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PREFACE

Regenerative medicine claims for a better understanding of the cause-effect relation between cell
behaviour and environment signals. The latter encompasses topographical, chemical and
mechanical stimuli, electromagnetic fields, gradients of chemo-attractants and haptotaxis. In order
to mimic the natural cell environment in a tissue/organ, new concepts are needed. These should
contribute to the rationalization of cell-cell and cell-surface contacts that are believed to represent
key factors in cell behaviour. To this aim, a spatial control of the structures composing the
environment is required. Nowadays unconventional micro- and nanofabrication techniques allow
patterning several biocompatible material down to the level of a few nanometer feature size.
Patterning is not simply a deterministic confinement of a material; in a more extended acception it
allows a controlled fabrication of gradients of different nature. Gradients are emerging as one of the
key factors guiding cell adhesion, proliferation, migration and even differentiation.

In this thesis | will describe a novel approach for the multiscale patterning of biocompatible

functional materials in order to provide systems able to accurately control cell adhesion and
proliferation. The behaviour of different neural cell lines in response to several stimuli, specifically
chemical, topographical and electrical gradients will be presented. For each of the three kind of
signals, | chose properly designed materials and fabrication and characterization techniques.
In Chapter 1 a brief introduction on the state of art of nanotechnologies, nanofabrication
techniques and regenerative medicine, with a particular focus on the thematic related to the
regeneration of neural cells is shown. In Chapter 2 a detailed description of the main fabrication
and characterization techniques employed in this work is reported. Chapter 3 (chemical control)
describes an easy route to obtain accurate control over cell proliferation close to 100%. It is the first
example of cell guidance on highly hydrophobic and chemical inert material such as Teflon-AF.
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In Chapter 4 (topographical control) it is shown how the multiscale patterning of well-established
biocompatible material as titanium dioxide provides a versatile and robust method to study the
effect of local topography on cell adhesion and growth. The third signal, viz. electric field, is
investigated in Chapter 5 (electrical control), where the very early stages of neural cell adhesion
are studied in the presence of modest steady electric fields.

In Chapter 6 (appendix) a new patterning technique, called Lithographically Controlled Etching
(LCE), is proposed. | show how LCE can provide at the same time the micro/nanostructuring of a
surface and its functionalization with nanosized objects. LCE can find application in the field of
regenerative medicine thank to the possibility to fabricate hierarchically structured materials as
guides for cell growth, as well as in biosensing because of the possibility to fabricate metal and

metal-oxide nanowire arrays, centimeter long with a lateral control of few tens nanometer.



Chapter 1

Introduction

1.1 The age of nanotechnologies

Nanotechnologies have experimented an incredible diffusion during the last decades, mainly due to
the huge improvements in fabrication and manipulation of objects with size of the order of
billionths of a meter. The driving force behind nanotechnology, other than miniaturization, is the
recognition that nanostructured material can have chemical and physical properties extremely
different from those of bulk materials. The properties that we associate with bulk materials are
averaged properties, such as the density and the elastic modulus in mechanics, the resistivity and the
magnetization in electricity and magnetism and the dielectric constant in optics. At nanoscale
dimensions the properties of materials no longer depend solely on composition and structure.
Nanomaterials display new phenomena associated with quantized effects and with the
preponderance of surfaces and interfaces. Quantized effects arise in the nanometric regime because
the overall dimensions of objects are comparable to the characteristic wavelength for fundamental
excitations in materials. Such excitations include the wavelength of electrons, photons, phonons,
and magnons; for example, electron wave functions in semiconductors are typically of the order of
10 to 100 nanometres. These excitations carry the quanta of energy through materials and thus
determine the dynamics of their propagation and transformation from one form to another. When
the size of structures is comparable to the quanta themselves, the effect of the excitations moving
through and interacting with material structures, is no more negligible, with the effect of bringing

into play quantum mechanical selection rules not apparent at larger dimensions.


http://www.britannica.com/EBchecked/topic/357626/magnon

The term “nanotechnology” can be dated back to the 1959, when the physicist Richard Feynman
presented his visionary and prophetic talk entitled “There’s Plenty of Room at the Bottom™ at the
annual conference of the American Physical Society. He speculated on the potential applications of
nanosized materials, envisioning for example etching lines a few atoms wide with beams of
electrons, effectively predicting the existence of electron-beam lithography, which is used today to
make silicon chips. However, the very birth of nanotechnology as an applied discipline is
represented by the invention of the Scanning Tunneling Microscope (STM) by Binnig and Rohrer in
1981%. STM made possible observing and manipulating, at the same time, materials down to single
atom level. At the beginning, the development of the nanotechnologies was mainly driven by the
microelectronics industry, which was focused on the miniaturization of integrated circuits.
Following Moore’s law (Fig. 1.1), which states that the density of transistors in a chip double
approximately every eighteen months, electronic components and circuits have been downscaled to
dimensions of hundreds of nanometers, thanks to the development of sophisticated techniques such
as photolithography and electron beam lithography (predicted by Feynman). The strong competition
between the companies is directly linked to the minimum size of the transistors, meaning that more
of them can be packed on a silicon chip and more transistors are transferred into computing power
to realize sophisticated electronic systems. However, there are fabrication and theoretical limits to

an infinite miniaturization process; scientists estimate that the mark would be around 10 nm.
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1.2 Nanofabrication

Traditionally, micro/nanostructured materials can be obtained following two different approaches:
“top-down” and “bottom-up” (Fig. 1.2). In the top-down process a macroscopic object is
progressively cut and shaped in order to obtain a functional smaller architecture. This methodology
is characteristic of the conventional lithographic techniques, which have been used in
microelectronics since many Yyears to produce microchips and hardware components. A
predominant role in this category is played by UV-photolithography, that will be discussed more in
detail in chapter 2.1. However the resolution of photolithography, being an optical fabrication
technique, is limited by the wavelength of the light. Features smaller than few microns are not
achievable with this technique. To overcome this, several complex top-down techniques have been
developed in the last decade, still based on light as X-ray Lithography (XRL)® and Deep X-ray
lithography (DXRL)?, or on De Broglie wavelength of the electrons as Electron Beam Lithography
(EBL)*. All this technique allow to achieve a very high resolution (few tens of nanometer) but
require very expensive equipment and are not applicable to a large range of materials.
\
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Fig. 1.2. Schematic representation of the two typical fabrication approaches
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The bottom-up approach starts directly from the molecules, and is based on the their capability to
self-assembly into regular structures under specific conditions. The driving forces of this self-
organization are specific and non-specific supramolecular and intermolecular interactions® °. The
forces responsible for the spatial organization may vary from weak interactions (electrostatic and
magnetic forces or hydrogen bonding) to strong interactions (covalent and ionic bonding).
Noncovalent bonds are critical in maintaining the three-dimensional structure of large molecules,
such as proteins, nucleic acids and artificial supramolecular structures, and are involved in many
biological processes in which large molecules bind specifically but transiently to one another. The
energy released in the formation of noncovalent bonds is usually in the order of 1-5 kcal/mol. There
are four commonly mentioned types of non-covalent interactions: hydrogen bonds, ionic bonds, van
der Waals forces, and hydrophobic interactions. Examples of bottom-up techniques exploiting
molecular self-organization are: Dip-pen Lithography (DPL)’, Local Oxidation Nanolithography
(LON)®, Nanoimprint Lithography (NIL)° and Soft-lithography™. The latter will be discussed in
detail in Chapter 2, being the main fabrication technique used in this work. Thank to their
flexibility and cheapness bottom-up techniques have found more and more space in these decades
for applications in many scientific fields, ranging from electronics, optoelectronics to biotechnology

and medicine.
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1.3 Regenerative medicine and CNS diseases

Regenerative medicine is an emerging multidisciplinary field involving biology, medicine, and
engineering that is likely to disrupt the ways we improve the health and quality of life for millions
of people worldwide by restoring, maintaining, or enhancing tissue and organ function™*. In addition
to the therapeutic applications, such as a tissue grown in a patient or outside the patient and then
transplanted, regenerative medicine can have diagnostic applications where the tissue is made in
vitro and used for testing drug metabolism and uptake, toxicity and pathogenicity. The bases of
regenerative medicine and tissue engineering for either therapeutic or diagnostic applications are the
ability to exploit living cells to fabricate tissue. Interesting results at a preclinical level have been
shown, but its massive clinical implementation is still far. Indeed most of the in vitro engineered
tissues are dysfunctional: this has mainly to be ascribed to our limited understanding of the very
fundamental principles underlying the complex cell-cell and cell-environment interactions, with a
restricted capacity of encoding bioactive signals in order to guide cells through the correct pathways
of differentiation and biosynthesis. Numerous molecular signals that affect different cellular
behavior were discovered in the last decades: investigation of selected cues has highlighted the
importance of chemical, topographical, electrical and more recently mechanical/viscoelastic

interactions between the cell and the surface® *3

. However, little is known on how to display this
signals, in time and space, in order to elicit a specific cellular function. Conventional signal
screening devices are not adequate for studying in an accurate manner the effects of signal
presentation on cell behavior. This arises to their intrinsic incapability of producing precise and
accurate gradients, low throughput screening and scalability. Nanotechnologies can provide a

solution for this problem thank to their wide micro- and nanofabrication and characterization tool

range.
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Fabrication of gradients of signals to guide cell growth with effective and low cost techniques to
monitor, repair and control human biological systems at the molecular level, exploiting engineered
nanodevices and nanostructures is strongly recommended™*.

A prominent topic in the field of regenerative medicine is that one related to the study of the
central nervous system (CNS) diseases. Unfortunately the CNS can be subject of many diseases,
including infections as encephalitis and poliomyelitis, neurodegenerative diseases such as
Alzheimer's disease and amyotrophic lateral sclerosis, autoimmune and inflammatory diseases such
as multiple sclerosis or acute disseminated encephalomyelitis, and genetic disorders such as
Krabbe's disease, Huntington's disease, or adrenoleukodystrophy. Lastly, cancers of the central
nervous system can cause severe illness and, when malignant, can have very high mortality rates.
Given the importance of the topic, it is fundamental to create novel route for investigating neural
cell response to the environment signals starting from a completely new approach.

In this thesis, as cell line models, two different secondary human neural cell lines, viz. SH-SY5Y
neuroblastoma and 1321N1 astrocytoma were used. Both the cell lines have been extensively
studied for many years as model of neural cell lines, more properly SH-SY5Y as neuronal lineage
and 1321N1 as glial one; furthermore their culture conditions allow one to obtain reproducible data
about cell adhesion and proliferation®>.

The SH-SY5Y neuroblastoma cell line is a thrice-cloned sub-line of the bone marrow tumor biopsy-
derived SK-N-SH cell line; neuroblastoma is a tumour derived from primitive cells of the
sympathetic nervous system and is the most common solid tumour in childhood, with an annual
incidence of about 650 new cases per year in the US™. The 1321N1 astrocytoma cell line is derived
from the human brain astrocytoma, that is one of the most common gliomas, i.e. a malignant tumor
affecting that particular kind of glia-cells called astrocytes*’. In the past, the neuronal network was
considered the only important part in the CNS, and astrocytes were looked upon as “gap fillers”.
More recently, the function of astrocytes has been reconsidered, and are now thought to play a

number of active roles in the brain, including the secretion or absorption of neuro-transmitters,
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biochemical support of endothelial cells that form the blood—brain barrier, providing of nutrients to
the nervous tissue, maintening the extracellular ion balance, repairing and scarring process of the

brain and spinal cord following traumatic injuries (Fig. 1.3).

Fig. 1.3. “.including the provision of nutrients to the nervous tissue.. ”
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Chapter 2

Fabrication techniques

2.1 Photolithography

Photolithography basically consists in transferring geometric shapes from an optical mask to the
surface of a silicon wafer by using light. To date, it is the main fabrication technique for the
realization of integrated electronic circuits. The term Photolithography is a composed name that
derives from the greek words “photo” (light), “lithos” (stone) and “graphein” (to write).

Its very first apparition can be dated to 1855, when Alphonse Louis Poitevin discovered that if a
solution of potassium dichromate and albumin is let to dry on a lithographic stone and then exposed
under a photographic negative, the parts exposed to light become insoluble and ink only adhere to
those parts. Photolithography shares some fundamental principles with photography in that the
pattern is created in the resist layer by exposing it to light, either directly or indirectly with a
projected image using an optical mask. Subsequent stages in the process have more in common with

etching processes than to lithographic printing.

2.1.1 The photoresist

In the first step, a silicon wafer is chemically cleaned to remove particulate material on the surface
as well as any traces of organic, ionic, and metallic impurities. Then a photoresist is applied to the
surface of the wafer. High-speed centrifugal whirling of silicon wafers is the standard method for
applying photoresist coatings and it is known as "Spin Coating". The parameters of the spin coater

(revolutions per minute, acceleration, time) must be accurately set in order to get uniform thin films.
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There are two kinds of photoresist: positive and negative. For positive resists, the resist is exposed
to UV light wherever the underlying material is to be removed. Hence the UV-exposure changes the
chemical structure of the resist so that it becomes more soluble in the developer. The exposed resist
is then washed away by the developer solution, leaving windows of the bare underlying material. In
other words, "whatever shows, goes", with the mask containing an exact copy of the desired pattern.
Negative resists behave in just the opposite manner. Exposure to the UV light causes the negative
resist to undergo polymerization reactions thus becoming more insoluble. Therefore, the negative
resist remains on the surface wherever it is exposed, and the developer solution removes only the
unexposed portions. Masks used for negative photoresists, therefore, contain the inverse (or
photographic "negative™) of the pattern to be transferred. Figure 2.1 shows the different patterns

generated with a negative and positive resist.

UV illumination

2222222222

| ] photomask
Wl W

photoresist
Si wafer

Wet chemical development

¥ N

POSITIVE PHOTORESIST NEGATIVE PHOTORESIST

Fig. 2.1. Different pattern obtained starting from a positive or negative photoresist layer.

2.1.2 Pre-baking

Pre-baking (or soft-baking) is a critical step, after the photoresist spin coating and before the UV

illumination, during which almost all of the solvents are removed from the photoresist according to
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a precise heating protocol. Pre-baking plays a very critical role in photo-imaging because the
photoresist coating become photosensitive only after this step. Overpre-baking will degrade the
photosensitivity of resists by either reducing the developer solubility or actually destroying a
portion of the sensitizer. Underpre-baking will prevent light from reaching the sensitizer. Positive
resists are incompletely exposed if considerable solvent remains in the coating. This underpre-
baked positive resists is then readily attacked by the developer in both exposed and unexposed

areas, causing less etching resistance.

2.1.3 Mask alignment
Another basic step in the process is the mask alignment. There are three primary exposure methods:

contact, proximity, and projection. They are schematically represented in figure 2.2.

CONTACT ALIGNER PROXIMITY ALIGNER PROJECTION ALIGNER
uv lamp

photomask @ h—-L-—d h—-l-—d

photoresist
]

Si wafer

v
[

Fig. 2.2. Principal mask alignment methods

In contact printing, the resist-coated silicon wafer is brought into physical contact with the glass

photomask. The wafer is held on a vacuum chuck, and the whole assembly rises until the wafer and
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mask contact each other. The photoresist is exposed to UV light while the wafer is in contact
position with the mask. Because of the contact between the resist and mask, a very high resolution
can be achieved (e.g. 1 um features in 0.5 um of positive resist). One drawback is that debris,
trapped between the resist and the mask, can damage the mask and cause defects in the pattern. The
proximity exposure method is similar to contact printing except that a small gap (10+25 um) is
maintained between the wafer and the mask during exposure to minimize mask damages.
Approximately 2+4 pum resolution is achievable with proximity printing. Projection printing instead
avoids mask damage entirely. An image of the patterns on the mask is projected onto the resist-
coated wafer, which is many centimeters away. In order to achieve high resolution, only a small
portion of the mask is imaged. This small image field is scanned or stepped over the surface of the
wafer. Projection printers that step the mask image over the wafer surface are called step-and-repeat

systems (1 wm max resolution).

2.1.4 Development and post-baking

The goodness of the development process strongly depends on the initial exposure conditions (time,
beam energy) and photoresist characterisctics (thickness, pre-baking protocol). At low-exposure
energies, the negative resist remains completely soluble in the developer solution. As the exposure
IS increased above a certain energy, most of the resist film remains after development. At exposures
two or three times the threshold energy, very little of the resist film is dissolved. For positive resists,
the resist solubility in its developer is finite even at zero-exposure energy. The solubility gradually
increases until, at some threshold, it becomes completely soluble. These curves are affected by all
the resist processing variables: initial layer thickness, prebake conditions, developer chemistry,
developing time, and others. Post-baking (or hard-baking) is the final step in the photolithographic
process. This heating step is often necessary in order to harden the photoresist and improve its

adhesion to the wafer surface.
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2.2 Soft-lithography

Fig. 2.3. Pattern of micrometric holes on silicon oxide surface obtained by Soft-lithography (AFM image).

