecular level,
the entire process of cell migration is the result of a complex dynamical
equilibrium. For this reason, the real-time patterning might allow the
understanding of many still unraveled aspects of the cell-ECM interaction. In
fact, we exploited the photoinduced motions of DRI-glass, adapting the
technique introduced in Chapter 1 and later described in more details in Chapter
3. This approach is based on the use of the focused laser beam of a confocal
microscope in order to deform the azobenzene-containing material in contact
with cells.” This surface mass-transport takes place at the interface between
cells and the material, provoking a perturbation of the focal contacts, followed
by a sudden reaction of the cell monolayer. In Figure 6 we can see the cell
displacement in response to different movements of the laser. In particular,
Figure 6 shows the experiment in which circular regions-of-interest (ROIs)
were drawn and the laser movement was set to unidirectional (Figure 6A and C)
and bidirectional mode (Figure 6B and D). This means that the laser is switched
on only when the galvanometric mirrors go from left to right or it switches on
in both directions. As we can see from Figure 6C and from the AFM analysis
after cell removal (Figure 6E), an uneven distribution of material occurred upon

laser scanning in the unidirectional mode, where the material piles up to the left
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part of the ROI, going in the opposite direction with respect to the laser

movement.

Figure 6. Real-time patterning of DR1-glass by confocal microscope. A) and B) before; C) and
D) after, respectively, unidirectional movement of the laser and with a bidirectional movement
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of the laser (scale bars are 10 pm). The dashed grid helps in the visualization of cell
displacement inside the circular ROI. Yellow arrow shows the material displacement, while the
white arrow shows cell displacement. Black arrows show the laser movement, either
unidirectional (6C) or bidirectional (6D). E) and F) are the AFM micrographs of the surface
after cell removal, respectively, in unidirectional and bidirectional mode.

The cell response to that perturbation was almost immediate. This indicates a
fast transmission of forces from a cell to another trough cell-cell contacts. As
we can see from the yellow arrows in the Figure 6C, cells moved in the
direction of the material, following its displacement. Instead, when the laser
movement was symmetric, i.e. the laser was always switched on inside the ROI,
the material was pushed in both directions leading to the formation of a circular
pile at the boundaries (Figure 6F). As we can see from Figure 6D, neither cells
nor the material showed a net displacement. We hypothesized that the real-time
patterning of DR1-glass had a direct effect on the focal contacts between cells
and the surface with a direct implication of integrin transmembrane receptors as
mechanical transducer elements. Integrins have been correlated to elevated

2*28 The exact mechanism behind this feedback

levels of cytosolic Ca
interaction has not yet been resolved. However, it is well-established that Ca**
signaling plays an important role in mechanotransduction, either through focal
adhesion complexes or by intercellular signaling. For this reason, in order to
have a deeper understanding of the communication between cells during real-
time patterning, we followed intracellular Ca*" concentration, [Ca2+], with a
fluorescent dye. Intercellular calcium waves (ICWs) mediate the transmission
of information among cells through an increase in cytoplasmic [Ca*"], which
spreads (generally in an isotropic manner) from an initiating or trigger cell to
the neighbors.29 This type of cell-cell communication provides the coordination
and synchronization of functions of a large group of cells. ICWs are complex

spatio-temporal events that involve active signal transduction within and

between cells. For investigating ICWs in vitro, a combination of multiple
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experimental approaches is needed such as real-time microscopy, molecular
biology, pharmacology, and mathematical modeling. However, the relationship
between in vivo ICWs and regulation of tissue functions is not fully understood.
In 1990, a first article on the topic reported the detection of ICWs by airway
epithelium in response to mechanical stimulation using an AFM tip on a single
cell as a triggering event.’® After this study, ICWs have been found to be also
initiated by various stimuli in many different cell types. It is known that a cell
membrane stress triggers the production of inositol 1,4,5-trisphosphate (IP3),
acting as a messenger in intercellular communication through gap junctions,
while ATP is the most studied paracrine factor involved in the process.
Generally, the mechanical stimulation is locally achieved by the use of a
micropipette with or without plasma membrane disruption. The main
disadvantage of the used method is the difficulty in the quantification of the
mechanical stimulus and the associated intensity-response. Moreover, this
stimulation causes tissue damage and is not able to replicate the effects of
dynamic cell-ECM interactions In this work, we used the real-time patterning
on DRI1-glass described above as external stimulation on MDCK cell
monolayer (Figure 7). In this experiment, we used wild type MDCK cells and
followed intracellular [Ca**] with a fluorescent dye to study ICW in living cells
during pattern inscription. We switched on the 488 nm laser in both
unidirectional (Figure 7A and B) and bidirectional mode (Figure 7C and D) in
the central region of the sample, drawing a circular ROI. As we described
above, the laser movement over the sample from left to right was able to move
the material in an uneven way. We indeed observed that in correspondence to
the material pile, at a certain moment of the inscription the deformation of the
material was able to start an increase in cytosolic Ca®" concentration. Then, as

the deformation proceeded, this event triggered the spreading of Ca*" to other
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cells in a wave-like manner. Moreover, the wave did not spread isotropically to

neighbors, but it was able to selectively extend to cells along the ROI boundary.

Figure 7. Ca*" activity during real-time patterning visualized using laser scanning confocal
microscope. A) and C) are bright field images of the sample after photopatterning, while B) and
D) represent changes in cytosolic [Ca®'] during the 10 minutes' time of photopatterning. This
indicates the propagating [Ca®'] wave from one cell to the neighbor along the circular border.
The white dashed circle represents the ROI, while white numbers and arrows indicate the order
of appearance of the fluorescent signal of the Ca*" ions.