Although Photolithography is today the dominant technology for microfabrication, it has several
drawbacks: it is not an inexpensive technology; it is poorly suited for patterning non-planar and
three-dimensional structures; it provides little control over the chemistry of the surface thus being
not versatile in generating patterns of specific chemical functionalities on surfaces; finally it is
directly applicable to a limited set of photosensitive materials. During the nineties George M.
Whitesides and co-workers investigated and developed a new approach for rapid, low-cost and
versatile micro-nanofabrication that they named Soft-lithography®. The breakthrough idea was that
micro/nanopatterning relies on the interplay between capillary forces acting between an elastomeric
stamp and a substrate and the self-organization of the molecules on the substrate that is mainly
governed by non-covalent interactions.

Nowadays Soft-lithography allows patterning of a variety of molecules and materials, including
adhesion proteins?, nucleic acids®, ceramic* and polymeric materials®. Soft-lithography encompass
several techniques sharing as key element an elastomeric microfluidic as stamp. The principal ones
are “Microcontact Printing” (uCP)°, “Replica Molding” (REM)’, “Microtransfer Molding” (uTM)?,

“Micromolding in Capillaries” (MIMIC)® and “Solvent assisted Microconctact Molding”
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(SAMIM)™. The common feature is the presence of an elastomeric material as stamp or mould. The
principal elastomeric material is polydimethylsiloxane (PDMS, Fig. 2.4), but polyurethanes,

polyimides, and phenolic resins have been used*.

Fig. 2.4. Siloxane backbone of PDMS.

Fabrication of channels in PDMS is particularly straightforward since it can be cast against a
suitable mold with sub-micrometer fidelity*2. PDMS is even more than a structural material: its

chemical and physical properties make possible fabrication of devices with useful functionality

(Table 2.5).
property characteristic

gptical transparent; L'V cutoff, 240 nm

dectrical insulating; breakdown voltage, 2 x 107 V/m ¥

mechanical elastomeric; tunable Young's modulus, typical
value of ~750 kPa &

thermal insulating; thermal conductivity, 0.2 W/{m-K);
coefficient of thermal expansion, 310 gm/{m-"C)7!

interfacial low surface free energy ~ 20 erg/ cm? 20

permeability  impermeable to liguid water; permeable to gases
and nonpolar organic solvents

reactivicy inert; can be oxidized by exposure to a plasma;

Bu,N=F-({TBAJF)

mxicity nontoxic.

Table 2.5. Principal physicochemical properties of PDMS

In particular its very low surface free energy allows the PDMS to percolate even into very small
recesses enabling the reproduction of nanometer topographical details. Hence the resolution limit of

Soft-lithography is set only by the materials properties (e.g. Van der Waals interactions, solubility,
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diffusivity) rather then by sample transparency and optical diffraction as for conventional
Photolithography.

In Fig. 2.6 the entire cycle of soft-lithographic fabrication is reported.

designed
pattern

@
stamp

or mold

Fig. 2.6. The fast prototyping procedure for Soft-lithography.

image printing

photolithography

soft lithography

Starting from the original idea, the pattern is transferred to a CAD file and printed on a transparent
sheet of polymer with a commercial image setter. This patterned sheet is used as a mask to prepare
the master in a thin film of photoresist; a negative replica of this master with an elastomeric
material becomes the stamp or mold for Soft-lithography. One can start also from a commercial
mask (usually of Chrome/quartz or polyester). The overall cycle from design to stamp takes less
than 24 hours to be complete. However, once one has the master, tens of stamp can be obtained by
REM before master deteriorates, allowing a great time-saving. This is another great advantage of

Soft-lithography over conventional Photolithography.
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2.3 Replica Molding

l PDMS casting

Thermal curing
and lift-off

Fig. 2.7. Replica molding
of the master with PDMS.

“Replica molding” (REM) allows a faithful duplicate of the topographic information present in a
master, even if three-dimensional. REM with an appropriate material such as PDMS enables
replicating highly complex master structures with nanometric features in a simple, reliable and
inexpensive way. In fact the fidelity of this process is largely determined by Van der Waals
interactions, wetting, and capillary forces that are short range interactions and allow more accurate
replication of small features (<100 nm) than Photolithography. Thermally or UV-curable pre-
polymers, have a shrinkage of less than 3% on curing as they usually do not contain solvent; the
cured polymers, therefore, possess almost the same dimensions and topologies as the channels in
the PDMS mold.

In Fig. 2.7 the general replication procedure is reported. The molds are prepared by casting
against rigid masters a mixture of PDMS with a curing agent (generally in a ratio 10:1). The
PDMS/master is put in a oven at 90°C for 3 hours to complete the curing process. Then the mold is
peeled off and it is ready to be use as stamp. This process can be replicated tens of time on the same

master without introduction of defects.
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2.4 MicroMolding In Capillaries

The general operation of “MicroMolding in Capillaries” (MIMIC) is reported in Fig. 2.8.

N\
NN LM
\\\\\\\\\\‘. ” -b -

Fig. 2.8. Schematic representation of the MIMIC process

A patterned PDMS presenting open-end microchannels is brought into conformal contact with the
substrate (Fig. 2.8a). A low viscosity solution is supplied to the entrance of the capillaries at one
side of the mould (Fig. 2.8b).

The solution is drawn into the microchannels by Laplace pressure (Fig. 2.8c). In principle, no
residue layer can form in areas where adhesive conformal contact between mould and substrate is
already established. After solvent evaporation, the mould is removed to reveal patterned
microstructures of the solute (Fig. 2.8d). Interestingly, capillaries with closed ends can also fill
completely if they are short: the gas in them appears to escape by diffusing into the PDMS. MIMIC
is applicable to patterning a broader range of materials than is Photolithography, including UV-
curable (or thermally curable) prepolymers that have no solvents™, precursor polymers to glassy
carbon'®, sol-gel materials'®, inorganic salts®, polymer beads® and biologically functional
macromolecules®.
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For a tubular channel with a hydraulic radius R, the rate of penetration dz/dt is expressed by the

Washburn equation®’:

dz  Rywy cos 8

Riysv — ysL)
et 4nz - 4nz '

Here z is the length of the liquid capillary inside the channel, ) is the viscosity of the penetrating
liquid, R is the ratio between capillary volume and the surface area of the channel, and 6 is the
contact angle of the fluid meniscus inside the capillary. The surface tensions yLv, ysv and ys_ are the
surface tensions between liquid and air, channel wall and air, and channel wall and liquid,

respectively. It follows after integration that:

| R{ygy — vsLht
2n '

) = |
lli.

The equation shows that although the capillary force of a channel increases with decreasing
hydraulic radius R, this effect is more than counterbalanced by the increased friction exerted by the
channel walls, so filling rates are lower in smaller channels. A generally applicable method to
increase the filling rate is to reduce the viscosity of the precursor solution by increasing the
temperature during the MIMIC process. The main driving force for MIMIC is the free energy
change AG upon filling the channel with a fluid. For a square channel with width and height a, the

free energy gain can be approximated by:

AG(t) = —az(t)ypv(3 cos Oyoua + €08 Bgpsirate)
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where Omoulg and Osupstrate are the contact angles of the liquid with the surfaces of the mould and the
substrate, respectively.

The shape of the imbibition front of liquid precursors has been studied in detail*®

. Depending on the
surface energy of the channel wall ysy, different spreading regimes can be observed, as illustrated in

Fig. 2.9.

Low

Fig. 2.9. Schematic representation of different spreading regimes observed in MIMIC. Shapes of the
penetrating liquids in PDMS capillaries are formed inside (a) walls with low ysy, (b and c) walls with

medium ysy, and (d) walls with high ysy.

Liquids penetrating inside a channel with low surface energy walls, show capillary fronts that
advance as a whole. But as the surface energy of the channel increases, solute structures advancing
in front of the macroscopic body of liquid are observed, especially in the corners between mould
and substrate. Some of these structures include slipping films and shoulders. Similar regimes have

been observed with differences in the velocity of imbibition on surfaces of constant ysy.
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2.5 Lithographically Controlled Wetting

“Lithographically Controlled Wetting” (LCW) has been developed by researchers of ISMN-CNR of
Bologna *°. LCW is a micro/nanofabrication process particularly attractive for soluble materials
because it allows one to exploit self-organization of soluble functional materials with the spatial
control provided by the stamp features. The stamp can be made of either rigid materials, such as
metals, ceramics or rigid polymers, or by soft materials, such as polycarbonates or PDMS. LCW is
suitable for large-area nanopatterning and is sustainable because of its simplicity and high transfer
rate. LCW represents a valid alternative and often a finer route to obtain nanosized structures with
respect to MIMIC: in fact, while the latter is based on capillary forces that under specific surface
tension conditions do not allow the filling of extremely small channels, the former is based on
wetting-dewetting processes. Dewetting is the opposite of the process of the spreading of a liquid on
a substrate (wetting): it describes the rupture of a thin liquid film on the substrate (either a liquid
itself, or a solid) and the formation of a discontinuous film made of droplets. The factor determining

the wetting and dewetting is the so-called spreading coefficient S, which is defined as:
S=vys0o—YsL— Y

where yso is the surface tension substrate/air, ys_ is the surface tension film/substrate and vy is the
surface tension film/air. Dewetting is driven by several mechanisms such as nucleation and growth
of holes®, ripening®, spinodal dewetting or combination of them??. Although a spatial correlation
between the features generated by dewetting usually emerges by advanced image analysis (e.g.
measuring the radial distribution of its height—height correlation function®, dewetting can generate
an ordered pattern of droplets or stripes®”.

LCW general operation is represented in Fig. 2.10.
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Spacers

Fig. 2.10 LCW basic steps. Depending of experimental conditions, different patterns

can be obtained starting from the same stamp. Spacers can be not present.

When a stamp presenting topographical features is placed in contact with a liquid thin film spread
onto a substrate (Fig. 2.10a), the fluid layer develops instabilities, where the capillary forces pin the
solution to the stamp protrusions, giving rise to an array of menisci (Fig. 2.10b). As the critical
concentration is reached, the solute precipitates from the solution onto the substrate within the
menisci, giving rise to a structured thin film that replicates the protrusions of the stamp (Fig. 2.10c,
e). In particular low concentration regimes (Fig. 2.10d), the menisci can be splitted under the same
protrusion thus obtaining smaller structures (Fig. 2.10f, g).

The interplay of protrusion size with the physical length scales of self-organization and growth
phenomena (e.g., correlation length) gives rise to the deposition of a material into domains whose
lateral dimension ranges from micrometers to nanometers. Since the concentrations of the solutions
used in LCW are usually low (thus the quantity of deposited material is small), the nanostructures

often end up with a thickness equivalent to a few molecular layers. In this regime, growth
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phenomena are less prone to develop defects due to roughening, secondary nucleation, and
orientational transitions. Thus, LCW allows to deposit highly ordered low-dimensional small-size
domains, which can be used to tailor the properties of the material by size®.

Since the described process does not rely on specific interactions between the molecules and the
surface, LCW is of general application in a large variety of soluble materials such as rotaxanes®®,
discotic liquid crystals?’, molecular magnets?®®, and organic semiconductors®®. Using suitable

stamps, this technique can be used also with aggressive chlorinated and fluorinated solvents.
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Characterization techniques

2.6 Atomic Force Microscopy

2.6.1 Working principle

In 1982 G. Binning, H. Rohrer, C. Gerber and E. Wiebel developed the scanning tunneling
microscope, opening a new era in the surface science field. The limitation of this technique is the
possibility to scan only conductive surfaces. The introduction of the Atomic Force Microscope
(AFM), based on the atomic interactions rather than on the tunneling current, overcame this
problem allowing the investigation of almost all the materials with physically relevant surface
morphology. In more recent years other scanning probe techniques directly related to AFM have
been introduced to probe also electrical, magnetical and elastic properties.

AFM is a relatively compact instrument, especially if compared to electron microscopies. It does
not require vacuum to operate and can be placed on any stable workbench in a laboratory.

The key elements of an AFM are: 1) a local probe interacting with the surface; 2) a piezoelectric
actuactor which allows sample or probe (stand alone configuration) motion; 3) an electronic system
fir detecting and amplificating the signal resulting from the probe-sample interaction; 4) a feedback
system allowing to keep the probe-sample interaction stable by the definition of an appropriate
setpoint; 5) a system to insulate the microscope from external noise, either mechanical or electrical.
The basic operation mode is common to all the scanning probe techniques: a very sharp tip is
attached to a cantilever spring which moves over a sample surface. When the tip is moved near the
surface, different kind of interactions can take place, ranging from Van Der Waals and dipole-
dipole up to magnetic forces. The resulting cantilever spring displacement, acting as a small

dynamometer, is recorded as relevant physical signal by an optical lever. A laser beam is focused on
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the cantilever with an incidence angle 6 and reflected via one or more mirrors to a four segment

Position Sensitive Detector (PSD), after an optical path L (Fig.2.11).

Laser

—

Ehofod nde /

T (probe)

Canivlever

Fig. 2.11. “..a laser beam is focused on the cantilever and reflected to a PSD..”

Any small variation A0 of the incidence angle will produce a Az shift of the reflected spot in the
photodiode, amplifying the angle variation as Az = LA6. This movement is detected by the PSD
comparing the intensity of the signal from each segment, with a sub-Angstrom resolution. Two
pairs of segments (upper and lower) give the values of vertical deflection of cantilever, known as
topography or Z-signal. Another pair of segments (left and right ones) supplies the so called lateral
force signal, related to the tilting of the cantilever due to torsional forces during scan.

The piezoelectric can contract or elongate under the application of an electric bias with the direction
of the elongation that is perpendicular to that of the applied voltage, thus allowing the movement in
the x-y-z space. The Z signal goes to the Feedback electronics, which controls the piezoelectric
scanner and regulates the interaction strength moving the piezoelectric in order to minimize the

difference between the measured value and the required one.
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2.6.2 The cantilever

As already mentioned, the probe of an AFM (Fig. 2.12) is the crucial part of the instrument and is
made of a sharp tip (with a curvature radius in the order of nanometers) attached to a cantilever

type-spring (in the order of microns).

Fig.2.12. Images of different cantilevers taken by Scanning Electron Microscope

The side of the cantilever opposite to the tip is fixed to a millimiter sized chip, which can be easily
handled. The cantilever behaves as a dynamometer, hence subjected to Hook’s law, allowing to
translate small forces into detectable displacements:

F=-kAz

The resonance frequency of the cantilever is:

k
W, = ;

For a rectangular cantilever the spring constant k is calculated from the equation:

Ewt3
413

where E is the Young’s modulus of the cantilever and I, w and t its length, width and thickness

respectively. For example, to obtain a resonance frequency in the range 10-100 KHz with a cantilever

31



spring constant of ~0.1-1 N/m it is necessary a lever approximately 100 um long and 1 um thick. Such sizes
are nowadays achievable by means of common microfabrication techniques.

To be effective the force sensor has to fulfill several requirements:
1) The spring constant k has to be small enough to detect small forces.
i) The resonant frequency wp has to be high enough to minimize sensitivity to mechanical
vibrations.

iii) The tip has to be sharp enough to achieve high lateral resolution (of the order of 10™°m).

The tip curvature is the real radius of the tip in the approximation that it is spherical and determines the size
of the details that the AFM will be able to resolve. The aspect ratio instead is a measure of the opening angle
of the cone representing the full tip, and establishes how deep the tip will penetrate between two adjacent

structures on the surface.

2.6.3 Operating modes

Many forces are involved in the interaction between tip and surface. However the most relevant are dipole-
dipole attractive interactions and ion core repulsive interaction (viz. Van Der Waals). These forces are

described by the 6-12 Lennard-Jones potential:

1 1
V=3 - C—

where r is the distance from the surface, ¢; and ¢, are appropriate constants, the term to the sixth

power of r represents the attractive Van Der Waals potential while the term r12 represent the strong

repulsive potential when the tip is too close to the surface.
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In Fig. 2.13 the Lennard-Jones potential curve is represented.
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Fig. 2.13. Typical force-curve for a tip-surface interaction.

When the cantilever is far from the surface, the cantilever is in the attractive force regime and the
potential varies slowly: the AFM operation mode is called “non-contact mode”. A stiff cantilever is
forced to oscillate at a certain distance to the sample, without touching it. The forces between the tip
and sample are quite low, of the order of pN (10 *? N). The detection scheme is based on measuring
changes of the resonant frequency or of the oscillation amplitude of the cantilever.

On the contrary, if the cantilevers works in the repulsive force regime, viz. very near to the surface,
the operation mode is called “contact mode”. This mode enables a very high resolution but it
enhances the probability to damage the cantilever. In constant force mode, the tip is constantly
adjusted to maintain a constant deflection, and therefore constant distance from the surface. It is this

adjustment that is displayed as topographic data. Because the tip is in hard contact with the surface,
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the stiffness of the lever needs to be less that the effective spring constant holding atoms together,
which is on the order of 1 - 10 nN/nm. Most contact mode levers have a spring constant of < 1N/m.
There is a third operation mode that is “tapping mode”, and that is the one used in this thesis.

In this mode the cantilever is excited externally with constant excitation amplitude at a constant
frequency near its resonance frequency. While scanning the surface, a feedback loop controls the
cantilever-sample distance in order to maintain the amplitude constant. Typical oscillation
amplitudes are in the range of 10 to 100 nm, thus encountering a wide range of tip-sample
interactions within each cycle, including both attractive as well as repulsive forces.

The feedback system detects also the oscillation shift (phase signal), which can provide information
about the surface composition and viscoelastic properties.

In this thesis a Smena (NT-MDT, Zelenograd, Russia) scanning probe microscope (Fig. 2.14) has
been used. This microscope consists of standalone head, where the piezo scanner is positioned
inside the head. The geometry of the piezo consists of three blocks of piezoelectric ceramic, they
allow the movement of the tip in three orthogonal directions X, y, z. The sample is placed on a
special sample holder, and the head is the only moving part. The microscope is equipped with a

camera and often with a vibration insulator.

Figure 2.14. a) NT-MDT™ Smena Standalone head, b) AFM equipment (Institute for the study of

Nanostructured Materials, CNR-Bologna, Italy).
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2.7 Scanning Electron Microscopy

2.7.1 Working principle

An electron microscope is a microscope that uses an electron beam for imaging objects, thus
allowing an increase in resolution of several orders of magnitude. The development of the electron
microscope was based on theoretical work done by Louis de Broglie, who found that wavelength is
inversely proportional to momentum. In 1926, Hans Busch discovered that magnetic fields could
act as lenses by causing electron beams to converge to a focus. The first operational electron
microscope was presented by Ernst Ruska and Max Knoll in 1932, and 6 years later Ruska had a
first version on the market. In 1986 Ruska received a Nobel Prize in physics for his "fundamental
work in electron optics and for the design of the first electron microscope™. The original form of the
electron microscope was a Transmission Electron Microscope (TEM), which uses high energy
electrons to image the sample, while Scanning Electron Microscope (SEM) collects secondary
electrons to get an image. Figure 2.15 shows the basic components of a SEM: (1) the electron
column, (2) the specimen chamber, (3) the vacuum pumping system and (4) the electron control and

imaging system.
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In a typical configuration, an electron beam is thermionically emitted from an electron gun fitted
with a tungsten filament cathode. Tungsten is normally used in thermionic electron guns because it
has the highest melting point and lowest vapour pressure of all metals, thereby allowing it to be
heated for electron emission, and because of its low cost. Other types of electron emitters include
lanthanum hexaboride (LaBg) cathodes, which can be used in a standard tungsten filament SEM if
the vacuum system is upgraded, and field emission guns (FEG), which may be of the cold-cathode
type using tungsten single crystal emitters or the thermally-assisted Schottky type, using emitters of
zirconium oxide. The field emission source provides higher resolution; high stability and high
current in a small spot size and generates high x-ray fluxes for chemical analysis at high resolution
conditions. The electron beam, which typically has an energy ranging from 0.5 keV to 40 keV, is
focused by one or two condenser lenses to a spot about 0.4 nm to 5 nm in diameter. The beam
passes through pairs of scanning coils or pairs of deflector plates in the electron column, typically in
the final lens, which deflect the beam in the x and y axes so that it scans in a raster fashion over a
rectangular area of the sample surface.

When the electron beam strikes a sample, these electrons will scatter through the sample within a

defined area called the interaction volume (Fig. 2.16).

Electron
beam

Faraday cage

e

Sample
I Secondary electrons

Backscattered electrons

Fig. 2.16. Scheme of the interaction between an accelerated electron beam and the sample.

36


http://en.wikipedia.org/wiki/Electron_gun
http://en.wikipedia.org/wiki/Tungsten
http://en.wikipedia.org/wiki/Cathode
http://en.wikipedia.org/wiki/Lanthanum_hexaboride
http://en.wikipedia.org/wiki/Field_emission_gun
http://en.wikipedia.org/wiki/Cold-cathode
http://en.wikipedia.org/wiki/Walter_H._Schottky
http://en.wikipedia.org/wiki/Zirconium_oxide
http://en.wikipedia.org/wiki/Energy

During the electron beam-specimen interactions, many signals are producted, like transmitted
electrons (TEM), secondary electrons (SEM), backscattered electrons (BSE) diffracted
backscattered electrons (EBSD, that are used to determine crystal structures and orientations of
minerals), photons (characteristic X-rays that are used for elemental analysis and continuum X-
rays), visible light (cathodoluminescence-CL), and heat. Secondary electrons are low energy
electrons and when produced deeper within the interaction volume, will be absorbed by the sample.
Only secondary electrons close to the surface will be able to escape the specimen. The weakly
negative secondary electrons will be deflected by a positive pull exerted by the Faraday cage
surrounding the secondary electron detector and therefore will contribute to the image formation.
Backscattered electrons are also produced deep within the sample but have a much higher energy
and because of this, are able to escape from deeper within the interaction volume. Because of their
high energy, backscattered electrons will not be deflected by the Faraday cage and therefore not
contribute to the image formation. Only a few backscattered electrons will interfere with the signal
for secondary electrons . The SEM used all along this work is an Hitachi-S4000 FEG-SEM (Fig.
2.17; max resolution: 1.5 nm; acceleration voltage: 0.5kV-30kV; magnification: 20X-200.000X;

filament: cold-cathode field emission).
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Fig. 2.17. FEG-SEM Hitachi S-4000 (Institute for the study of Nanostructured Materials, CNR-Bologna).
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2.7.2 Sample coating

For SEM imaging, samples must be electrically conductive and grounded to prevent electrostatic
charge accumulation at the surface. Metal specimens require little preparation apart from a good
conventional cleaning procedure. Instead, non-conductive specimens are usually coated with an
ultrathin layer (few nm) of an electrically-conducting material (commonly gold, but also platinum,
osmium, tungsten and graphite) deposited by low vacuum sputtering or high vacuum sublimation.
Other than preventing charge accumulation, there are two reasons for coating: to increase signal and
surface resolution, especially with samples containing low atomic number elements. The
improvement in resolution arises mainly from the enhancing of the backscattering and secondary
electron emission near the surface. Depending on the instrument, the resolution can fall somewhere
between less than 1 nm and 20 nm. For SEM analysis, the sample is normally required to be
completely dry, since the specimen chamber is at high vacuum; thus living cells and tissues usually

require chemical fixation to preserve their structure (see “materials and methods” section).
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2.8 Optical Microscopy

Optical microscopy is a widespread technique that uses UV-visible light to image objects. The
resolution limit of optical microscopy is given by the wavelength of the light, so objects spaced less
than 0,2 micrometers are not distinguished by this technique. The simplicity of the technique and
the minimal sample preparation required however are significant advantages.

The optical components of a modern microscope (Fig. 2.18) are complex and the whole optical path
has to be very accurately set up and controlled. Despite this, the basic operating principle of a
microscope is quite simple. An objective lens with very short focal length (few millimeters) is used
to form a highly magnified real image of the object. This magnification is carried out by means of
two lenses: the objective lens which creates an image at infinity, and a second weak tube lens which
forms a real image in its focal plane. The resulting image can be detected directly by the eye,
imaged on a photographic plate or captured digitally.

Reflected Light
Lamp House

Binocular

Aperture
Diaphragm
Field Collector

Eyepieces | B Diaphragm

Vertical ——
llluminator {

Filter Slider -.==

Diaphragm Filters

Transmitted Light

Lamp House

Fig. 2.18. Components of a modern microscope configured for both transmitted and reflected light including
two lamp houses, the microscope built-in vertical and base illuminators, condenser, objectives, eyepieces,

filters, sliders, collector lenses, field, and aperture diaphragms *.
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In the optical microscopy field, several techniques working with different illumination modes have
been developed such as Bright field, Dark field, Phase contrast, Polarized light, Hoffman
modulation contrast, Differential interference contrast or Fluorescence .

Bright field microscopy is the simplest, with the sample being illuminated by transmitted white
light. It presents however some limitations such as it can only image dark or strongly refracting
objects effectively. Darkfield microscopy describes an illumination technique used to enhance the
contrast in unstained samples. To view a specimen in dark field, an opaque disc is placed
underneath the condenser lens, so that only light that is scattered by objects on the slide can reach
the eye. Instead of coming up through the specimen, the light is reflected by particles on the slide.
This produces the classic appearance of a dark, almost black, background with bright objects on it.
In this work, optical microphotographs have been recorded both in bright/darkfield and in
fluorescence mode with a Nikon 80i (Tokio, Japan) microscope equipped with an epi-illuminator, a
dark field system and cross polars, using 50x and 100x objective and a digital camera (Nikon

Digital sight DS-2Mv Japan).
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2.9 X-Ray Photoelectron Spettroscopy

The analysis of solid surfaces is one of the most intensively developing fields in present-day
analytical chemistry. This is mainly due to the need for the qualitative and quantitative
determination of the elemental composition of surfaces. X-ray Photoelectron Spectroscopy (also
known as Electron Spectroscopy for Chemical Analysis, ESCA) is based on the photoelectric effect,
which consists in plain terms in the emission of electrons by the filled core states of a solid upon its

irradiation with electromagnetic waves (Fig. 2.19).
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Fig. 2.19. “..the photoelectron is emitted as a consequence of the irradiation by a high energy photon..”

The photoelectric effect was discovered by the well-known German physicist G. Hertz in 1887 and
theoretically explained by Einstein in 1905. Instruments for recording X-ray photoelectron spectra
and the technology of high vacuum were rapidly developed in the next decades. By the mid-1950s,
the experimental and theoretical grounds were laid for the first spectroscopic method for surface
analysis, X-ray photoelectron spectroscopy. The breakthrough was made in 1954, when a group of
Swedish scientists headed by the Professor K. Siegbahn (Nobel Prize 1981 in physics) proposed the
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first high-resolution electron spectrometer for determining slow electrons forming upon the
irradiation of a solid surface with X-rays. Using this instrument, they first observed separate

characteristic peaks in the X-ray photoelectron spectrum of sodium chloride surface (Fig. 2.20).
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Fig. 2.21. First XPS spectrum of sodium chloride (1954).

It was found that the proposed method gives analytical information from very small depths (3-5
nm) and can be successfully used for determining the elemental composition of solid surfaces.

Nowadays in XPS the sample is irradiated with a monochromatic X-ray beam (1.2keV< hv <
1.4keV) causing photoelectrons to be emitted from the surface; essentially all XPS measurements
are done exploiting the Al K,-line (hv=1486,6 eV) or Mg K,-line (hv= 1253,6 eV) as beam source.
An energy-resolved electron detector with high energy resolution Eyi,/AE and large collection angle

(focusing ability) determines the binding energy (Eg) of the emitted photoelectrons (Fig. 2.22).
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Fig. 2.22. XPS basic principle

The fundamental equation of the photoelectric effect is the following:

E. .= hv — E,—®

Where Eq, is the kinetic energy of the photonelectron, hv the energy of the incident photon and @ is
the workfunction value of the material irradiated. In Fig. 2.23 | report a schematic representation of
an XPS spectrum (primary structure), with the binding energy in x-axis and the intensity of the

signal in y-axis.
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Fig. 2.23 Elementary representation of a primary XPS spectrum
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From the binding energy and intensity of a photoelectron peak, the elemental identity, chemical
state, and quantity of an element can be determined. The information that XPS provides about
surface layers or thin film structures is of value in many industrial applications including: polymer
surface modification, catalysis, corrosion, adhesion, semiconductor and dielectric materials,
electronics packaging, magnetic media, and thin film coatings used in a number of industries.

The method is being steadily improved on the basis of recent achievements in science and
technology. In particular, the use of synchrotron radiation for the excitation of photoelectron
emission could significantly improve the spectral resolution of the method and lower its detection
limit. One of the latest methods is X-ray photoelectron microscopy, in which the spatial distribution
of elements over a surface can be studied using characteristic photoelectrons.

In my work, XPS measurements were carried out with an ESCALAB MkII (VG Scientific Ltd.,
U.K.) spectrometer equipped with a standard Al KR excitation source and a 5-channel detection

system (Institute for the study of Nanostructured Materials, CNR-Rome).
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Chapter 3

Stable non-covalent functionalization of Teflon-AF

3.1 Introduction

A straightforward approach for the control of cell fate is based on the fabrication of neighboring
surface features exhibiting opposite cell anchoring properties. Cell growth and migration can be
guided through the creation of a pattern of antifouling regions coexisting with regions favouring cell
growth. Several materials with antifouling properties have been employed to guide cell adhesion
and migration such as PEG?, lipids®, thermo-responsive polymers based on PNIPAAmM®.

A technologically interesting material, yet not extensively investigated as non-fouling surface, is
polytetrafluoroethylene (PTFE, Teflon) and its copolymers, such as Teflon-AF (Poly[4,5-difluoro-

2.2-bis(trifluoromethyl)-1,3-dioxole-cotetrafluorethylene], Fig. 3.1).
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Fig. 3.1. Addition polymerization reaction for Teflon-AF synthesis

Teflon is a biocompatible, inert and cell-non-adhesive material, employed as safety material for
medical tools and instruments®. Teflon is also relevant in biosensing for its dielectric properties, as
for instance in sensors based on dual gate organic field effect transistors (OFET)®®. Cells have a
very low adhesion propensity on Teflon, and the rare adhesion events are often observed in
correspondence of large defects. Few reports in literature have addressed the use of Teflon as
substrate for patterning and controlling cell adhesion®*'. Teflon-derivates as Teflon-AF could
become an interesting material for cell guidance, cell-carrier, or scaffold if selectively patterned
with cell-adhesion biomolecules. A stable functionalization of Teflon-AF surface with molecules
promoting cell adhesion by non covalent attachment and no chemical modification of the Teflon-
AF surface is challenging.

Standard thin film deposition techniques, as drop casting and spin coating, are not effective because
the extreme hydrophobicity of Teflon-AF prevents a proper wetting of the surface by aqueous
solutions. Moreover, surface roughness and defects may pin the solution leading to inhomogeneous
deposits from droplets. In Chapter 2 | showed that LCW technique is based on the pinning of the
solution between the surface and the protrusions of the elastomeric stamp, placed on top of the
solution, which leads to the formation of menisci. The deposition of the solute on the underlying
surface is confined within the menisci, whose shape and the lateral size are related to the surface

tension of the surface and of the stamps®2. When the substrate surface is highly hydrophobic, such
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as that of Teflon-AF the menisci either do not form, or become unstable, preventing the aqueous
solution from appropriately wetting the substrate. It is therefore necessary to change the surface

tension of the stamp in order to obtain stable menisci.

Cell-surface receptor
binding domain
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As material with fouling properties, I chose laminin (Fig. 3.2).
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Fig. 3.2. Schematic representation of laminin protein, evidencing the trimeric structure.

Laminin is the principal non-collagenic component and biologically active part of the basal lamina,
a protein network foundation for most cells an organs®®. More specifically laminin is a trimeric
protein that contains an a-chain, a B-chain, and a y-chain, found in five, three, and three genetic
variants, respectively. The trimeric proteins form a plus sign with one long arm, giving a structure
that can bind to other cell membrane and extracellular matrix molecules. The three shorter arms are
able to bind to other laminin molecules, which allows them to form sheets. The long arm is capable
of binding to cells, which helps anchor organized tissue cells to the membrane.

| demonstrate here that it is possible to achieve a local functionalization of Teflon-AF surface with

laminin, by exploiting the modulation of the stamp hydrophobicity, thus providing a stable
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anchoring and growing of neural cells. Cell ahdesion on these patterned substrates is highly

selective, and cell confluence can be achieved exclusively on the laminin patterned regions.

3.2 Laminin functionalization of Teflon-AF

Teflon-AF films have been obtained by a sol-gel method as described in the “Materials and
Method”. The functionalization of these Teflon-AF films with laminin is realized by means of
LCW-plasma modified technique. The PDMS mold is placed on top of a droplet (5 ul) of laminin
solution previously cast onto the Teflon-AF coated glass. The solution is left to evaporate and the
stamp is then gently peeled-off. The final pattern of laminin faithfully reproduces the channels of
the PDMS stamp. Areas as large as 50 mm? are patterned with a homogeneous motif displaying
features over two different lengthscales: channels 17-70 um wide and 1.5 um high, channels 900
nm wide and 150 nm high; the former have been obtained by replica molding of a master obtained
by UV-photolithography (see “Materials and Method”), the latter starting from a commercial
Compact Disk master. These figures of merit would not be possibly achieved using two extremely
hydrophobic surfaces as PDMS and Teflon-AF. Indeed a combination of hydrophobic surfaces like
these would generate unstable menisci with high contact angle values, resulting into an irregular
and poorly resolved pattern (Fig. 3.3d) with the laminin dispersed over all the surface and some
uncontrolled excess of concentration of the deposit corresponding to the channels of the stamp.

Upon these conditions, despite of the presence of laminin which may help the cell attachment to the
surface, spatially directed cell adhesion would be hindered by the absence of a well defined
alternance of pro- and anti-adhesion regions (Fig. 3.3g). In order to obtain a regular pattern the

meniscus must be pinned steadily at the stamp surface by increasing its surface tension.
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For this reason | have carried out an oxygen plasma treatment of the bottom of the stamp. The bare
PDMS surface has a contact angle with pure water of approximately 105° (Fig. 3.3a) while upon the

O, plasma treatment extent, it displays values ranging between 15° and 40° (Fig. 3.3b and 3.3c).

Fig. 3.3. Optical images of water droplets with their static contact angles on bare PDMS (a) and on the
same material exposed to oxygen plasma 2 minutes (b) and 5 minutes (c); (d), (e) and (f) are optical images
(bright field) of the laminin patterns obtained with the corresponding PDMS stamps as in (a), (b) and (c) on
Teflon-AF surfaces are shown. (g), (h) and (i) report the cell distribution on (d), () and (f) substrate
respectively upon 24h incubation.