This observation could be an evidence of the fact that, in our case, the increase
n [Ca2+] was activated by stretch-activated ion channels with integrins acting as
mechanotranducers. In fact, intracellular Ca*" levels are frequently elevated by
release from intracellular reservoirs via a molecular pathway which involves

Phosphatidylinositol 4,5-bisphosphate (PIP;) hydrolysis and the generation of
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IP;. PIP, levels are elevated by adhesion in a Rho-dependent manner,
confirming the results shown in the previous section. Furthermore, an IP3
exchange via gap junctions might be involved in the communication

mechanism as well.
4.3 Conclusions

In this Chapter we have seen how topographic signals play a major role in
epithelial cell mechanotransduction. In particular, in the first part of the work,
the use of the static sinusoidal surface modulation of photoinscribed SRG on
collective migration of MDCK epithelial cells has been investigated, revealing
that the pattern with 1 pm pitch was the most efficient in aligning and directing
cell migration until confluence was reached. This means that the topography
has a prominent role in defining the migration of MDCK cells when they
assume the mesenchymal phenotype due to the EMT. For this reason, in in vitro
wound healing essay a topography which “links” the wound boundaries
(orthogonal sample) is able to speed up the migration process by increasing the
persistency of cell trajectories.

In the second part of this Chapter, instead, the photopatterning ability of DR1-
glass has been exploited as an original tool for the concurrent induction and
observation of MDCK monolayer stress-related responses in terms of
displacement and topography-dependent activation of Ca®" signaling in real-

time.
4.4 Experimental section

4.4.1 Substrate preparation by spin coating and photopatterning
Square glass coverslips were washed in acetone, isopropyl alcohol and water in
an ultrasonicating bath for 10 min each time, and then dried under a fume hood

prior to the spin coating process. Disperse Red 1 molecular glass (DR1-glass,
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Solaris Chem. Inc.) 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 for 30 seconds. Samples were
patterned either with the interference lithography technique, or in real-time
using the focused beam of a confocal microscope. An optically pumped
semiconductor laser (OPSL) with continuous wave (CW) output of 488 nm
with 2 W maximum output power (Coherent Genesis CX488-2000) (working
intensity of 93+1 mW/cm?) was used in a Lloyd’s mirror configuration with
circular polarization to project an interference pattern of light on the
azopolymer films, thus inducing mass migration and SRG formation. In more
details, in interference lithography the laser operates with single longitudinal
mode (SLM). The azopolymer sample was glued to one of the mirror’s edge

and the circularly polarized laser beam was reflected on it, thus realizing an

where A

interference pattern of light. The pattern pitch was given by d = pym
is the laser wavelength and § is the angle between the incident beam and the
mirror. By varying 9, patterns with different pitch could be easily prepared. For
the real-time patterning an LSM-780 (Carl Zeiss GmbH) was used (60x
objective) in bleaching mode using a 488 nm laser line at 100% power to
modify the material in the selected regions-of-interest (ROIs). Rectangular

ROIs were drawn directly underneath the cell monolayer either in unidirectional

or in bidirectional scanning mode.

4.4.2 AFM characterization

A JPK NanoWizard II (JPK Instruments), mounted on the stage of an Axio
Observer Z1 microscope (Zeiss), was used to characterize the azopolymer
films. For imaging of SRG patterned sample, a silicon nitride tip (MLCT,
Bruker) with a spring constant of 0.01 N/m was used in contact mode, in air at

room temperature, while, for imaging the sample patterned in real-time after
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cell removal by trypsinization we used a PNP DB (Pyrex-nitride probes,
Nanotech) with a spring constant of 0.48 N/m in contact mode, in air at room

temperature.

4.4.3 Cell culture and immunolabeling

Madin-Darby canine kindney (MDCK) epithelial cells were cultured in MEM
GlutaMax® supplemented with 10% FBS and 1% Pen/Strep, while MDCK
H2B-mCherry medium was supplemented with 0.5 mg/ml geneticin (G418).
They were incubated at 37 °C in a humidified atmosphere of 95% air and 5%
CO,. Prior to cell seeding, DR1-glass substrates were sterilized under UV light
for 30 min. and collagen coated with a solution of 50 pg/ml of collagen I in
acetic acid 0.02N for 30 minutes. At the end of the experiments, cells were
fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.1% Triton
X-100 in PBS for 15 min and then immunolabeled with anti-ZO-1 and anti-
mouse Alexa-561-linked secondary antibody for the tight junction, Alexa-647-
phalloidin for the cytoskeleton and DAPI for nuclei. For wound healing
experiments, PDMS slices (1:10 w/w, curing agent: Sylgard 184 pre-polymer)
of about 0.3 x 1.5 cm each were cut in sterile conditions and placed on the
substrates either along the pattern direction or orthogonally to it (in case of

patterned samples).

4.4.4 Migration experiments

MDCK migration experiments were carried out using Nikon BioStation CT.
Samples were fixed to the bottom of a 6-well plate by using small 1:20 w/w
PDMS drops to avoid sample movement during imaging. In case of wound
healing experiments PDMS slices were peeled off under laminar flow and
straight after that the 6-well plate was put inside the microscope holder and
incubated for 1 hour prior starting the experiment for equilibration. Images
were taken every 20 minutes for 5-6 days without medium change.
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4.4.5 Drugs inhibition experiment

For the perturbation of the signaling pathway related to cell migration, working
concentrations of 5uM Y27632, 10 uM LY294002 and 100 nM bpV(HOpic)
were reached in the culture medium (2 ml) before the migration experiment.
Samples were left inside BioStation incubator for 1 hour before starting the

experiment for temperature equilibration.