Compared to the bare PDMS stamps, the LCW performed with more hydrophilic channels leads to
well defined and well separated stripes over all the length scales relevant for the cell adhesion
process: from hundred nanometers (comparable to the length scale of adhesion points within a
single cell), up to tens of micrometers (Fig. 3.3e) to accommodate one or more cells and direct their
growth (Fig. 3.3h). Under conditions where an extremely hydrophilic stamp is obtained, the amount
of protein released on the surface decreases leading to a pattern where the stripes becomes segments

(Fig. 3.3f) with a consequent inhomogeneous cell distribution (Fig. 3.3i).
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Fig. 3.4. LCW process realized using an oxygen plasma treated PDMS stamp exhibiting a pattern of

protrusions and recesses. (a) A drop of laminin solution is placed on the Teflon-AF surface; (b) the
elastomeric stamp is then placed on top of the solution which infills the recesses (hydrophilic channels); (c)
upon solvent evaporation the solute is deposited reproducing the geometric pattern of the recesses. In (d) the
solution droplet formed between the hydrophilic plasma treated PDMS channel and the hydrophobic Teflon-

AF surface is reported.

In Fig. 3.4 a schematic representation of the plasma modified LCW explains how the pattern
transfer takes place: the increased wettability of the more hydrophilic PDMS surface upon the
plasma treatment leads to a confinement of the solution droplets within the channels, and the
formation of stable menisci with a lower contact angle at the PDMS surface. This configuration is
different from the LCW originally developed by Cavallini and Biscarini*? where pinning occurred
at protrusions, rather than channels. Here the lack of available contact surface at the protrusions is
compensated by the increase of surface area of the recesses, provided the solvent (water in this
case) infills them. Thus, the aspect ratio of the recesses (together with the duty cycle of the pattern
which is the ratio between the projected area of the protrusions and the one of the recesses)

becomes an important parameter of LCW control together with the surface tension.



Line Scan [um]

Fig. 3.5. (a) 5x5 #m? AFM image of the bare Teflon-AF surface with a representative height profile (c); (b)
the same surface after laminin patterning by LCW performed using a Compact Disk PDMS replica as stamp.
The line profile in (d) shows the characteristic sizes of the patterned laminin stripes.

Fig. 3.5a shows an AFM image of a Teflon-AF film obtained by spin coating with a representative
section analysis reported in Fig. 3.5c. The surfaces obtained by this protocol are very flat as
confirmed by the measured roughness (rms roughness=1,70 nm). Fig.s 3.5b and 3.5d show the
AFM image and the respective height profile of a regular laminin pattern, 1000 nm wide stripes
separated by 500 nm bare Teflon-AF, realized by LCW using a PDMS replica of a recordable
Compact Disc. To the best of our knowledge this is the first reported evidence of a direct patterning
of an extremely hydrophobic surface such as the Teflon-AF. The edge along the stripes is sharp,
revealing well-defined lines of laminin whose height (150 nm) can be tuned by the protein
concentration in the depositing solution. The shape of the grooves in the profile suggests that the
envelope of the tip might be present although simple considerations'* based on the tip geometry

used lead us to conclude that the measured depth of the recesses is not limited by the tip size.

Interestingly, the pattern feature height can be tailored by changing the protein concentration in the
starting solution. In Fig. 3.6, AFM images of Teflon-AF surfaces patterned by LCW with two

different laminin concentrations using a CD replica as stamp, are reported.
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Fig. 3.6. 20uum AFM images and respective line profiles showing stripe height modulation obtained

by using two different protein concentrations: 20 xg/ml (a, ¢) and 2 wg/ml (b, d).

In Fig. 3.6, an AFM image of the pattern (a) is reported along with a line profile (c) for a 20 ug/ml
laminin in DMEM. The height of the features is 240nm + 10nm. In (b) and (d) the same data are
reported for a 2 ug/ml laminin sample. In this case the height of the features is 137nm + 10nm.

Hence it is possible to achieve different pattern feature heights simply by starting from different

laminin concentrations.
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3.3 Laminin immunofluorescence assay

The local distribution of laminin on the substrate and the specific functional binding of the
patterned protein have been evaluated by immunofluorescence assay. The choice of pattern design
allows one to functionalize regions of different size and shape. In Fig. 3.7a is shown an optical
image of a laminin pattern realized starting from a PDMS stamp with channels of variable width in

the range between 17 and 70 um.

Fig. 3.7. (a) Optical image (bright field) of a pattern of laminin with channel width ranging between 17 and
70 um and its relative immunofluorescence staining with anti-laminin (b) upon incubation for 24 hours
under the conditions used for cell culture (DMEM-F12, 37°C); the higher magnification image reported in

the inset allows appreciating the strong localization of laminin.

The larger stripes can accomodate up to 5-6 cells across, whereas the narrower ones only a single
cell. The stripes are spaced apart by a distance considerably larger than the cell diameter in order to
demonstrate that cell adhesion is dictated by preferential interactions with the laminin template and
not by simple geometrical constraints.

The non covalent interactions between the protein pattern (Fig. 3.7a) and the inert Teflon-AF
surface have made necessary to assess the effect of the dissolution of the deposited laminin in the
culture media under the cell culture conditions (minimum 24 hour in incubator). Hence,

immunofluorescence staining have been performed upon incubation of the substrates for 24 hours in
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complete cell culture medium at 37 °C and controlled humidity. Fig. 3.7b clearly shows how the
proteins are located along the channels and display their specific binding during incubation time
intervals compatible with the cell adhesion and proliferation events. It is worthwhile underlining
that the spatially controlled interaction between the laminin and its specific antibody demonstrates
how this substrate could be employed for biosensors to detect protein-protein interactions.
Remarkably, such a stable controlled functionalization of the substrate has been achieved without

any chemical modification of the Teflon-AF substrate in an one-step procedure.

3.4 Neural cell growth on laminin-patterned Teflon-AF

To monitor the effectiveness of the functionalization on the control of the cell adhesion and growth
human SH-SY5Y neuroblastoma cells have been seeded on the patterned surfaces and allowed to
proliferate for several days. I’ve fabricated a pattern suitable to investigate the selective adhesion on

the functionalizated surface areas displaying interrupted stripes as those reported in Fig. 3.8a.

Fig. 3.8.(a) Pattern of laminin and the same region after seeding SH-SY5Y neuroblastoma cells. At 24 hours
the cells are confined on the laminin pattern (b) and they reach confluence only on the patterned regions (c)
after 48 hours.
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I used a non-continuous line in order to demonstrate that confinement of cell-growth can be
achieved both laterally and longitudinally. This particular geometry has been obtained using the
same continuos line master but changing the surface tension of the PDMS replica; the amount of
laminin pattern released onto the Teflon-AF surface has been controlled by the hydrophilicity of the
stamp as reported in Fig. 3.3. In Fig. 3.8b and 3.8c it is possible to observe the highly selective
neuroblastoma cell adhesion after 24 and 48 hours of incubation. The pattern is reproduced with
complete conformality. Independently on the segment length and lateral size, upon 48 hours of
incubation, cells have adopted a more “spread-out” morphology with migration of some cells into
non-printed areas. This proves that laminin pattern is an excellent template for inducing highly
preferential, if not selective, cell adhesion. The cells remain prevalently confined on laminin areas

and viable even during longer period (5 days, Fig. 3.9).

Fig. 3.9. SH-SY5Y neuroblastoma cells upon 5 days incubation on the Laminin patterned Teflon surface
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This behaviour is due to the strong gradient of adhesive properties between the antifouling Teflon-
AF areas and the adhesion promoting laminin. This can be stressed by the results shown in figure
3.10 that reports the boundary region between a large laminin square and the neighboring

polyfluorinated surface.

Fig. 3.10. Optical image (bright field) of the border between a bare Teflon-AF region (top of the area) and a
laminin functionalized region (bottom). The cells are strictly confined within the laminin functionalized

region.

Cells grow only on the laminin pattern while they do not adhere on the outer Teflon-AF surface at
all. The preferential adhesion, and hence the guidance by the template, remains evident also for
prolonged time of incubation (48 and 72 h). These results suggest that the dissolution of laminin
from the printed areas occurs via desorption from the surface into the media rather than via lateral

diffusivity and re-anchoring.
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As mentioned before, patterns were designed in order to accommodate from 1 to 5-6 cells across. In
Fig. 3.11 the distribution of DAPI-stained SH-SY5Y cell nuclei on different-width laminin stripes at

48h from seeding is shown.

Fig.3.11(a-d). Neuroblastoma nuclei stained with DAPI (4’,6-diamidino-2- phenylindole) attached onto

laminin stripes of increasing width.

From the immunofluorescence images, it is possible to notice that the larger stripe may host up to 6
cells across while the thinner ones form colonies close to a single cell lane, enabling a fine control

on the cell density distribution.
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3.5 Conclusions

| have performed a spatially controlled surface functionalization of strongly hydrophobic and anti-
adhesive Teflon-AF substrates by means of a modified LCW patterning which exploits the
confinement of the solution of interest between the Teflon-AF surface and the stamp recesses. Such
a confinement has been controlled by the differential wettability of the stamp and the substrate
achieved throughout a surface tension modification of the PDMS stamps by O, plasma treatment. A
non-covalent modification of the surface has been possible without any chemical or physical
modification of the Teflon-AF surface thus preserving the relevant properties (such as
biocompatibility, inertness) of this material that render it valuable for regenerative medicine
applications. As a consequence of a well-performed laminin pattern on Teflon-AF, | obtained an
extremely selective cell adhesion, both among and along laminin stripes, with a control also on the
cell number. This approach represents a viable route to the use Teflon-like or other highly
hydrophobic materials in tissue engineering as a vector of cells in tissues (e.g. to deliver stem cells).
The outcome is also a support for the controlled localization and orientation of the cells that is

known to play a crucial role in the realization of complex tissues.
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Materials and methods

Preparation of Telfon-AF films

Microscope glass supports (Thermoglass S.r.l., 1.5cm X 1.5cm) were cleaned by rinsing in piranha
solution (H2SO4: H202, 3:1 v/v) at 100°C for 15 minutes. Teflon-AF (Sigma Aldrich) was
dissolved in Fluorinert FC-40 (Sigma Aldrich) at concentration of 16.5 mg/mL at room
temperature; the solution was then spin-coated onto the glass substrates by a Laurell Technologies
Corporation Spin Coater (30", acc. 100, 1500 r.p.m.). The final thickness of the film was around
150 nm, as supported by AFM analysis.

Pattern fabrication on PTFE surface

A polydimethylsiloxane (PDMS) mold was obtained by replica molding of a master with designed
topographical features (microchannels). The width of the channels range from one to several cell
diameters. The distance between adjacent channels was kept unvaried, thus the coverage of the
final pattern is varying linearly across the sample. The aspect ratio of the microchannels was kept
intentionally low (approximately 0.1). Although low aspect ratio may induce sagging effects of the
PDMS replica, protein stripes obtained after functionalization are smooth and the onset of Rayleigh
instabilities during patterning is reduced. The master was fabricated by contact photolithography
with Mask Aligner Karl Suss MJB40 (1=365 nm). High contrast masks were obtained from
photoreduction of initial inkjet printout. The exposure interval was adjusted to match the contrast of
the mask. Megative photoresist AR P3210 (All Resist), was spin coated at 2000 RPM on
polycarbonate flat substrate (surface roughness < 10 nm), resulting in a film with thickness 5 zm.
After alignment and exposure, the master was developed for 1 min into developer AR 300-35 and
postbaked at 150° C for 30 minutes, to enhance crosslinking of photoresist. During postbaking, the
section of the channel becomes round shaped; this ensures the peel-off of the mold in replica
molding. The patterned areas were always in the range of 5x5mm. PDMS (Sylgard 184) and its
curing agent were mixed in ratio 10:1, degassed and poured on top of the polycarbonate/AR P3210
master. Curing was performed at 80 °C for 8 h, in standard thermostatic oven. After peel-off, the
PDMS replica were rinsed and stored in deionized water. In order to increase their hydrophilicity
the PDMS stamps were treated with oxygen plasma at constant pressure (O,=40mTorr) and power
(40mWw). By varying the time of exposure to O2 plasma we tune the surface tension of the stamp.
The PDMS mold was lately placed on top of a droplet (5 1) of Laminin solution (20 zg/ml in cell

culture medium) previously pipetted onto the PTFE coated glass. The solution was left to evaporate
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for 1 hour under ambient conditions and the stamp was then gently peeled-off. The final pattern of

Laminin faithfully reproduces the channels within th PDMS stamp.

Characterization of the patterned Substrates

The patterns of Laminin were characterized from the morphological point of view by optical and
SFM imaging. Optical images were collected by an Olympus 1X70 in trasmission mode with 10X
objective. SFM images were acquired with a Smena microscope (NT-MDT,Moskow, Russia)
operated in semi-contactmode in ambient conditions. The cantilever employed were NSG (NT-
MDT, Moskow, Russia) with a nominal tip radius of curvature 10 nm and a resonance frequency
between 90 and 230KHz. Images were analyzed by using the free software Image Analysis (NT-
MDT, Moskow, Russia); the size and the height of the pattern features were measured by the
section analysis tool. The local distribution of laminin on the substrate and the specific functional
binding of the patterned protein were evaluated by immunofiuorescence assay. Laminin patterned
Teflon-AF samples were blocked for 30min with phosphate buffer saline (PBS) 1X containing 1%
bovine serum albumin (blocking solution). They were incubated for 1 h at room temperature with
antilaminin antibody (L6274 Sigma Catalog 2010) diluted 1:25 in blocking solution, washed three
times with PBS 1X, and incubated for 90min at room temperature with the fluorescent Alexa Fluor
594 antirabbit antibody (Invitrogen) diluted 1:200 in PBS 1X. Control samples were

incubated in blocking solution with no primary antibody. After washing with PBS 1X, all samples
were analyzed under an epifluorescence microscopy (Olympus 1X70). Some experi- ments were
carried out on laminin patterned Teflon-AF substrates, previously maintained in the presence of
cell culture medium in standard culture conditions (37 °C in a humidified atmosphere with 5%
CO2) for 24 h.

Testing of the cell adhesion and growth

Human SH-SY5Y neuroblastoma cells (purchased from European Collection of Cell Cultures,
ECACC, Salisbury, UK) were cultured in an 1:1 mixture of F-12 nutrient mixtures (Ham12) and
EMEM, supplemented with 15% foetal bovine serum(FBS), 2mML-glutamine, 1% non-essential
amino acids, penicillin (100UmL™), and streptomycin (100mgmL™)(complete medium). Cells were
maintained under standard culture conditions and fed every 2-3 days.

In order to evaluate the cell adhesion and growth on laminin patterned substrates, neuroblastoma
cells were seeded at the density of 3000 cells cm™ on bare and laminin patterned Teflon-AF

substrates in a final volume of 400mL into a PDMS pool. The samples were maintained in standard
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culture conditions for different times. Then, the cell nuclei were visualized by using an

epifluorescence microscopy after incubation of the samples with DAPI (4°,6-diamidino-2-

phenylindole) (dil. 1.500 in PBS 1X) for 5min at room temperature.
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Chapter 4

Stamp-Assisted Multiscale Patterning Of TiO,
For Cell Growth Control

Fig. 4.1. Detail of neural cell membrane spreading on porous titanium dioxide substrate (SEM image).

4.1 Introduction

Multiscale topographical features act on the interfacial forces guiding the cytoskeleton deformation
and assembly and membrane receptor distribution thus governing cell adhesion and proliferation
processes, cell morphology™ ? and gene expression®. A class of materials extremely promising for
different applications, such as biomedical devices, scaffolds, catalysis and photocatalysis, is
represented by bioceramics®. Among these, titanium dioxide (TiO,) is a multifunctional biomaterial
with long established application in bone replacement®. The formation of a native thin film of TiO,
(3-6 nm) on titanium prosthesis is in responsible for the high biocompatibility of the implants® 7.
TiO, has a potential use also in new areas of regenerative medicine as tissue engineering for the

fabrication of biocompatible 3D scaffolds for bone tissue regeneration®°. Moreover there is a
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soaring interest in the in vitro studies of neurodegenerative diseases for controlling the formation of

11,12 and for transduction of cellular

neural networks both for tissue regeneration and cell-therapies
signals™. The interest around titanium dioxide is drawn by the possibility to employ TiO,-based
materials in implantable neuroprostheses and electro-stimulators due to their anti-inflammatory
activity™ and the possibility for TiO, to behave both as an electrical insulator and conductor™ *°.
Recently the possibility to create a neural network of cerebral cortex neurons grown on anatase
TiO, films with different electrical characteristics and topographies has been demonstrated®”.
Despite these efforts, the investigation of the correlation between the environment local topography
and neural cell growth requires a better control on the TiO, structure.

In this chapter, a statistical investigation of the adhesion and proliferation of SH-SY5Y
neuroblastoma and 1321N1 astrocytoma cells on multiscale anatase TiO, patterned on glass by
MIMIC technique is reported. Patterns have feature length scale from tens micrometers down to
few hundreds nanometers and a controlled multiple length scale porosity. | analyzed the dependence
of cell density with respect to the porosity of the system, to the lateral confinement produced by the

TiO, stripe width and to the glass background. The behaviour of the two neural cell lineages in

response to the same topographical environment is also discussed.