4.4.6 Ca’" staining

In order to follow intracellular fluctuations in calcium concentration, [Ca®'],
Rhod-3 Calcium Imaging Kit was used. First, we dissolved the content of one
vial of Probenecid in 1 ml of HEPES buffered Hank’s Balanced Salt Solution
(HBSS) to prepare 250 mM Probenecid stock solution. Then, we prepared the
buffers as follows. The loading buffer was made up of HEPES buffered HBSS
containing 2.5 mM Probenecid, 20 pul of 100X PowerLoad™, and 10 pM Rhod-
3 AM. The incubation buffer was composed by HEPES buffered HBSS
containing 2.5 mM Probenecid. HBSS alone was used for washing steps. After
medium removal from adherent cells, they were washed twice in HBSS. Then,
1 ml of loading buffer was added to cells and they were incubated in the dark at
room temperature for 45 minutes. After incubation, cells were washed twice
with HBSS. 1 ml of incubation buffer was added to cells, which were incubated
again at room temperature in the dark for 45 minutes. Finally, before live
imaging, cells were washed once in HBSS and an imaging buffer was added
(HEPES buffered HBSS containing 1% FBS, 1.3 mM CaCl, and 0.5 mM
MgCl).
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Chapter 5

Design of azobenzene-containing gelatin
photoresist for the realization of photoactuable

3D smart structures for cell culture

applications®

Abstract. The ability to trigger morphological and mechanical responses in hydrogel
systems implies the spatio-temporal control over material properties at the molecular
scale. Using light-responsive reactions in hydrogels, such as azobenzene
photoisomerization, represents a smart approach for improving our understanding on
how cells interact with a changing microenvironment. In this Chapter, two-photon
polymerization was used as microfabrication technique of a custom photoresist made
up of a chemically modified gelatin and a synthesized azobenzene crosslinker. This
photoswitch conferred to the final hydrogel photoresponsive properties, which were
able to produce an in plane deformation of NIH-3T3 cell nuclei. This proof of concept
experiment paves the way to future mechanotransduction studies in a 3D environment,
going from static to dynamic intelligent materials for cell culture applications.

*The work described in this Chapter is part of a manuscript in preparation. F. A. Pennacchio, C.
Fedele, S. Cavalli, R. Vecchione, P. A. Netti. “Design of azobenzene-containing gelatin
photoresist for photoactuable 3D smart structures for cell culture”. (First two authors
contributed equally to the entire work.).}
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5.1 Introduction

The ideal platform for the in vitro study of cellular response to varying
physiological-like conditions would include the fabrication of tridimensional
structured platforms that are able, at the same time, to deliver biochemical,
topographical and mechanical cues with a fine spatio-temporal control.'? In
order to unravel the complex mechanisms at the basis of cell-material
interaction, many reports in the literature make use of advanced
microfabrication techniques to structure both synthetic and nature-derived
materials in complex 3D architectures and with “smart” functionalities. In
particular, a great attention is taken by hydrogels, three-dimensional polymeric
networks with a strong hydrophilicity that are able to mimic the mechanical
properties of natural tissues. However, the fabrication of biologically relevant
tridimensional structures bearing the necessary chemical cues for cell growth
still remains challenging. In this respect, two-photon polymerization (2PP)
lithography represents a valid technique for the 3D microfabrication of
biocompatible scaffolds taking advantage of photopolymerization and
photocrosslinking reactions of many different mixtures (photoresists), leaving
the possibility to use functional customized materials widely open. Moreover,
to introduce a spatio-temporal control over cell-material interaction, nowadays
actuating hydrogels are employed. These systems are able to respond to many
different external stimuli, such as pH, temperature,’ electrical and magnetic
fields, " enzyrnes6 and light.” The latter can be based either on, for example,
light-to-heat conversion,g'9 or on the isomerization of azobenzene moieties,10 or,
finally, on the presence of photocleavable groups.'' Recently, 2PP has also been
used for the miniaturization of photoactuable liquid crystalline elastomers
(LCEs) based on azobenzenes for various technological applications, e.g. soft

robotics. This approach resulted in a successful maintenance of the liquid
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crystalline order inside the polymerized structures, scaling down to the
microscale the photoinduced shape changes of azobenzene-containing LCEs.'*
"> However, this miniaturization in a biocompatible environment still represents
a difficult task in the field of photoresponsive hydrogels.

In this work, the combination of the hydrogel chemical and mechanical
characteristics with light-responsiveness in 3D complex structures is proposed,
through the design of an acrylamide-modified gelatin containing azobenzene-
based crosslinkers. This collagen-derived material already includes the
biochemical signals for cell recognition as well as the functional groups
(acrylamides) for a radical crosslinking polymerization to take place. In fact,
2PP simplifies the processability of this hydrogel, which is characterized by a
sol-gel transition in the physiological temperature range. First of all, the
chemical modification of gelatin is presented, in order to allow a 2PP
processing. Then, the photoresist design is shown, including the synthesis and
characterization of an azobenzene-based crosslinker, which provides light-
responsive properties to the final material. Finally, the application of an array of
simple squared structures in single-cell confinement is proposed, as well as

their capability to deform cell nuclei upon light stimulus.
5.2 Results and discussion

5.2.1 Photoresist preparation

Gelatin is a natural material derived from the denaturation of collagen I. This
proteic polymer is inherently biocompatible and it already contains the
chemical cues necessary for cell recognition and remodeling of the extracellular
matrix. This is a great advantage in the general field of biomaterials, as well as
in our case, for the construction of cell culture substrates, which need to interact
with cells and support their growth.'* Gelatin hydrogel shows a gel-to-sol

transition temperature at 37 °C, which makes it not usable in physiological
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conditions and thus it is necessary to crosslink it. Among crosslinking
strategies, we chose two-photon polymerization (2PP) for its potential in the
fabrication of complex 3D structures. This technique is performed by scanning
a focused laser beam into a photopolymerizable mixture, generally from the
bottom to the top surface. Inside the focal volume, a photochemical reaction
occurs, which converts a liquid into an insoluble polymer or gel. Actually, this
technique is still under development; in fact, nowadays it includes many
different light-triggered reactions regarding not only polymerization or
crosslinking processes, but also, for example, local functionalization and
cleavage. A suitable mixture for photopolymerization usually consists of three
basic components. First of all, a light-sensitive molecule, the photoinitiator (PI),
is needed, which is able to produce active species upon photon absorption at a
specific wavelength and initiates the polymerization reaction. Then, the use of
functionalized oligomer or pre-polymer backbone is preferred, and, finally, the
presence of mono- or multifunctional monomers, which integrate inside the
polymer network, is used to contribute to final material properties. In the
process of 2PP, PI molecules exposed at a high intensity laser undergo the
absorption of two photons (above a certain intensity threshold) mediated by a
virtual state that allows the access to an excited triplet state.'” The absorption of
two photons shows a non linear (quadratic) dependence to the intensity,
resulting in a highly localized excitation and thus a potentially highly resolved
polymerization.'® The laser is usually in the near infrared region, range in which
materials are generally transparent, allowing for a deeper penetration depth with
a negligible power loss. These characteristics of 2PP result in the creation of
very complex tridimensional structures, just by laser scanning.

Based on the above discussion, we formulated our photoresist mixture as
follows: a PI widely used in 2PP (Irgacure 369), a chemically modified gelatin,

and, finally, an azobenzene-based bisacrylamide molecule used as crosslinker.
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Following an approach recently reported in the literature for gelatin,'” we
modified the amines in side chain of lysine into acrylamide groups in order to
obtain a 3D printable material, as confirmed by NMR spectroscopy (Figure 1).

w ﬂ

INTEGRAL VAL UES

Integral start(ppm) end value
1 642322 6.16835 0142
2 591085 573098 0.085
3 112163 0.80801 1.000

|

0.14

Figure 1. "H NMR spectrum of modified gelatin.

The presence of two peaks at 5.83 ppm and at 6.25 ppm indicate the success of
the reaction since they are relative to the acrylic groups. The methyl signals (at
1.2 ppm) of Val, Ile, and Leu can be used as an internal standard in the 'H
NMR spectrum of the gelatin because can be considered chemically inert. This
functionalization can be quantified by integrating and dividing the peak at 5.83
ppm with the peak relative to the methyl signals at 1.2 ppm. We optimized the
reaction conditions so that this ratio was maximized to the value reported in
Figure 1 (0.08). Applying the calculations reported in the literature,'” we can
define a theoretical degree of substitution of free amines as:

0.3699 mol integration at 5.83 ppm 100
= * *
100 g integration at 1.12 ppm 0.03798 mol/100 g

Where 0.3699 mol is the quantity of Val, Ile, Leu and 0.03798 mol the amount

of Lys in 100 g of gelatin as reported in the literature by amino acids analysis."’
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This calculation gives a theoretical degree of substitution of 83%.

These functionalities allowed for a radical polymerization to take place. In
particular, choosing a suitable photoinitiator (Irgacure 369), we were able to
start a photopolymerization in the focal volume of the laser of our 2PP system,
which works at 780 nm (Photonic professional GT, Nanoscribe).

The azobenzene-based bisacrylamide crosslinker was synthesized as described

in Scheme 1A.
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Scheme 1. A) Synthetic scheme of Azo-crosslinker. Reaction conditions: a) 0.111 mmol of
azobenzene 1, 4.8 equiv. of TEA, 2.4 equiv. of HOBt-H,0, 2.4 equiv. EDC-HCI and 2.4 equiv.
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of compound 2, overnight at room temperature. b) TFA/CH,Cl, 50/50 v/v for 2 hours to remove
the Boc protecting group. After the reaction, the product was treated with TEA and co-
evaporated with toluene. ¢) Boc-deprotected compound 3 was reacted with 2.4 equiv. of acrylic
acid, 2.4 equiv. of HOBt-H,O, 2.4 equiv. of EDC-HCI and 4.8 equiv. of TEA overnight at room
temperature. B) Chemical structures of the mixture components: acrylamide-modified gelatin,
Irgacure 369 as photoinitiator, and in-house synthesized azo-crosslinker.

This short crosslinker gave us the opportunity to add a further functionality to
the final structure. In fact, as also reported elsewhere,'® a photoswitching
crosslinker is able to alter the morphological and mechanical properties of the
entire polymer matrix through its isomerization upon illumination.'**® The
choice of an azobenzene-type crosslinker is generally crucial for the stability of
the deformations which needs to be compatible with typical timing used in cell
culture practices.'”® In fact, we chose a photoswitch, which isomerizes in
solution in about 25 minutes of illumination with a UV laboratory lamp (1.2
mWem™ of diffused light) and in 1 minute by focusing the light of a mercury
lamp (filtered for blue light) with a 10x objective. The illuminated mixture was
able to back-isomerize in more than three days in the dark. Figure 2 shows the
UV/Vis absorption spectra of the azo-crosslinker in solution subjected to a
progressive illumination with UV light. Moreover, the UV/Vis spectra show
almost zero absorption at the wavelength that is related to the focal volume of
the two-photon polymerization system (indicated by the grey dashed arrow in
Figure 2) showing the suitability of this crosslinker in our Nanoscribe system.