4.2 Fabrication of porous and flat TiO, patterns

Multiporous anatase TiO, patterns (MP) on glass substrate have been fabricated by MIMIC
(Scheme 4.2). | chose the micrometric size of the PDMS stamp channels (S. 4.2a) in order to match
integer multiples of the mean lateral size of a neural cell used in our experiments (20+25 um), to
ideally accommodate from one up to about three cells side-by-side on the same stripe. A drop of
PS/TALH composite solution is deposited at the open end of the cavity of the PDMS stamp and the

solution infills the channel upon Laplace pressure (S. 4.2b). During water evaporation at room
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temperature, the PS pack into a hexagonal close structure with TALH intercalated in the holes
among beads (S. 4.2c, 4.2d). To obtain a regular multiporous array of TiO, in anatase crystalline
phase, burning at the same time the PS and all the organic phase off, the sample is put into a furnace
to be calcinated at 450 °C in air (S. 4.2e). Flat patterns (FP) have been fabricated starting from

TALH without PS, according to the same protocol used for MP.

Scheme 4.2. MIMIC technique applied to the fabrication of multiporous anatase patterns. The PDMS stamp
displaying micro-channels is put on the glass substrate (a); a drop of TALH/PS is deposited at the open end
of the stamp and infills the channels b); after solvent evaporation, stripes of TALH/PS are obtained c), with
the PS beads packed in according to a exagonal arrangement (d); after thermal treatment at 450°C, PS
beads are removed, the calcination process transforms the precursor TALH into anatase TiO, and the
porous structure is obtained (e).

Typical optical images of FP, PS/TALH patterns and MP are shown in Fig. 4.3a-c respectively.
Each pattern is made of continuous stripes stretching across a large area of the glass substrate. Fig.
4.3d-i obtained by AFM evidence the different morphology of flat (Fig. 4.3 left column) and porous
TiO, stripes (Fig. 4.3 right column) whose 3D multiporous structure is shown in Fig. 4.3i. TiO;
stripes are a few hundred nanometer thick as evident from the line profiles in the insets. The FP
morphology reveals small grains ca 10-15 nm diameter aggregated into a disordered film (Fig.

4.39). Fig. 4.3h shows the short range ordered pattern created by the PS beads. After calcination, the
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mean diameter of the pores is 241+5 nm. Since the PS diameter before calcinations was 340+5 nm,

the contraction of the volume due to the thermal treatment is -29 %.

Height [nm]
~N ~
>, 8 8 8

Fig.4.3. Optical images (bright field) of FP (a) and MP before (b) and after (c) the thermal treatment. d-f
show AFM images (50x50 zm) of a-c stripes relatively, with line profiles. In AFM g-i images (4x4 xm), more
details are showed: (g) the almost flat surface of FP, (h) the packing of the PS beads in the untreated
TALHY/PS stripe and (i) the multiporous structure of MP after thermal treatment.

The Rms roughness is 0.5+0.1 nm for FP, 73+9 nm for MP, and 2.1+0.3 nm for glass. The contact
angles for the FP-film and glass do not significantly differ: 28 + 2° for the FP film and 25+2° for
the glass slide. The MP-film is completely wetted by the water drop, indicating that the internal
surface of the pores is highly hydrophilic despite of the large roughness value which opposes

wetting®®.
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4.3 Neural cell adhesion and proliferation on TiO, patterns

In Fig. 4.4 optical microscopy images show the typical distribution of both cell types used in this

study on patterned stripes and their alignment after 48h of incubation in standard condition.

Fig. 4.4. Typical optical images (bright field) of astrocytoma 1321N1 (a, b) and neuroblastoma SH-SY5Y
(c,d) cells on FP (a,c) and MP (b,d) at 48h from seeding.

I carried out a statistical analysis of adhesion and proliferation processes of astrocytoma 1321N1
and neuroblastoma SH-SY5Y cells on TiO, patterns starting from the set of optical images as in
Fig. 4.4 by means of a semi-automatic approach (ImageJ software). Cell density on MP, FP and

glass substrate have been extracted and reported in Fig. 4.5.
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Fig. 4.5. Astrocytoma 1321N1 (a) and neuroblastoma SH-SY5Y (b) cell adhesion (3h) and proliferation
(24,48 and 72h) on MP, FP and glass. Statistical analysis: e vs m p>0.05, @ or m vs A : p<0.01 (One-Way
ANOVA analysis, Tukey’s post test, Prism5, GraphPad Software). In c) and d), the cell density ratio between
cell density on TiO, and on glass is reported both for 1321N1 and SH-SY5Y cell lineages respectively.

At three hours incubation, there is no statistical difference between cell density on glass and TiO,
(p>0.05). Evolution at later times reveals the sensitivity of the cells to the TiO, patterns. Both cell
lines proliferate faster on TiO, stripes than on the bare glass (Fig. 4.5a, 4.5b). The trends observed
in time can be fit with a linear regression. The proliferation rate of 1321N1 astrocytoma
(Rmp=1.15+0.10 mm™?-h™; Rgp=1.0520.27 mm2-h™) is about 50% lower than that of SH-SY5Y
neuroblastoma cells (Ryp=1.95+0.27 mm™2-min™; Rep=2.19+0.38 mm™-min™). Within the estimated
errors, no significant proliferation difference is observed between MP and FP within the same cell
line (Rmp/Rrp=1.09 for 1321N1 cells; Rep/Rmp=1.12 for SH-SY5Y cells). As a comparison, the
evolution of the cell number density on glass is almost flat (R=-0.11+0.15 mm™?-h™* for 1321N1
cells) or slowly varying in time (R=0.30+0.19 mm™-min™ for SH-SY5Y cells). These data show a

marked preference for TiO, surface, irrespectively of its multiporous architecture, with respect to
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the glass background. Fig. 4.5¢ and 4.5d show the evolution of the ratio between the cell density on
TiO; and on glass. Cell density ratio increases from about 2 times at 3h to more than 4 times in 48h
then saturates (1231N1 cells) or decreases (SH-SY5Y cells). This can be reasonably ascribed to
slowing down of proliferation on TiO, due to crowding and/or confluence on the stripes,
accompanied by a subsequent increase of the density on glass. Tonazzini et al. showed that 1321N1
astrocytoma cells are able to adhere and proliferate on bare glass at higher rate than the one found in
our experiments™. This evidence, along with our data, demonstrates that, in the presence of adjacent
TiO, stripes, cell migration has occurred from glass to TiO,. The driving force is likely the chemical
gradient between titanium oxide surface and glass surface rather than the different morphology, as
we do not observe dependence of proliferation rate on the multiporous architecture. It should be
also noted that FP stripes have the same Rms and contact angle values as glass, thus reducing the
differences between the two substrates only to the chemical nature (terminal groups, cristallinity).
This fact should be remarked, as many papers report increased cell adhesion and proliferation by the
introduction of some porosity. Our results seem to indicate some exception to this commonly
accepted behaviour. Morphological features of both 1321N1 and SH-SY5Y cells adhered to porous
architecture of the MP are visualized by AFM and SEM (Fig. 4.6) analysis. Specifically, Fig. 4.6a
and 4.6b show details of the alignment of 1321N1 and SH-SY5Y cells on TiO; stripes, respectively.
Fig. 4.6¢-f evidence numerous processes developing from both the cell phenotypes in order to
adhere to the substrate. The development of peripheral lamellopodia and filopodia extensions and

the spreading of the cells are well-recognized signs of a good cell anchoring to the substrate.
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Fig. 4.6. SEM images of astrocytoma 1321N1 (a, c, €) and neuroblastoma SH-SY5Y (b, d, f) cell details on
MP at 48h. Fig.s a, b point out the cell alignment within a single stripe, while c-f show details of the cell

membrane spreading and protrusion development on the porous TiO, structure.

The biocompatibility of TiO, patterns has been also assessed. At the maximum incubation tested
time, the cells display their typical morphology and appear green upon staining with the specific

fluorescent dye fluorescein diacetate, indicating viable cells.
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4.4 Neural cell density dependence on stripe width

A finer analysis of the cell density vs. stripe width has revealed new insights on how the cells sense
their local environment. In Fig. 4.7, the time evolution of cell density in response to the lateral
stripe width is shown. 1321N1 cell density (Fig. 4.7a and 4.7b) exhibits a fluctuation with two

maxima both on FP and MP corresponding to approximately one and 2-3 cell "diameters”. The

peaks on MP are more than 50% higher than the ones on FP.

_2]

7
Cell number [mm

Fig. 4.7. 1321N1 astrocytoma (a,b) and SH-SY5Y neuroblastoma (c,d) cell density 3D plot with respect to

the TiO, stripe width and proliferation time on FP (a,c) and MP (b,d). Data have been analyzed and
smoothed with OriginPro 8.1 software.
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This results suggest that astrocytoma cells distinguish both width and, to a minor extent, multiscale
porosity. The latter does not appear clear from the coarse-grained density analysis reported in Fig.
4.3. On the contrary, the graphs of neuroblastoma cell proliferation show a single peak at the
smallest width corresponding to the size of one cell. There is no difference in peak height vs.
porosity, suggesting that, along with data in Fig. 4.5, in our experimental conditions neuroblastoma
cells are not influenced by the multiscale porosity. The different behavior of astrocytoma and
neuroblastoma cells with respect to the lateral size of the stripes may be related to their different
shape and cytoskeleton organization when growing on stripes. Astrocytoma cells are more
elongated tooking up less room at 48h, allowing the occupation of more than one cell per stripe;
instead neuroblastoma cells exhibits a more neuron-like shape, occupying more surface area thus
limiting the alignment to just one cell at a time on average. Although the data reported in Fig 4.5 do
not show significant differences in cell behavior due to the presence of porosity, a slight preferential
growth of astrocytoma cells on MP is detectable as observed in Fig. 4.7a and 4.7b.

A more accurate analysis of the cytoskeleton organization of astrocytoma on FP and MP has
been performed. In Fig. 4.8 typical immunofluorescence images at 48h are shown. Actin
cytoskeleton was stained in red by TRITC-conjugated Phalloidin, focal adhesions in green by anti-
vinculin and nuclei in blue by DAPI fluorescence. Fig. 4.8a and 4.8b show the elongated cell shape
and the alignment on the TiO, stripe as well as the formation of several vinculin-containing focal
adhesion points (Fig. 4.8c) on the multiscale porous architecture. However, from a qualitative
analysis of several images as the ones reported in Fig. 4.8, it was no possible to detect appreciable
differences both in the cytoskeleton and in focal point distribution due to the presence of the

multiscale porosity. The analysis needed to clarify better this point are out of the thesis scope.
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Fig. 6. Immunofluorescence staining optical images evidencing the alignment on human 1321N1

astrocytoma cells on FP (a) and MP (b,c). In (c) the cell focal adhesions are well visible.
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4.5 Conclusions

| have presented an unconventional and reliable approach for fabricating micro/nanostructured
anatase TiO, patterns on glass for studying the response of different cell lines to a complex
morphology of the surface.

This patterning technique yields sharp topography gradients and smoother chemical gradients due to
the surface modulation of wetting/adsorption/hydrodynamic flow. Interestingly, the controlled
multiscale features of the pattern can be opportunely tailored by choosing different colloidal
monodisperse polystyrene beads size and stamp channel width. Neural cell adhesion and
proliferation have been investigated in time as a function of cell phenotypes, presence of a
multiporous architecture, stripe width. Both neural cell lines preferred to adhere on the TiO; stripe
than on the glass background even the Rms roughness and the contact angle value were
significantly similar. Proliferation rates on TiO, were larger than on glass, with neuroblastoma cell
rate being twice that of astrocytoma ones. The latters were slightly more sensitive to the porous
architecture than the former, even if there was no statistically significant discrepancy. Finally, the
two cell lines exhibited a different behavior vs stripe width, the former preferring widths matching
integer multiple of their characteristic size, and the latter with marked preference only for the width
accommodating a single cell.

This work demonstrates that it is possible to exploit approaches based on non-conventional
fabrication methods to perform systematic investigations on the relationship between topographical
length scales and cell behavior, with a conceivable future impact in the field of regenerative

medicine.
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Materials and Methods

Colloidal composite preparation

Bis(ammonium lactate)titanium dihydroxide (TALH, 50% in water, Aldrich) was used as received
without any further purification. Monodisperse polystyrene beads (PS, 2.13 % vol in water) with an
average size of 340 £ 5 nm were prepared by surfactant free emulsion polymerization of styrene as
described elsewhere?®. TALH/PS composite suspension was obtained by mixing TALH with PS

(1:16 viv)*.

Titanium dioxide pattern fabrication

Multiporous patterns (MP) were fabricated by Micro-Molding in Capillaries (MIMICs). The master
was fabricated according to the following protocol. A cover glass slide (thickness ~ 1mm, Thermo
Fisher Scientific Inc., MA, USA) was rinsed in piranha solution (H,SO4:H,0,, 3:1 v/v, 10 min, 100
°C) and dried with N,. A few micron-thick layer of a positive photoresist (AR-P 3210, Allresist
GmbH, Strausberg, Germany) was deposited by spin coating on the glass slide (Laurell
Technologies Corporation Spin Coater, 2000 r.p.m., 60s). A pre-baking procedure (5° at 70°C
followed by 25° at 90°C) was performed before the exposure to the UV light (A=350nm, exposure
time=10s, Mask Aligner Karl Suss MJB40) through a high contrast mask exhibiting 22 variable-
width (from 15 gm to 75 um) and variable-distance (165 and 230 xm) parallel lines (length ~5
mm). The exposed photoresist on glass was developed in a 0.2 M KOH solution to dissolve exposed
areas. A post-baking treatment was needed to consolidate the master (30 min at 110°C). Once we
obtained the master, we prepared the molds (or stamps) by Replica Molding (RM) %, a process
which consists in casting polydimethylsiloxane on the master (PDMS elastomer; Sylgard 184 Down
Corning, 1:10 curing agent : PDMS) and curing the elastomer in oven for 3h at 95°C. After peel

off, the PDMS stamp was put in contact with a glass slide (thickness ~ 1mm, Thermo Fisher
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Scientific Inc., MA, USA) cleaned before with piranha solution (H2SO4:H,0, 3:1 v/v). A drop (5.4)
of the PS/TALH composite was deposited at the open end of the microchannels and the solution
infilled, driven by capillary forces. After water evaporation at room temperature, the PDMS stamp
was gently lifted off leaving a PS/TALH pattern. In order to transform the precursor into crystalline
anatase TiO, % and eliminating the PS, samples were put into a furnace to be calcinated at 450 °C
in air. After water evaporation, samples were thermally processed in air up to 450°C with a
thermal ramp of 1.77 °C/min followed by a 2 h stationary step at 450°C. Flat patterns (FP) were
realized at the same time by starting only from TALH, following the same fabrication and thermal

conditions used for multiporous patterns.

Titanium dioxide pattern characterization

TiO, patterns were characterized by optical microscopy with a Nikon microscope (Eclipse 80i,
Nikon Corporation, Tokyo, Japan) in bright field. Higher magnification details of the morphology
were imaged by both Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM).
Samples were imaged by AFM (Smena, NT-MDT, Moscow, Russia) operating in semi-contact mode
under ambient conditions with NSG10 cantilevers (NT-MDT, Moscow, Russia). AFM images were
analyzed by using the software Image Analysis 2.2.0 (NT-MDT, Moscow, Russia). SEM images
were collected with a SEM-FEG Hitachi S4000 (Vaec = 20KeV, | = 104A) with out-of-plane angles
of 0° and 45°. Samples for SEM analysis were metalized by sputtering a ~5 nm gold layer on
surface. The mean diameter of the macropores of MP was extracted by the statistical analysis of
several SEM images (ImageJ free software, threshold tool); the Rms roughness of FP, MP and
glass substrate was obtained by the analysis of different sized AFM images. The surface tension of
TiO, patterns was correlated through water contact angle measurements at room temperature
(Digidrop GBX contact angle model DS, France). For the measurement of the static contact angle
with water droplets, thin TiO; films (2x2 cm, thickness~150 nm) were fabricated according to the

same protocol used for patterns, this time without the stamp, with a Laurell Technologies
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Corporation spin coater (North Wales, PA, USA) following the experimental setup: 30", 100 acc.,

1500 r.p.m.

Neural cell cultures

Human neuroblastoma SH-SY5Y cells (purchased from the European Collection of Cell Cultures,
ECACC No. 94030304, Sigma Aldrich, St. Louis, MO, USA) were cultured in a 1:1 mixture of F-12
Nutrient Mixtures (Ham'’s F12) and EMEM (cell medium), supplemented with 15 % Fetal Bovine
Serum (FBS), 2 mM L-Glutamine, 1% Non Essential Amino Acids, Penicillin (100 U/mL) and
Streptomycin (100 xg /mL) (complete medium).