As also reported in the legend, the black line shows the absorption spectrum of
the trans isomer, while the other colored lines represent the spectra of the
mixture subjected to increasing illumination time with a UV lamp at 356 nm
(from 1 minute to 25 minutes in total). As expected, these spectra show a
progressive decrease in absorption of the frans n—n  band centered at 331 nm,
together with a complementary increase in absorption of the n—n band of the

cis 1somer centered at 420 nm.
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Figure 2. UV/Vis absorption spectra of Azo-crosslinker in DMF in different illumination
conditions. The dashed light gray line indicates the molecule absorption at the wavelength (390
nm) of the focal volume of the two-photon polymerization system. In the legend “UV” indicates
the diffused light of a laboratory lamp at 365 nm, while “UV 10x” stays for the light of a
mercury lamp focused by a 10x objective and filtered in the UV region. Finally, “blue 10x”
represents the same light source filtered in the blue region.

The light-induced back-isomerizaton in solution was achieved up to the
formation of a photostationary state in 1 minute of photostimulation with a halo
lamp filtered for blue light and focused with a 10x objective. However, when
incorporated in a polymeric network, the trans-cis isomerization kinetics of the

material might be different, as well as the cis-trans back-isomerization.

5.2.2 Structures characterization

The photoresist mixture was composed by 20% w/v acrylamide-modified
gelatin chains, 4% w/w (with respect to gelatin) of the azo-crosslinker and 3%
w/w of Irgacure 369 as PI dissolved in a citrate buffer, as we can see in Scheme

1B. These mixture elements were, thus, able to start a radical polymerization
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when illuminated with UV light, leading to a final polymer network where the
azo-crosslinker integrated in the gelatin matrix. In this way, the mechanical
properties of the polymerized material were in the range of typical hydrogels
for biological application (elastic modulus of 6.55 £+ 0.45 kPa) as confirmed by
AFM nanoindentation analysis (Figure 4C).>' Moreover, an advantage from a
microfabricative point of view lies in the fact that the inscription process occurs
when the material is in the gel state, eventually allowing for an easier
construction of free standing structures. In fact, gelatin is well known to be a
difficult material to manipulate, due to its sol-gel properties, which translate
into difficult processability with many microfabrication techniques.”> In our
approach, the use of 2PP avoided gelatin processing problems, obtaining the

polymerization in complex structures with a good resolution (Figure 3).
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Figure 3. Bright field image of a complex structure obtained with the same writing parameters
A) with and B) without azo-crosslinker in the photoresist mixture.

After photopolymerization, the produced gelatin structures could be deformed
by the use of a laser light, owing to the presence of the azobenzene. It is already
known, in fact, that azobenzenes inside polymeric networks are able to control
some mechanical properties, such as the swelling ratio.'® When isomerizes, the

azobenzene molecule undergoes a geometric modification from the linear trans
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isomer to the bent cis one, which affects also its dipole moment. > Therefore,
this conformational change is reasonably supposed to affect gel mechanics and
shape. However, the exact prediction of mechanical properties and shape
variations that may occur in response to light is not so straightforward. The
light-dependent mechanical properties of azopolymer films have been
extensively studied, but in the literature only few studies about the
characterization of azopolymer hydrogels are present, reporting different
photomechanical behaviors. For example, Hosono et al. observed a shrinking
accompanied by an increase in storage modulus in an azobenzene-containing
poly(amide acid) gel upon light stimulus.” Rosales et al., instead, reported on a
decrease in elastic modulus upon photostimulation in branched PEG-
azobenzene hydrogel.'® In addition, other studies observed gel—sol transitions
upon photostimulation in azobenzene-containing supramolecular systems
because photoisomerization was believed to disrupt hydrogen bonds inside the
polymeric network.'® All these reported behaviors strongly depend on the
molecular architecture of the material and on the chemical species involved.
However, a complete understanding of the hydrogel properties was beyond the
scope of this study. Our aim, instead, was the realization of actuating hydrogel
structures for the mechanical stimulation of cells at a single cell level, for
example, for future advanced studies on the effect of mechanical signals on cell
behavior. As proof of concept, we decided to start from simple squared
structures (30 x 30 x 10 pm®) whose photoinduced response was investigated
using a multiphoton (MP) laser tuned at 700 nm (in order to excite the
azobenzene isomerization at 350 nm). With the use of this source we were able
to precisely localize the MP absorption in order to set the experimental
conditions for further biological studies. In fact, since UV light is known to be
harmful for cells, this method minimized cytotoxic effects, while maximizing

the light penetration depth. The photostimulation with MP at a fixed z position
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for 10 minutes translated into an expansion of the structures in x and y of about

10%, as shown in Figure 4A and B.
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Figure 4. Deformation of the gelatin squared structures upon MP illumination at 700 nm for 10
minutes. A) Before illumination and B) after illumination. As shown in figure, aided by the
grid, the illuminated structure increased its x and y dimensions. Scale bars are 10 um. C)
Young’s modulus calculated by AFM force mapping on the squared structures before and after
illumination at MP. Asterisk indicates statistically significant

Moreover, the shape change under UV light corresponded to a decrease in the
elastic modulus (3.89 + 0.6 kPa) immediately after the stimulation, as detected
by AFM force spectroscopy analysis (Figure 4C). As of now, we might
speculate that the decrease in elastic modulus was due to an increase of

hydrophilicity of the hydrogels upon trans-cis isomerization. This shape change

was not observed, instead, when the structures were stimulated with other light
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sources where the azobenzene has no absorption (633 nm one-photon source or
780 nm two-photon absorption) as visible in Figure 5. Further investigations on

the mechanical behavior of the material upon illumination are ongoing.

Figure 5. Negative control for photostimulation. Squared structures A) before and B) after a
stimulation at 633 nm (100% power). Squared structures C) before and D) after a
photostimulation with 780 nm (two-photon absorption). In both cases, as expected, no
deformation occurred. Scale bars are 10 pm.

Usually, the deformations induced by azobenezene photoisomerization inside a
polymer matrix are fully reversible. Actually, we were not able to induce a
shape recovery upon photostimulation in the absorption range of the cis isomer,
nor waiting for the spontaneous cis-trans back-isomerization to take place. This

reversibility would be interesting in the field of cell-instructive materials. In
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particular, the ability to induce a cyclical mechanical and topographical
stimulation, for example, could allow new investigations on cell
mechanotransduction.”® Other reports regarding different photoresponsive
systems observed an irreversible swelling upon photostimulation, even when
reversible reaction are involved in the photoactuation process (e.g. keto-enol
tautomerism).”” In the reported example a very slow reverse reaction was the
cause of the irreversibility in the polymer gel deformations. In our case, the
problems in shape recovery of our gelatin hydrogel still need to be addressed.
Most probably, the azobenzene increase in dipole moment upon isomerization
plays a key role in this process.”* In fact, once immobilized in a crosslinked
polymer matrix, the photoisomerization phenomenon might lead to an increase
in the system hydrophilicity causing a water uptake and, consequently, a

swelling.'®

Moreover, photothermal effects could also affect the material
behavior. In fact, a light to heat conversion might be also involved in the shape

change mechanism.

5.2.3 Biological investigation

However, the obtained shape change, even if irreversible, was useful for our

biological application, giving an in plane deformation of 10%. For our

biological experiments we polymerized the photoresist in a bidimensional large

area (~mm?) array of squared blocks (30 x 30 x 10 pm”) spaced about 10 pum in

a wet environment. Each structure presented a grating (3 pum pitch) on the

lateral walls, which allowed for a precise cell confinement in the channels

between structures, as we can see in Figure 6.

From the literature, it is known that in presence of microchannels cells tend to
» 28

position and align inside them in a process sometimes called “gap guidance”.

Most probably, as it happens in bidimensional (2D) structures such as linear
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surface patterns the topographic cue on the block walls further helped in cell

29-30

confinement between blocks.

Figure 6. Fixed NIH-3T3 on gelatin structures. A) and B) are z-stacks maximum intensity
projection of fixed cells cultured on gelatin structures (nuclei were stained in blue with
HOECHST, while the cytoskeleton is colored in red with rhodamin phalloidin). C) and D) are
brightfield images of the underneath structures. Scale bars are 10 um.

Nowadays, the use of 2D structures for the study of the cell-extracellular matrix
(ECM) interaction is progressively being substituted by novel 3D cell culturing

structures, because they are able to mimic many structural aspects of the in vivo

ECM.*'"? In fact, these platforms are able to elicit different cell responses, e.g.
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in terms of formation of focal adhesions and cell cytoskeleton structure. In this
context, indeed, mechanotransduction (i.e. the ability of cells to translate
external mechanical stimuli into a biochemical response) plays a key role.”>>*
In fact, as an example, many research works are evidencing that a change in
shape of a cell nucleus (aided by cytoskeletal assembly) is able to alter gene
expression through chromatin reassembly.26 The interaction with the outer
environment is able to start a cascade of switch-like events in and between
cells, but this way of modeling the cellular responses is not complete enough to
understand the time-dependent cell reaction to varying external stimuli, as it
happens in vivo.” Our aim was the obtainment of a cell confining structure for
further cell deformation studies in real-time.

Actually, the novelty of our approach lies in the fact that, by engineering the
described photopolymerizable material, we were able to locally deliver a
mechanical stimulation to the cell nucleus at a single-cell level. Our studies
were carried out with NIH-3T3 cells, a model cell line for mechanotransduction
studies. Numerous works centered their attention on the effect of a mechanical
stimulation on the transcriptional activities of cells, studying the interaction of
cytoskeletal tension, nucleous deformation and chromatin reassembly.”’ Our
system was able to deform cell nuclei at single cell level, allowing for a high
localization of the external light trigger to the material parts. In fact, using a MP
laser inside the ROIs (Figure 7), we were able to avoid unwanted interactions

between high power laser in the UV spectral region and living cells.
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Figure 7 Screenshot from the Leica MP microscope software. The colored squares represent the
ROIs corresponding to the gelatin structures to be stimulated. Scale bar is 10 um.

The deformation took place in 10 minutes of illumination and it allowed for a

range of nuclei deformation in x and y of 5-12% (Figure 8 and Table 1).

Figure 8. Cell deformation upon gelatin photostimulation. A) Before the light irradiation and
B) after 10 minutes of MP stimulation. Yellow arrows indicate the expansion of the stimulated
material toward the cell nucleus. The cell is stained with the vital CellTracker Deep Red for the
cell body, while HOECHST is used for nucleus staining. Scale bar are 10 pm.

This in plane deformation of the cell nuclei was observed in each stimulated

cell, as we can see form the reported data in Table 1.
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Area before stimulation Area after stimulation XY Nucleus

(um?) (um?) deformation
1 12093 106.77 11.7%
2 132.02 120.46 11.6%
3 118.64 110.72 6.7%
4 102.12 97.13 4.5%
5 158.72 145.28 8.4%
6 234.54 222.38 5.2%
7 199.64 160.51 4.6%
8 236.63 269.74 12.3%

Table 1. Evaluation of the in plane deformation of cell nuclei upon gelatin stimulation by
comparing the nucleus xy area at a fixed z position before and after structures photostimulation.

The reported deformation range is due to the position of the cell inside the
channels and on its adhesion to the structure walls. In particular, cells which
were more confined and were situated very close to the structures corners were

deformed more efficiently by the structures expansion.