Human astrocytoma 1321N1 cells (from ECACC 86030402) were cultured in Dulbecco's Modified
Eagle Medium: Nutrient Mixture F-12 (DMEM/F12), supplemented with 10% FBS, 2 mM L-
Glutamine, Penicillin (100 U/mL), and Streptomycin (100 xg/ml) (complete medium). Each cell line
was maintained in standard culture conditions (37° C in a humidified atmosphere with 5% CO,)
and fed every 2-3 days. Cell culture materials were purchased from Cambrex Bio-Science

(Verviers, Belgium), plastic wares from Sarstedt (Nimbrecht, Germany),

Neural cell adhesion and proliferation assays

At subconfluence, both neuroblastoma and astrocytoma cells were recovered by trypsinization step,
suspended in their respective complete medium and seeded on both MP and FP at the final density
of 3000/cm? and volume of 400 L. The cells were allowed to proliferate under standard culture
conditions for different times (from 3 to 72h). To confine the cell culture on the area of interest, a
circular PDMS pool (&= 7.5 mm, Sigma Aldrich, St. Louis, MO, USA) was placed on the sample
around the patterned area (~25 mm?). Experiments were done in duplicate and repeated at least
five times. Before cell seeding, the samples were sterilized overnight under UV light. For adhesion
experiments, optical images were taken after 3h incubation time by means of a Nikon microscope

(Eclipse-80i, Nikon Corporation, Tokyo, Japan) and cell density number estimated. Similarly,
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cellular proliferation was assessed by the analysis of optical images taken at 24, 48 and 72 hours
from seeding, after removal of cell medium to eliminate floating dead cells. Cell adhesion and
proliferation on MP and FP were quantified in terms of cell density. A number n; of images was
collected for the i-th sample (n;=20+50, nror =536) at each time of incubation (3, 24, 48 and 72h)
over several significant pattern areas (1280 x 960 pixels). Adherent cells were estimated by
counting them on both TiO, stripes and on glass with a semi-automatic approach (ImageJ free
software) and the cell density (p [mm™]) values were extracted for MP, FP and glass. The
proliferation rate (R [mm?h™}) was obtained from the slope of the graph p vs. time. The cell
proliferation ratio (ptio/pglass [a.U.]) was calculated by the ratio between cell density on MP or FP
and on glass. To evaluate the cell behaviour with respect to the lateral dimension of TiO, stripes,
the cell density was plotted vs. stripe width, clustered in the following arbitrary intervals: 15-25,

26-35, 36-45, 46-55, 56-65 and 66-75 um.

Neural cell viability assay

To analyze neural cell viability, fluorescein diacetate (FDA, Sigma) staining was performed, as
previously described [*°. At 48 and 72h, cells were incubated for 5 min at 37°C with 75 xg/ml of dye
solution and then rinsed with PBS 1X. After an additional washing step, the samples were observed
under an inverted epifluorescence microscope attached to the optical stereomicroscope Olympus
IX71 with SPM Biosolver (NTM-DT, Russia, Moscow). Living cells were stained in green, upon
hydrolysis by intracellular esterases that yields fluorescein (fluorescent at excitation wavelengths of
490 nm). Cell shape analysis was performed with the software NIS Elements F 2.20 Nikon (Nikon

Corporation, Tokyo, Japan).

Cytoskeleton and focal adhesion staining by immunofluorescence assay

The formation of focal adhesion complexes and actin cytoskeleton of cells attached to MP and FP

were assessed by using a specific kit (CHEMICON, Billerica, MA, USA) according to
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manufacturer’s instructions. Cells were fixed with 4% paraformaldehyde, then permeabilized with
0.1% Triton X-100 for 2 min and simultaneously stained with TRITC-conjugated Phalloidin, anti-
vinculin and DAPI in order to map the local orientation of actin filaments within cell, the focal
contacts in cells and nuclei respectively. The samples were analyzed under an epifluorescence
microscope endowed with NIKON excitation band DAPI-FITC-TRITC filter set and images were

taken using a Nikon Instruments (Nikon, Tokyo, Japan) colour digital camera.

Cell morphology analysis by combined SEM, AFM and optical microscopies

At different times of incubation, both astrocytoma and neuroblastoma cells grown on FP and MP
were analyzed by optical, atomic force and scanning electron microscopy. For AFM analysis, the
samples were fixed with 4% paraformaldehyde for 20 min at room temperature and then washed
with PBS 1X. For SEM analysis (SEM-FEG Hitachi S4000, V.. = 20KeV, | = 101A), cells were
fixed with 2.5%, glutaraldheyde for 20 min at room temperature, washed with PBS 1X and then
dehydrated in an increasing series of ethanol (25%, 50%, 75%, 95% and 100% for 10 min each).

Subsequently, a thin gold film coating (~5 nm) was sputtered before analysis.

Data analysis

Graphic presentation and statistical analysis were performed using Graph-Pad Prism computer
program (Graph Pad Software, version 5.0; San Diego, CA) and OriginPro 8.1 software
(OriginLab Corporation, Northampton, MA, USA). All data were presented as mean + SEM
(standard error of the mean). The comparison of the data sets derived from the cell experiments
was carried out statistically by One-Way ANOVA analysis (Tukey’s HSD post test on pairwise
treatments difference). P-value <0.05 was considered statistically significant. P-value <0.01 was

considered highly statistically significant. The P-values were reported in the figure legends.
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Control Of Neural Cell Adhesion On 3D-SWCNT

Fig. 5.1. SH-SY5Y neuroblastoma cell on carbon nanotube network (SEM image).

5.1 Introduction

Neural cell adhesion, viz. the early stages following seeding on the substrate in vitro, involves shape
modification leading to dendrite outgrowth, and appears important for guiding neuronal network
formation. Electric fields have been extensively used to favor neurites (axons and dendrites)
development and alignment in vitro*®. Electric fields can also stimulate the repair of nerve injuries
in both the peripheral and central nervous system in animal models'® **.
The early modifications of a cell, occurring when the electrical stimulation starts, have not been yet
investigated. It can be expected that these are even more important as the cell has not enough time
to explore and modify the environment!2. On this basis it may be effective to combine
topological/chemical cues with an electrical stimulus.

Carbon nanotubes (CNTs), which integrate mechanical, chemical (through

functionalization) and outstanding electrical properties, are emerging as a potential substrate for
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promoting neuronal cell growth, viability and differentiation™>°. They have been shown to improve
the signal transmission?’ and the responsiveness of neurons by the formation of tight contacts with
cell membrane?’. These studies were carried out on solution-deposited CNTSs, and the effects of
morphology, order or dimensionality of the network cannot be fully addressed. There is evidence

that substrate dimensionality?® and length scales®® 2

are important factors in cell adhesion and
growth. Patterned CNT networks would then be useful for investigating the effects induced by
substrate length scales and dimensionality, maintaining at the same time the possibility to stimulate
the cells with electric fields.

In this chapter, I explored the adhesion of SH-SY5Y neuroblastoma cells on 3D patterns of single-
walled carbon nanotubes (SWCNT) semicapsules®™ . These patterns exhibit a controlled porosity
at multiple length scales and electrical conductivity, both features being desirable for controlling the
adhesion of neuronal cells. This fact allow one also to assess the role of porosity with respect to

solution-deposits of the same CNTSs. The effect of the electric field applied across a stripe of a CNT

array on the change of shape of SH-SY5Y cells has been also assessed.

85


http://pubs.rsc.org/en/Content/ArticleHtml/2010/JM/B918543G#cit28
http://pubs.rsc.org/en/Content/ArticleHtml/2010/JM/B918543G#cit31
http://pubs.rsc.org/en/Content/ArticleHtml/2010/JM/B918543G#cit33

5.2 Neural cell adhesion on SWCNT pattern

5.2.1 Patterning of SWCNT by GAD

Sodium dodecyl sulfate (SDS), which is commonly used to suspend SWCNT, is demonstrated to be
highly toxic for cells®”. Therefore, to suspend the SWCNT | chose an aromatic amino, acid O-
benzyl tyrosine (OBTY) which interacts with the SWCNT side wall through its aromatic group®®, as
a biocompatible suspending agent for SWCNT in the range 6.4 < pH < 13. A SWCNT/PS
suspension was then prepared by mixing SWCNT suspension in OBTY with modisperse
polystyrene beads (PS, @~400nm).

Semicapsules made of SWCNT have been patterned on silicon wafer coated with native
silicon oxide by grid assisted deposition (GAD)*** of the SWCNT/PS colloidal composite. The
GAD of the suspension on native silicon oxide layer is schematically depicted in Fig. 5.2A. A TEM
Cu grid (pitch~500 um, hole~420 um) is gently placed on a drop of SWCNT/PS suspension and
mechanically removed after water evaporation in ambient conditions, leaving the replica of the grid
cavities on the substrate. The deposit is then rinsed with limonene to dissolve the PS. After rinsing,
an array of SWCNT semicapsule squares is left on the substrate. SWCNT suspended with OBTY
but in the absence of PS have been patterned by GAD to yield a pattern without semicapsule
morphology. Fig. 5.2B shows the SWCNT semicapsule pattern transferred by means of grid
assisted deposition of SWCNT/PS suspension on the silicon wafer. From comparative experiments
with the same SWCNT suspension, the 400 nm sized PS have been turned out to represent the best
suited diameter for the attachment of SWCNT bundles, that have to bend around the sphere and
assemble in a close packing structure. The grid pitch is conserved in the deposited composite even
after PS removal. SEM images show that the replica consists of a SWCNT semicapsule array with
short range order (Fig. 5.2E). Since the square of the pattern has a 420 um side, the coverage (i.e.

the fraction of covered surface) of SWCNT is about 70%. The achievement of a proper replica
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either of the grid bars or of the grid holes strongly depends on the interplay of variables like (a) the
grid size (equivalent experiments, not reported here, have been performed using a Cu grid with a
pitch of 100 micron and yielded the replica of the grid bars leaving the centers of the squares
empty), (b) the concentration of the suspension that determines the surface tension of the liquid
drop, (c) the surface tension of the substrate and of the grid®®. All these variables determine menisci
of different curvatures. The composite suspension | used in the experiments have the proper

composition to pin the meniscus in the cavity of the grid yielding a “solid square” deposit.

Al B0, =, e

Fig. 5.2. Scheme of grid assisted deposition of the SWCNT suspension (a); SEM image of SWCNT
semicapsules on silicon substrate (b); dark field images of SH-SY5Y cells at 30 min from seeding on
patterned SWCNT (c) and disordered SWCNT (d); magnified SEM micrograph of the square regions
consisting of semi-ordered SWCNT semicapsules (e); FDA assay on SH-SY5Y cells on patterned SWCNT 24
h after seeding (f); SEM image of the disordered SWCNT (Q).

5.2.2 Cell adhesion on SWCNT array
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SH-SY5Y cells have been suspended in cell medium at a final concentration of 2.5 x 10* cells cm™?
and seeded on the SWCNT networks with and without semicapsule architecture, for different times
in order to test neuronal cell adhesion. The images show that SH-SY5Y cells adhere preferentially
to the patterned SWCNT semicapsules (Fig. 5.2C). About 97% of the seeded cells (250/mm?)
adhere to the SWCNT pattern and only 3% of the cells have been found on the native silicon oxide
surrounding the SWCNT squares. This corresponded to a density of 350 cells mm™ on SWCNT and
27 cells mm™ outside. Thus, the cells exhibit a marked preference for the SWCNT semicapsule
pattern with respect to the native silicon oxide. For the PS free sample (Fig. 5.2D), the pattern is
characterized by the inhomogeneous thickness of the SWCNT deposit in the squares. The presence
of randomly assembled SWCNT is clearly shown by the SEM image in Fig. 5.2G. This
inhomogeneity reasonably resulted from the comparatively larger capillary flow towards the
periphery of SWCNT with respect to PS/SWCNT composite. As described in ref. 25 this imply that
for PS free SWCNTSs the meniscus formed by the drop in the cavity is concave, and not convex. The
enhanced contrast at the border is the result of dark field, viz. the impinging diffuse light was
reflected largely by the edges. The cells are more randomly distributed on the pattern made of
random SWCNT (Fig. 5.2D). The cell counting yielded 77% of the seeded cells (190 cells mm™) on
SWCNTSs, and 23% on native silicon oxide. This corresponded to a density of about 210 cells mm™
on SWCNT, and 146 cells mm™ outside. These densities are proportional to the areas occupied by
SWCNTSs, indicating that in the absence of the 3D pattern of the SWCNT the cells do not show any
preference towards the SWCNT. SH-SY5Y cells remain viable both on the SWCNT semicapsule
array (Fig. 5.2F) and on disordered SWCNT (Fig. 5.3) for at least 24 h as revealed by fluorescein

diacetate (FDA) cell staining.
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Fig. 5.3. FDA assay on SH-SY5Y cells on random SWCNT 24 h after seeding.

FDA tests have confirmed that SWCNT substrate maintains cell viability for a time period longer
than the time needed for electrical stimulation.

In addition, experiments performed in the absence of SWCNT but only in the presence of
the OBTY pattern, show that cells do not exhibit any preference for the OBTY pattern with respect

to the silicon oxide substrate (Fig. 5.4).

Fig. 5.4. Optical image (bright field) of the OBTY pattern made on SiO, substrate with a copper grid with
pitch size of 250 um (a); Dark field image of SH-SY5Y cells at 30 minutes from seeding on the OBTY pattern

(b).
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Fig. 5.4A is the optical photograph (bright field) of the OBTY pattern made on silicon oxide
substrate with a copper grid with pitch size of 250 um and hole size of 205 um. Fig. 5.4B
represents the optical photograph (dark field) of SH-SY5Y cells after 30 minutes from seeding on
the OBTY pattern. About 64% of the seeded cells (190/mm?) has adhered on the pattern holes
(silicon substrate), while only 36% of cells has been found on the OBTY pattern. This corresponds
to a density of 208 cellss/mm? on the pattern holes and only 136 cells/mm? on the OBTY pattern.
Hence, any adhesion promoting effect due to the presence of OBTY during the experiment time can
be excluded.

This combined evidences show that the 3D pattern is the main driving agency for
preferential cell adhesion with respect to native silicon oxide, more effective than the random
SWCNTs. Different topographical features affect cell adhesion, among them the multiscale porosity
architecture can favour cell adhesion through the flow of nutrients and metabolites across adhering

cells, and by promoting anchoring of focal contacts and/or actin—-myosin stress fibers assemblies.
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5.3 Electric stimulation of cells on SWCNT-based device

5.3.1 Test bed fabrication

I have fabricated a device test bed to pursuit electrical measurements on cells, consisting of planar
junctions Pt/SWCNT semicapsules/Pt, following the procedure described in the ‘“Materials and
Method” part. The electrical characteristics of the patterned Pt electrodes reveal an ohmic behaviour
that has been consistently reproduced upon several voltage-sweep cycles. The sheet resistance of
the Pt films is R, = 1 MQ/0O0. SWCNT semicapsules have been integrated within the Pt planar
electrodes by vertical deposition (glass slide immersed with a 55° tilt angle)® of the SWCNT/PS
colloidal composite. PS have been removed by rinsing in limonene. A SEM image of a SWCNT
sheet consisting of adjacent stripes formed by vertical deposition between two Pt contacts is shown
in Fig. 5.5A and the test bed layout is shown in the inset. Magnified SEM images demonstrate that

ordered arrays of SWCNT semicapsules are present within the stripes (Fig. 5.5B, C).

Fig.5.5. SEM images of: (a) a SWCNT semicapsule stripe connecting the platinum electrodes. The inset

shows the test bed pattern used in this work; (b) and (c) are magnified regions of the SWCNT

semicapsule array in the stripes tilted at 45°.
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The current—voltage characteristics of the patterned devices exhibits a good ohmic behaviour (5.6,
top). The order of magnitude of the sheet resistance R, for all the stripes is 10*-10° /0. This
parameter has been estimated considering a nominal aspect ratio L W™ = 2 between each pair of Pt
electrodes. The curves in Fig. 5.6 exhibit different slopes (vertical offset in the double-log plot).
The spreading of the conductance, and hence of the sheet resistance, may be ascribed to fluctuations
in the L W' ratio from one stripe to another™. The stability and reproducibility of -V
characteristics in water and in the cell culture medium with respect to air have been assessed (Fig.
5.4, bottom). There is a slight change of conductance moving from air to solutions, but the electrical
responses of the SWCNT stripe in water and in medium are comparable. The stripes with larger
extension of arrays of SWCNT semicapsules exhibit the lower sheet resistance and thus have been

chosen for carrying out the electrical stimulation of seeded SH-SY5Y cells in culture medium.
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Fig. 5.6. (Top) Current-voltage characteristics of SWCNT semicapsule stripes in air and (Bottom)

comparison of the characteristics of stripe 4 in different media. The experimental data can be fit with a

power law close to 1 in double log scale (ohmic behaviour).
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5.3.2 Electric stimulation

A voltage bias 15 min after SH-SY5Y cell seeding have been applied to the electrode pairs and
maintained for 10 min. Electric field values corresponding to the applied bias voltages range from 0
Vem™ up to 5V em™ 2 Control experiments of SH-SY5Y adhesion on a glass slide and on a
sheet of highly ordered pyrolytic graphite have been also carried out at E = 0 in the same
experimental conditions. SEM images of fixed cells after electrical stimulation (Fig. 5.7A) show
that cells adhere mainly to the SWCNT stripes with respect to the glass substrate. Therefore, the
preferential cell adhesion observed in Fig. 5.2 is retained also on test beds/glass. SEM images
display also that the cells under electric field (E) develop protrusions, even for 10 min application
of electric field (Fig. 5.7B, D). The change of shape vs. E is a clue to the enhancement of cell

adhesion to the substrates.

Fig. 5.7. (a-b) SEM images of SH-SY5Y cells immobilized with paraformaldehyde 4% showing preferential
adhesion to SWCNT semicapsule stripes, under a 3 V cm™ electric field (tilt angle of 45°). (c-d) SEM images
of SH-SY5Y cells immobilized with paraformaldehyde 4% at (c) 0V cm " and (d) 3V cm ™.

| have first analyzed the cell shape on different substrates in the case of E =0V cm™. The resulting
CSI values are shown in Fig. 5.8. No significant difference in CSI have been found between

SWCNT and glass (p > 0.05), whereas there is a significant difference between SWCNT and
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graphite (p < 0.05). Thus, the cells exhibit a similar shape on SWCNT and glass in the very short

time after seeding.

CSl(a.u.)

1 2
E(V/cm)

Fig. 5.8. Cell shape index CSI (full markers, left axis) and perimeter L (empty markers, right axis) of SH-
SY5Y cells vs. electric field. Circles refer to SWCNT semicapsules, squares to glass, triangles to HOPG.

Then | have analyzed the influence of E. A shape modification in SH-SY5Y cells experiencing both
E=1Vcm'and E=3V cm' have been observed. The trend of the mean values of CSI and L vs.
E is reported in Fig. 5.8. The perimeter L increases vs. E, and consistently CSI decreases, reflecting
the enhancement of the “fluctuating rim morphology” in the presence of the electric field. The
distributions of the perimeter values obtained from cells exposedto E=1V cm'andto E=3V
cm™ is significantly different from E = 0V cm™ (p < 0.05 and p < 0.01 respectively), and show
21% and 83% increase of their mean values with respect to E = 0 V cm™. The monotonically
increasing trend of L vs. E suggests a correlation between the electric field and the cell morphology,
and hence cell adhesion. Similarly, CSI distributions exhibits a significant difference among the
samples. At E =5 V cm™ a dramatic decrease in the number of cells adhering to the conductive
stripes is observed with the apparent diameter decreasing by about 50% of the original one. This
suggests that, at E =5V cm™, the adhesion of SH-SY5Y cells is inhibited by the electrical stimulus.
It can not be excluded that the denaturation of the adhesion proteins secreted by the cells and

adsorbed on the SWCNT has been induced by the electric field of 5V cm™ 3.
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5.4 Conclusions

In this chapter |1 demonstrated that a novel conductive substrate made of SWCNT patterned into
regular semicapsules at a submicrometric scale can be exploited as a functional substrate for
modulating the behaviour of SH-SY5Y neuroblastoma cells from preferential adhesion to non-
adhesion. The dynamic control of cell adhesion onto a substrate during cell cultivation is an
important issue for various biological and medical applications like tissue engineering.
Neuroblastoma cells have been demonstrated to preferentially adhere to the SWCNT template. The
latter have both structural and electrical functionalities. The well defined 3D porosity guarantees
suitable conditions for cell viability and this is a desirable feature with respect to patterns fabricated
by planar technology on silicon® or thin films of organic semiconductors®*. On the other hand, |
expect that the 3D-SWCNT features are comparable to those obtained by the 3D self-assembling of
PS/organic semiconductor®®. Moreover, the bio-functionalisation of SWCNT should also be
explored for its possible use in biology. The conductance of the SWCNT network has allowed to
perform a stimulation of the adhering cells by a DC electric field, inducing morphological changes
in the cells towards a “fluctuating rim morphology” which preludes to the development of
protrusions. | have found that it is possible to control cell adhesion by the electric field and that a
maximum electric field value for the physiological functionality and expression of neuronal cells is
around 5 V cm™. Only electric fields below 5 V cm™ are suitable for promoting the adhesion of
cells. In conclusion this part of the work highlights the importance of fine variations in
voltage/current in the proximity of the cell focal points, which likely have implications in the

signalling and the genotypical responses of the cells.
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Materials and Methods

SWCNT suspension in O-benzyl tyrosine and SWCNT/PS composite
O-benzyl tyrosine (OBTY) (Aldrich, No 14010) was used to suspend SWCNT. The suspension was
obtained by sonicating 20 mg of SWCNT for 30 min in 50 ml of a [OBTY] = 10~ M aqueous

solution. The solution was centrifuged and the supernatant resulted in an homogeneous suspension

containing 0.3 mg ml~" of SWCNT. SWCNT/PS suspension was prepared by mixing SWCNT
suspension in OBTY with polystyrene beads (PS) in water to give a final colloidal composite
containing 0.0013 g ml~* of SWCNT and 0.0066 g ml™* of monodisperse 400 nm diameter PS.

Patterning of SWCNT by GAD

Semicapsules made of SWCNT were patterned on silicon wafer coated with native silicon oxide by

grid assisted deposition (GAD). The native oxide is a few nanometers thick and its water contact
angle 6. = (30 £ 1)°. TEM Cu grids (G50, SPI Supplies) with a pitch of 500 xm and hole size of 420
wm were used as template. The fabrication of SWCNT semicapsules was performed depositing 3 ul
of the suspension on the substrate. The process is similar to the one illustrated in ref. 25 (this time
with the colloidal particles in place of a molecular or polymeric solute) and to those illustrated in
refs. 37 and 38. The Cu grid was gently placed on the drop and mechanically removed after water
evaporation in ambient conditions, leaving the replica of the grid cavities on the substrate. The
deposit was rinsed with limonene (p-mentha-1,8-diene) for two minutes in order to dissolve the PS.
After rinsing, an array of SWCNT semicapsule squares is left on the substrate. SWCNT suspended
with OBTY but in the absence of PS were patterned by grid assisted deposition to yield a pattern

without semicapsule morphology.

Cell adhesion on SWCNT arrays

Human SH-SY5Y neuroblastoma cells (purchased from the European Collection of Cell Cultures,
ECACC No. 94030304) were cultured in a 1 : 1 mixture of F-12 Nutrient Mixtures (Ham12) and
EMEM (cell medium), supplemented with 15% fetal bovine serum (FBS), 2 mM L-glutamine, 1%

non essential amino acids, penicillin (100 U/mL) and streptomycin (100 xg mL™") (complete
medium). Cells were maintained in standard culture conditions (37 °C in a humidified atmosphere
with 5% CO,) and were fed every 2-3 days. SH-SY5Y cells were suspended in cell medium at a final

concentration of 2.5 x 10* cells cm™ and seeded on the SWCNT networks with and without
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semicapsule architecture, for different times in order to test neuronal cell adhesion. After cell
incubation in standard culture conditions, the samples were rinsed with cell medium to remove non-
adherent and dead cells before being observed under an optical microscope. Images were captured
by an optical microscope (NIKON, Eclipse 80i) equipped with a Nikon digital camera. The cell

viability was determined by fluorescein diacetate (FDA) cell staining™®

Fabrication of test bed

A device test bed consisting of planar junctions Pt/SWCNT semicapsules/Pt was fabricated on a
microscope glass slide to pursuit electrical measurements on cells. | first fabricated Pt electrodes
(L =3 mm, W = 1.5 mm) by MIMIC* “*_ Briefly, a stamp made of PDMS with channels of 3 x
1.5 mm was placed on the glass surface. A dimethylformamide (DMF) solution of the Pt precursor
[NBu4]2[Pt15(CO)30] was poured at the inlets to infill the stamp channels by capillary pressure. This
precursor has already been used for the fabrication of submicrometric conductive wires® and can
be synthesized in water from commercial Pt salts*’. After the complete evaporation of the solvent,
the sample was annealed at a temperature of 150 °C for two hours to allow the complete
decomposition of the carbonyl groups and the formation of Pt metal electrodes, with geometry
defined by the stamp. The electrical characteristics of the patterned Pt electrodes revealed an
ohmic behaviour that was consistently reproduced upon several voltage-sweep cycles. The sheet
resistance®® of the Pt films was Ry = 1 MQ/0. SWCNT semicapsules were integrated within the Pt
planar electrodes by vertical deposition (glass slide immersed with a 55° tilt angle)® of the

SWCNT/PS colloidal composite. PS were then removed by rinsing in limonene.

Electric stimulation

Electric stimulation of SH-SY5Y cells was performed in a closed home-made culture chamber,
supplied with electric feedthroughs and equilibrated with the cell culture environment. Slabs of
PDMS (2x2 mm, thickness—-1 mm), with a pool carved into them to contain the solution, were
aligned on the electric device to confine the cell culture to the semicapsule stripes and to avoid
contact with the electrodes. SH-SY5Y cells at a concentration of 2.5 x 10* cell cm™? were seeded on
the test bed from 10 ul of culture medium. A voltage bias was applied to the electrode pairs 15 min
after seeding and maintained for 10 min. Electric field values corresponding to the applied bias
voltages ranged from 0 V. cm™ up to 5V cm ™’ * 2. Control experiments of SH-SY5Y adhesion on a
glass slide and on a sheet of highly ordered pyrolytic graphite (HOPG supplied by NT-MDT), at E

= 0 in the same experimental conditions were also carried out. After the electrical measurements,
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cells were rinsed with fresh culture medium to eliminate non-adhering and dead cells, then fixed

with 4% paraformaldehyde and washed with phosphate-buffered saline (PBS).

Statistical analysis

All data from cell experiments are reported as mean + standard deviation (SD). The comparison of
the statistical data sets obtained at different fields was carried out by One-Way ANOVA (Tukey's
HSD test on pairwise treatments difference with IgorPro 4.07 Carbon, Wavemetrics, Lake Oswego,
OR, USA). Statistical significance refers to results where P < 0.05 was obtained.

The shape modification of SH-SY5Y neuronal cells was evaluated following the model reported by
Shen et al.*® after a few minutes of electrical stimulation. The projection area (S) and perimeter (L)
of SH-SY5Y cells (including protrusions) were outlined by thresholding (Image SXM ver. 187-1c,
based on NIH-Image 1.62, National Institute of Health, Bethesda MD). The Cell Shape Index (CSI)
= 478 L™ was extracted for each cell in the image and averaged. An elongated morphology

corresponds to a CSI close to 0, whereas a circular shape yields CSI ~1% %4,
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Chapter 6

Lithographically Controlled Etching (LCE)

Fig. 6.1. Localized deposition of gold nanoparticles next to silicon oxide nanostructures (3D AFM image)

6.1 Introduction

In the previous chapters it has been showed the unconventional fabrication of versatile systems
useful for investigating the cell response to a particular environment signal, being either chemical,
topographical or electrical. These systems can engender interest in the fields of regenerative
medicine and bio-sensors, because of the possibility to address signals in a spatial controlled way™ 2.
This is needed for enabling functionalities and connect nanomaterials in the device structures to the
outside world®.

Usually, in order to define the size, position and distances of nanostructures on a nanostructured
surface, it is first necessary to fabricate the structured substrate, then to direct the assembly of the

nano-objects by a second process. Either the functional materials or the substrates can be structured
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by several methods yielding nanometric resolution and important advantages for specific problems.
However, none of the current techniques can be applied for the simultaneous patterning of both
substrate and active material, in one step.

Since many devices and sensors that are based on organic and hybrid materials exhibit their best
performances when fabricated on conventional, inorganic (Si/SiO,), substrates*, the use of a single-
step method able to pattern a similar substrate and deposit/self-assembling addressable functional
nanomaterials is highly desirable.

Here | propose an original process, termed Lithographically Controlled Etching (LCE),
which yields the micro/nanostructuration of the substrate together with the spatially controlled
deposition of a solute (molecules, supramolecular aggregates or nanoparticles) in a single step. Thus
LCE integrates in the same process both top-down and bottom-up methodologies®, overcoming the
limits of each approach and exploiting their advantages. | demonstrate that LCE is suitable for large
area patterning and is sustainable because of its simplicity and reliability, yielding nanometer sized
structures in a few minutes and in a single step. Since the process does not rely on specific
interactions between the solution and the surface, LCE is of general application to a large variety of

substrates and soluble materials.
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6.2 Surface patterning by LCE

In LCE basic procedure (Fig. 6.2), a drop of etching solution (ES) is spread on a surface (a). When
an elastomeric stamp is placed on the drop (b), the stamp protrusions come into contact with the
surface thus protecting the surface underneath and giving rise to a thin layer cell in the recesses of a
stamp motif (c). The ES reacts with the surface only under the stamp recesses and after exhaustion

of the process, a patterned surface is obtained as a negative replica of the elastomeric stamp, (d).

Elastomeric @

Surface stamp

A = n
g 1
A 258

Fig. 6.2. Lithographically Controlled Etching general scheme.

The initial spreading of the drop on the surface (few seconds before placing the stamp) gives rise to
a homogeneous distribution of the etching solution, and starts the reaction on the surface without
any spatial confinement. This procedure can be applied only to mild ES, in order to avoid
uncontrolled etching processes before stamp application. ES with etch rate < 25 nm/min are suitable
for LCE.

Despite of being a relatively weak acid (pKa=3,15), HF exhibits a high etching power with
respect to various oxides®.
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It is known that a hydrofluoridric acid (HF) aqueous solution etches isotropically (viz. with the
same etch rate along each direction) a silicon oxide (SiO,) surface’. This is a key step in many
industrial fabrication techniques to remove the protective SiO, layer on Si wafers to be processed.
The etch rate for a thermal SiO, layer grown on on a Si wafer and whose thickness is at least 200

nm, using different HF dilutions at room temperature (T = 20 °C) is reported in Table 6.3°.

Thermal Oxide Etch Rate
(nm/min)

Conc. HF (49%) 2300
1:10 (1IF:H,0) 23
1:25 (HF:H,0) 9.7
1:100 (HF:1,0) 2.3

Table 6.3. Etch rates of thermal silicon oxide in several dilutions of HF.

The use of thermal SiO; as substrate and HF as ES is particularly efficient because the etch rate is
nearly linear with HF concentrations in the 1:10 to 1:100 range, as can be inferred from Table 6.3.
Thus one can calculate the right HF concentration in order to obtain the desired feature sizes at a
given temperature, time, solution recirculation and stamp feature size®.

A desirable feature of such etching process (Eq.1) is that only the volatile compound SiF, and water

are formed and no solid residues are produced during the process:

Si0, (s) + 4HF (ag) = SiF4 (g) + 2H20 (I) (L)

Figure 6.4 shows examples of LCE application on thermal SiO, wafer (oxide thickness ~ 200nm)
for the fabrication of different micrometric and sub-micrometric patterns. They have been obtained
starting from PDMS stamps patterned with: circular holes (Fig. 6.4b, pitch ~ 10 um, @ ~ 5 um),

linear structures (Fig. 6.4c, pitch ~ 710 nm, FWHM ~ 300 nm) and more complex drawings as the
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CNR logo (Fig. 6.4a, approximate printed size ~ 0.1x0.1 mm,). As ES, a 0.4 % (v/v) HF water

solution was used.

E
£
£
=)
=

Fig. 6.4. Examples of LCE application: a) optical micrograph (dark field) of CNR logo (ruler bar is 50 um,
Z scale 0-30 nm); b) regular distribution of micrometric holes fabricated on SiO,/Si surface; (AFM image,
bar 10 um); c) Parallel SiO, wires (AFM image, bar 3 um); d) crossbars fabricated by iterating LCE
process on sample (c) with the stamp rotated by 90° (AFM image, bar 3 pm).

The square feature in Fig. 6.4d demonstrates the possibility to iterate the LCE process. The pattern
is obtained starting from parallel wires as in Fig. 6.4c (first LCE step), by performing a second LCE
step with the new PDMS stamp rotated of about 90° with respect to the first one. A 3D elaboration

of an AFM image showing a crossbar sample is reported in Fig. 6.5.
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Fig. 6.5. LCE iteration on pattern with SiO, stripes by rotating the stamp of 90°.

The larger SiO, stripes in Fig. 6.5 are obtained after the second LCE step. They present the same
full-width at half maximum (FWHM ~ 300 nm) of the stripes in Fig. 6.4c (line profile). The thinner
stripes derive from the first etching step, so they have been narrowed during the second LCE step
(FWHM ~ 180 nm). The white areas where perpendicular stripes cross, correspond to the areas
protected by the stamp in the second LCE application: that is why they are the highest feature in the
image, whereas the other areas have been lowered as a consequence of the isotropic etching.

Fig. 6.4d and Fig. 6.5 shows the potentiality of LCE for the achievement of relatively complex

structures by a combination of multiple etching steps on the same sample.
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LCE technique can be scaled up to the macroscopic scale (Fig. 6.6).

Fig. 6.6. Optical images displaying the patterned silicon oxide wafer next to a 2 euro cent coin (a) and a

zoom on the linear pattern on the silicon oxide (b).

The optical image in Fig. 6.6a has been acquired with a digital camera and it shows that the size of
the homogeneous patterned area (the blue region, ~ 6x6 mm) can reach the same order of
magnitude of the one of a coin of 2 cents of euro. The image reported in Fig. 6.6b is a zoom of the
red dot in Fig. 6.6a and displays the pattern obtained by starting from a stamp with 1500 nm pitch

and 600 FWHM (full-width at half maximum); the blue arrow indicates the direction of the grooves.
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The homogeneity of the patterns over large areas (4x2 mm?) has been assessed by the statistical

analysis of different printed stripe arrays obtained with three different stamps as in Table 6.7.