5.3 Conclusions

In this Chapter the realization of a gelatin-based photoresist through a chemical
modification of gelatin side chain functions into a photopolymerizable mixture
has been shown. In particular, the introduction of an azobenzene-based
crosslinker enabled the fabrication of hydrogel structures with high resolution,
adding a further functionality to the material. In fact, stimulation with a
multiphoton laser in the range of azobenzene isomerization provoked an in
plane deformation of the designed structures, with a concomitant change in
mechanical properties. These findings demonstrate the applicability of these
platforms as versatile, 3D biocompatible cell culturing scaffolds (whose shape

can be tailored by two-photon polymerization) while confining cells in 3D
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environment. Even if a complete understanding of the light-responsive
properties of the materials is still under study, the new gelatin property was
exploited as a proof of concept for the deformation of cell nuclei. These
preliminary results pave the way to further studies on the effect of these

mechanical signals on cell behavior.
5.4 Experimental section

5.4.1 Acrylamide-modified gelatin B synthesis.

Gelatin type B (Bloom strength of 225 g, Sigma) isolated from bovine skin,
acrylic acid N-hydroxysuccinimide ester (Aldrich) and 4-Methoxyphenol
(MeHQ) (Sigma-Aldrich) were used as received. Starting from a protocol
reported elsewhere, gelatin was chemically modified with acrylic side groups.'’
After dissolution of 1 g of gelatin in phosphate buffer (pH 7.8) at 40 °C, 0.76
mmol of acrylic acid N-hydroxysuccinimide (NHS)-ester (128.5 mg) and 46
ppm of MeHQ were added while vigorously stirring. Briefly, after 1 h, the
reaction mixture was diluted and dialyzed for 48 h against distilled water at 40
°C. The reaction product was then freeze-dried leading to a white fluffy solid.
The degree of substitution was verified using '"H-NMR spectroscopy at 40 °C
and quantified (Figure 1).*°

5.4.2 Synthesis of azobenzene-based crosslinker (Azo-crosslinker).

Azobenzene 1 was synthesized by an already reported protocol.’’* Briefly,
azobenzene 1 (30 mg, 0.111 mmol) was dissolved in dichloromethane (CH,Cl,)
and 74 pl of triehtylamine (TEA) at room temperature. Then 2.4 equiv. of 1-
Hydroxybenzotriazole hydrate (HOBt-H,O), 2.4 equiv. of N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC-HCI) and 2.4
equiv. of compound 2 were added and left reacting overnight. The reaction was

followed by thin layer chromatography (TLC) and the product was extracted in
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dichloromethane. The product was purified by column chromatography. The
product formation was confirmed by Mass Spectrometry. MS (ESI): m/z
calculated for C3¢HssNeOpo: 731.39 [M+H]'; found: 731.40. After that,
compound 3 was treated for 2 hours with a solution of 50/50 v/v trifluoroacetic
acid (TFA) in CH,Cl, to remove the Boc protecting group, then co-evaporated
with toluene and treated with TEA. Finally, Boc-deprotected compound 3 was
reacted with 2.4 equiv. of acrylic acid (197 mmol, 14.2 mg), 2.4 equiv. of
HOBt-H,0, 2.4 equiv. of EDC-HCI and 4.8 equiv. of TEA. The reaction was
followed by thin layer chromatography (TLC). The product was purified by
column chromatography. The product formation was confirmed by Mass
Spectrometry and characterized by UV/Vis spectrophotometry (Figure 2). MS
(ESI): m/z calculated for C3,H4;N¢Og: 639.39 [M+H]+; found: 639.31.

5.4.3 Gelatin photoresist preparation and two-photon polymerization.

Acrylamide-modified gelatin B (20 % w/v) was dissolved in a citrate buffer (pH
3.1) at 40 °C for at least 2 h by gently stirring. When the solution became clear,
4 wt% of azo-crosslinker and 3 wt% of Irgacure 369 were added. The gelatin
photoresist was heated above the gelation point at 40 °C and then poured on a
round glass slide (30 mm diameter, 0.17 mm thickness) and a PDMS reservoir
was placed on it. Then the sample was inserted into a two-photon
polymerization system (Photonic Professional GT, Nanoscribe GmbH), which
uses a 780 nm Ti-Sapphire laser emitting ~100 fs pulses at 80 MHz with a
maximum output power of 150 mW, equipped with a 63x, 1.4 NA oil
immersion objective. The system combines a piezo stage and a high-speed
galvo mode for faster structuring. For our purposes, a set of squared blocks (30
x 30 x 10 pm’) with a lateral grating of 3 um pitch was fabricated. The used
parameters were 7500 pum/s as scan speed, 24 mW as output power. The

development was carried out stirring the photoresist in bidistilled hot water (45
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°C) for 20 minutes. In this process, the hot water was able to dissolve unreacted
material, leaving the structures on the glass. Samples were then left in distilled

water until they were used for cell culture.

5.4.5 Cell culture and imaging.

NIH—-3T3 fibroblasts were cultured in low glucose DMEM and incubated at
37°C in a humidified atmosphere of 95% air and 5% CO,. Prior to cell seeding,
substrates were sterilized in a solution of Pennicillin-Streptomycin (Pen/Strep)
in PBS (Phosphate Buffered Saline) (1:2 v:v) for at least 4 hours. On each
sample 40000 cells were seeded and they were left adhering overnight in the
incubator. The day after cells were stained with vital CellTracker Deep Red
solution (1:1000 in cell culture medium without FBS) for 30 minutes in the
incubator and then the nuclei were stained with HOECHST (100 pl of a
solution 1:10000 v:v in the culture medium). After that, samples were imaged
and stimulated at the A TCS SP5 multiphoton (MP) microscope (Leica
Microsystems) (see next section). At the end of the experiment, cells were fixed
with 4% paraformaldehyde for 20 min and permeabilized with 0.1% Triton
X-100 im PBS for 3 min. Actin filaments were stained with
rhodamin—phalloidin. First of all, samples were incubated for 30 min at room
temperature in the phalloidin solution (dilution 1:200), and, finally, cells were
incubated for 15 min at 37°C in HOECHST solution (dilution 1:1000) to stain
cell nuclei. Cells were then imaged at the MP with a 40x water immersion

objective 1.1 NA in z-stack mode.

5.4.7 Photostimulation.

The structures (either alone or with seeded cells) were photostimulated using
the MP microscope. A 25x water immersion objective was used for the purpose
using 6x as zoom factor. The MP pulsed laser was tuned at 700 nm and output
power was set at 5% (trans and gain, 13 mW output power), and 42% offset.
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Four regions-of-interest (ROIs) were drawn on the squared gelatin structures
(Figure 7) in which a MP laser was switched on for 10 minutes at 400 Hz scan
speed in bidirectional mode, taking 1 frame per second. The negative controls
were performed following the same abovementioned procedure while using
both a continuous He-Cd laser of 633 nm at maximum power and a 780 nm MP

laser tuned at 13 mW output power.
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Conclusions and future perspectives

The work described in this thesis intends to exploit the fascinating
photomechanical properties of azobenzene-based materials for the realization of
functional photoresponsive cell culture applications.
Up to date, a big variety of photolithographic techniques has been successfully
adopted for azopolymer photopatterning and even the possibility of a dynamic
modulation of the topographical features of a cell culture substrate appeared to
be feasible using these materials. In fact, a great biological interest resides in
the dynamic modulation of the cell-material crosstalk, in order to recapitulate in
vitro the changing interaction between cells and the natural extracellular
microenvironment, in terms of biochemical, topographical and mechanical cues.
For this purpose, the use of light-responsive materials seems to be powerful,
because of the possibility of activating on demand specific material functions.
In this thesis work, light-induced topographical and structural modifications of
different azobenzene-based materials have been used in many biological
applications, either at a single-cell level, or in multicellular systems. In
particular, light-based techniques already used for single-cell investigations
have been implemented to study more complex biological processes, which
involve the cell-cell interactions in their final biological response. At the same
time, the realization of novel photoresponsive platforms for dynamic cell
culture has been introduced.
In more details, in Chapter 1 an introduction to the topic is given.
In Chapter 2, it is shown how surface relief grating (SRG) inscribed on
synthesized azopolymer brushes and mechanically erased by ultrasonication can
be exploited as reversible surfaces for contact guidance studies. These
substrates were found biocompatible for human umbilical vein endothelial cells
(HUVECs), which were also able to feel the underneath topography and align
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preferentially in the pattern direction. From these results we envision the
possibility to use such polymer brushes as biointerfaces for “on-off” switching
topographies.

In Chapter 3, the temporal presentation of topographical cues during sprouting
angiogenesis is investigated through the real-time photopatterning of Disperse
Red 1-containing polymer (pDRIm) using the focused laser of a confocal
microscope with a fine spatio-temporal control. After assessing that patterned
2D surfaces with linear grating are able to affect the behavior of cells in
sprouting angiogenesis employing a HUVEC spheroid model, this
photopatterning method was successfully implemented to elicit a remodeling of
sprouting direction in real-time. Further studies will explore the effect of other
topographies in order to achieve a full spatio-temporal control of sprouting
dynamics.

In Chapter 4, photoinscribed topographies on an azobenzene molecular glass
(DR 1-glass) are implemented as cues for investigations on the contact guidance
of Madin-Darby canine kidney (MDCK) epithelial cells. In particular, 1 um
pitch sinusoidal surface modulation most influenced MDCK cells, directing
their migration through the activation of the ROCK signaling pathway. For
these reasons, an in vitro wound healing essay revealed that topographical
guidance, which bridged the wound boundaries, was able to speed up the
healing process. Finally, preliminary studies on the real-time photopatterning
effect on MDCK monolayer were conducted, revealing a topography-dependent
activation of Ca”" signaling paving the way to further investigations on the links
between epithelial cell mechanobiology and electrophysiology.

Finally, in Chapter 5 the design of a modified gelatin photoresist containing an
azobenzene-based crosslinker enabled the fabrication of hydrogel structures
with high resolution, adding a further functionality to the material. In fact,

stimulation with a multiphoton laser in the range of azobenzene isomerization
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provoked an in plane deformation of the designed structures, with a
concomitant change in mechanical properties. Furthermore, preliminary results
on the structure stimulation with NIH-3T3 murine fibroblasts pave the way to
further studies on the effect of these mechanical signals on cell behavior.

Taken together, these findings add a valuable contribution to the broad field of
light-responsive cell-instructive materials and, more specifically, to the actual
application of azobenzene-based materials to dynamic cell cultures. Many times
in this thesis, we have highlighted the broad potentialities of azobenzene-based
materials in providing the ideal tool for the precise spatio-temporal delivery of
topographical and mechanical signals to cells. As a matter of fact, owing to the
great efficiency in localization of the external trigger and to the tunable
photomechanical responses that can be elicited in these materials, also in a
reversible manner, they offer the possibility to design a customized dynamic
environment for each specific biological application. The reported studies may
indeed inspire further applications of these light-responsive materials in order to
give new insights into the dynamic cell-material interaction. In fact, many
biological issues are still unresolved regarding, for example, how the temporal
presentation of cell-instructive cues influences cells in a specific biological
process, or in which temporal window the change in physical properties of the

material can influence cell fate.
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