1500 710

600 420

Table 6.7. Characteristic feature sizes of PDMS stamp used for LCE.

The mean FWHM and height values of printed features were extracted from several AFM
topographical images acquired with steps of 400 um along the parallel and perpendicular directions
with respect to the wires orientation (Fig. 6.8). The movement along each direction has been

achieved by rotating micrometric screws beside the AFM head.

50

1,6
a A parallel
4 |l a DX=34,2 nm b _
A DY=263 Counts = perpendicular

)
e * %
400um

(X X ]

ol
d
® o

A

103Counts

S
o

4mm 20

=3
B

&=
N

>

0 20 40 60 80 100 120 140
nm

Fig. 6.8. (@) Example of “Histogram function” extracted from a single AFM image obtained by scanning the
sample replicating stamp B, in according to the scheme reported in the inset. (b) Height of printed features
measured along the direction perpendicular(4) and parallel (#) to the stripes. Error bars represent the
standard deviation.
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Fig. 6.8a shows a representative “Histogram function” graph that can be extracted from a single
AFM image (IAProject software, NT-MDT, Moscow, Russia). It represents a distribution of the
heights of the topographical image; through this function, the mean height of the printed features in
the image can be obtained. By iterating this analysis for each step and plotting the height values vs
the scanning step, a graph as in Fig. 6.8b is obtained.

Although feature height results systematically slightly (~10%) higher at the borders, there is a large
and predominant homogeneous area (>96%) where the mean height (51.1 = 3.4 nm starting from
stamp A and 22.1 £ 2.2 nm from stamp B) does not change significantly (p>0.05, One-Way ANOVA

analysis, Tukey’s post test, Prism5, GraphPad Software).

6.3 Simulation by finite elements of the LCE process

Simulation by finite element model of the etching process has been carried out to explore isotropic
etching in confined environment'®. The solution provides the flow dynamics within the channels
employing the experimental etch rates reported in Ref. 8. In the simulation the stamp is in contact
with the surface at the time t=0. The rectangular (600 x 200 nm?) channel section perpendicular to
the direction of the wires is adopted in this simulation. Surface tension term has been included in
the Navier Stokes equation to calculate the evolution of the profile of silicon dioxide thin film in
time (Fig. 6.9a). The reaction taking place on the surface generates gaseous SiF4* which reduces
the overall density of the fluid near the etched region approximately by 10%. A buoyancy effect
allows the calculation of the fluid streamline field'%. The isotropic pattern generally described in
literature is now hindered by the submicrometric dimension of the channels and consequent HF
dynamics therein. The concentration control the patterning sizes achieved within LCE process,

therefore the concentration of HF has been estimated within the channels by convection and

110



diffusion, using the velocity field obtained from Navier-Stokes equation. The initial volume of the

etching solution is comparable with the volume occupied by the silicon dioxide thin film.

PDMS mold

200 nm

100
SiO; (thermal) L

Silicon

[HF:H,0]
Etched profiles in Silicon Dioxide mol/L

Fig. 6.9. LCE simulation by finite element. a) Scheme of the subdomains used in finite element calculation.
HF solution reacts with underlying silicon dioxide surface isotropically, although confined by the PDMS
mold. b) Time evolution of the concentration of the etching solution, within the mesoscopic channel section.
At the beginning, the silicon dioxide thin film is etched in correspondence of the channel cavities, after the
etching, the concentration is polarized towards the surface. The simulation has been carried out with 25

nm/min etching speed.

During the process the advancing front increases the volume of the cell, and HF solution dilutes
(due to the chemical reaction of Eq. 1) creating a gradient of concentration and leading to slow
down the etch rate (Fig. 6.9b). From the results, it appears that at later stages there is a polarization
of HF concentration toward the silicon surface due to the structuring of the substrate. Summarising,
the simulation shows at the beginning of the process, the surface is preferentially etched in
correspondence of the channel cavities and the etching solution concentration is homogeneous; after

a few seconds, also the regions under the stamp protrusion are partially etched (Fig. 6.9b).
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6.4 SiO, nanowire fabrication

The control of the etching time allows a fine tuning of the height and size of the submicrometric
linear structures. By employing a PDMS stamp with narrower features (with respect to stamp A and
stamp B, Table 6.7) and applying a further etching treatment in bulk, it is possible to fabricate
silicon oxide array stripes less than 100 nm sized and millimiter long.

In Fig. 6.9 a bulk etching treatment (4% HF, 4°) has been applied to a pattern obtained by LCE
using stamp C (Table 6.7) to produce a final pattern with stripes showing a mean FWHM of 91.3 +
4.5 nm, i.e. SiO, nanowires

Beside the 3D AFM image of the SiO, nanowires, a graph shows the evolution of stripe mean size

vs. etching time.

nm
40
30
20 |

pnd 0

Fig. 6.9. 3D AFM image of printed SiO, nanowires. The inset shows the width of printed nanowires vs

etching time.
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Characteristic features (FWHM, pitch, stripe density, duty cycle, aspect ratio) of stripe arrays
obtained by different PDMS stamps are summarized in Fig. 6.10.

The duty cycle is defined as the percentage ratio between FWHM and pitch. The aspect ratio in this
case is defined as the ratio between FWHM and the height of printed stripes.

Sample 1 has been obtained from a stamp A, sample 2 from stamp B, sample 3 from stamp C and

sample 4 (SiO, nanowires) from bulk etching after the first LCE treatment with stamp C.

Sample FWHM Pitch i i Duty Cycle Aspect
) (%) Ratio

630 1496 42,1 124:1
Sample 1

296 709 4231 29.2 96:1
Sample 2

216 520 19230 41.5 7.7:1
Sample 3

91 520 19230 175 25:1
Sample 4

Table 6.10. Characteristic topographical properties of printed features.

Table 6.10 indicates that by LCE technique it is possible to fabricate linear patterns with high stripe
density (20000/cm?) very low duty cycle (17.5%, with the printed stripe being about 6 time smaller

than the pitch) and aspect ratio ~ 2.5.

113



6.5 One-pot surface patterning and nanoparticle deposition

An attractive feature of LCE is the possibility to deposit functional materials and/or nanoparticles
(NPs) at the same time of the etching process, simply by starting from a mixture of the ES and the
functional materials. The main limitation is that the solute must be resistant to the ES.

The scheme of LCE combined with solute deposition is shown in Fig. 6.11.

BOTTOM-UP (self-assembly)

-

j, ,*/H/* YVYvVvY
Substrate

m TOP-DOWN (Lithographically Controlled Etching)

Patterned Self-assembled nanostuctures

3 s

O_______,

Molded substrate

Fig. 6.11. Schematic illustration of LCE combined with functional material deposition.

Interestingly, LCE encompasses and integrates both top-down (as confined etching) and bottom-up
(as self-assembly) nanofabrication approaches.

As can be noticed, LCE deposition reproduces similar conditions as unconventional wet
lithographic techniques,™ ** in particular it resembles the condition occurring in the last step of
micromolding in capillaries®. As the critical concentration in the solution is reached, the solute

precipitates inside the cell onto the substrate giving rise to a structured thin film replicating the
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stamp recesses. Using an enough concentrated solution, the latter reaches the supersaturation regime
(the volume of the solution is comparable with the volume of the thin layer cell) and a
homogeneous thin film of the dispersed materials is obtained. On the other hand, when using a
diluted solution, the supersaturation regime is reached in a later stage of the evaporation, i.e. when
the volume of the solution becomes smaller than the volume of the cell. In this regime the capillary
forces pin the solution to form menisci around the protrusions. Figure 6.12a shows the deposition of
colloidal un-conjugated gold nanoparticles (Au NPs, @ < 15nm) in the pattern grooves, using a 4%
HF solution mixed with 10 mg/L of water soluble Au NPs (with the acid and the nanoparticles in a
1:10 v/v ratio) using stamp B.

The amount of deposited NPs is controlled by adjusting the initial concentration of the solution. In

Fig. 6.12a the NPs density is >10 NPs/um? while in Fig.s 6.12b, ¢ is <1 NPs/um’.
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Fig. 6.12. LCE combined with Au NPs deposition. a) AFM images of high density NPs deposited in the
pattern grooves. Scale bar 4 pm. b) Optical micrograph of low density NPs deposited next to logic
structures. Scale bar 10 um. ¢c) AFM image detail of b). The white arrow indicates NPs self-placed in

correspondence of about the half of the longer (=500 nm) structures.
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An inresting phenomenon of LCE combined with NPs deposition is shown in figures 6.12b and
6.12c. In this case the feature of the PDMS stamp are sub-micrometric logic structures formed by
segments and dots (the same of a written DVD). Using a very diluted solution (corresponding to
deposition of 30-50 NPs on 10x10 pm?), the probability of finding a single nanoparticle close to a
micrometric structure is proportional to the length of the structure. In fact the process is guided by
the meniscus formation at the later stage of the evaporation that drives the solution around the
protrusions in contact with the substrate’®. In this way the use of a stamp containing a number of
micrometric structures comparable with the number of NPs permits the positioning of a limited
number of NPs only around the longer structures. From the analysis of about 100 structures it has
been calculated that more than 98% of NPs are placed in correspondence of the middle position of
the printed structures longer than 500 nm. Therefore, by using a simple optical microscope (Fig.
6.12b, a 50 X objective is more than enough), single NPs become addressable for further

characterization or application, depending on their functionality.
The chemical composition of the surface, as well as the aggregation state and functionality

preservation of Au NPs after processing has been assessed by X-ray Photoelectron Spectroscopy

(XPS) and Absorption Spectroscopy.
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6.6 X-Ray Photoelectron Spectroscopy

The atomic concentrations of constituent elements and the binding energy (BE) values of the
main XPS peaks, including their synthetic components obtained by peak fitting, have been
collected with an ESCALAB MkII (VG Scientific, U.K.) spectrometer and presented in Table

6.13.

-

285.0 ~287 =289 688 =533 ~103.4 =1054 =~102 =400 84.0

SampIeJr

38 14 06 06 608 295 3.3 0 - -

205 7.2 0 04 516 200 0 0 02 0.085
246 29 | 08 04 401 147 26 139 - -

7.7 05 0 08 568 341 0 0 - 0.1
199 15 10 - 472 247 0 53 01 02

Table 6.13. Atomic concentrations (%) and BE values (eV) of the chemical species on the surface of different

representative samples.

Sample 1 and sample 1a are the reference samples: untreated SiO,/Si wafer and the SiO,/Si wafer
with Au NPs (drop casting) respectively; sample 2 is the LCE treated SiO,/Si wafer; samples 3 and
sample 4 are the LCE and LCW treated SiO,/Si wafers with Au NPs, respectively. Sample 4 has

been introduced to assess the effect of HF on the chemical composition of the surface in the
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presence of Au NPS (sample 3), by comparing the latter with a sample prepared following a normal
LCW deposition (thus using water rather than HF).

As can be inferred from Table 6.13, the surface of the untreated reference sample (sample 1) is
characterized by a quasi-stoichiometric SiO; (Sil and O peaks, 1 : 2) with a very low amount of
contaminants (C and F). Only a small part of silicon (Si2) results to be bonded in some silicate
and/or in some compound containing Si-C-F. Hence the initial cleaning protocol of the silicon
wafer (see “Materials and Methods™) has to be considered efficient. A similar composition has been
detected for sample la, where the presence of deposited Au NPs is revealed along with
contaminants (C and N) originating from the nanoparticle organic ligand (mainly sodium citrate),
thus modifying the stoichiometry of the silicon oxide surface.

LCE treated wafers (samples 2 and 3) exhibit similar composition with mild presence of Si
suboxides in the sample without Au NPs (sample 2). The smaller percentage of C contaminants in
sample 3 with respect to sample 1a can be ascribed to a partial elimination of the Au NPs organic
ligand by HF. This hypothesis is confirmed also by data of sample 4, in which, in the absence of
HF, the presence of C contaminant is significant.

Moreover, the low signal of N 1s at BE ~ 400 eV, registered in samples 1a and 4, that indicates the
presence of adsorbed amine groups™ probably coming from the organic ligand, is not present in

sample 3.

118



l, arb. un
O
N

\
— _ ST
280 282 284 286 288 290 292
A Au 4f7
/ Au 4f5
§ A b al

80 8 8 8 88 90 92
BE, eV

Figure 6.14. XPS spectra of (a) C1s and (b) Au 4f regions of sample 3 prepared by LCE with Au NPs.

In Fig. 6.14 the characteristic XPS peaks of sample 3 are reported.

The main component C1 of C 1s (Fig. 6.14a) is attributed to the most common C-C and C-H
bonds, whereas the lower signals of C2 and C3 can be assigned to hydroxylic (CH-OH) and
carboxylic (O=C—OH bonds), respectively'’. The spectrum of Au 4f (Fig. 6.14b) is composed of
typical spin-orbit splitted doublet. These peaks correspond to metallic gold Au® at BE = 84.0 and
87.7 eV. The positive Au species, that can be found in the case of NPs covered with a positively

|18, 19

charged shel , Is completely absent in our samples. No sub-products, derived from the etching

treatment, have been produced on SiO; substrates.
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6.7 Absorption Spectroscopy

In order to assess the functionality of Au NPs upon LCE process, absorption spectra of processed
NPs drop cast both from water solution and from 0,4% HF solution, have been recorded by a
Lambda 950 spectrophotometer (Perkin-Elmer, USA). For this characterization 0.6 ml of Au NPs
solution have been cast on quartz circular cylinders (diameter~1cm, thickness~3mm) through
consecutive depositions, and dried at room temperature after each deposition.

Both absorption spectra (Fig. 6.15) exhibit the typical absorption peak of Au NPs at around 530 nm,
which is characteristic of isolated gold nanoparticles of 10-15nm diameter?’, the same size of the
the NPs used in these experiments. The peak of the spectrum relative to only Au NPs is more
evident than the one with HF. In both cases the two spectra show a considerable spreading in the
range 530-800 nm which indicated the presence of chains or aggregates of gold nanoparticles
(expected using these concentration). It can be concluded that no relevant effect due to the process
have produced, since a partial aggregation of NPs was already present in the starting material.
Finally, absorption spectroscopy measurements prove that LCE does not alter the macroscopic

functionality of Au NPs.

0,26 w— AU NPs
e AU NPs +HF
0,241
0,22
< 0,204
0,184
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400 500 600 700 800 900
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Fig. 6.15. Absorption spectra of Au NPs drop cast from water solution (blu curve) and processed in
0.4% HF (black curve).
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6.8 Conclusions

In conclusion a new soft lithographic fabrication technique named Lithographically Controlled
Etching (LCE), integrating top-down (as confined etching) and bottom-up (as self-assembly)
methodologies, has been developed.

| have demonstrated the ability of LCE to fabricate micro and nanostructures, down to sub-100 nm
nanowire arrays, over macroscopic areas, in a fast and reliable way.

| also proved that functional NPs can be deposited in addressable positions by a single step process,
starting from a mixture of etching solution and NPS, thus overcoming the state of the art-fabrication
techniques relatively to this problem. The possibility to deposit functional NPs within the cavities of
the pattern in a controlled manner makes it suitable for biomedical sensing®, optoelectronics and

data storage applications.
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6.9 Outlook of LCE

Up to this extent, LCE technique has been applied to thermal SiO,/Si wafer using HF as etching
solution and gold nanoparticles as functional nano-object to be addressed.

Interestingly, LCE can be extended to other technological attractive materials like titanium dioxide
(bone” and dental”® implants, scaffolds for regenerative medicine?”, photocatalysis®® and,
photovoltaics®), and glass (substrate for cell growth?” and biosensing® #).

In Fig. 6.16a the fabrication of a linear pattern of TiO, made by applying LCE to a thin TiO; film
(thickness ~ 150nm) is displayed. The film has been fabricated by spin coating of a titanium dioxide
precursor, named “bis(ammonium lactate)titanium dihydroxide” (TALH, 50% in water, Aldrich)
followed by a thermal treatment at 450 °C in air to get the anatase crystalline phase®®. Stamp A (see
Table 6.7) has been used in LCE to obtain the pattern in Fig. 6.16a. The patterning of a TiO; greatly
enhances its superficial area, thus it could be interest for applications in which an increase of the
active material area is desirable, as photovolatics and photocatalysis.

The AFM image in Fig. 6.16b shows a patterned TiO; thin film with ferromagnetic aggregates
embedded. This pattern has been obtained following the same protocol as for Fig. 6.16a but this
time starting from a mixture of TALH with a ferromagnetic spinel precursor

({[Co(H20),]5[Cr(0x)3]-(18-crown-6),}**. A pattern of this type can be thought to find possible

applications in the field of spintronic devices or magnetic devices for data storage.
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Fig. 6.16. (a) TiO, pattern by LCE starting from stamp A;(b) TiO, with magnetic nanoclusters embedded in
the material.

In Fig. 6.17 the patterning by LCE of a borosilicate cover glass slide (thickness ~ 1mm, Thermo

Fisher Scientific Inc., MA, USA) is displayed. The stamp used was stamp A.

Fig. 6.17. Glass patterning with stamp A. Bar is 2 gm.

The possibility to generate highly ordered pattern directly into glass surface, opens the way for a
possible use of LCE in any application concerning cell growth, proliferation and differentiation
study, as many supports for this scope are made of this material (petri dishes, glass slides for

confocal microscope, optical guides for plasmon resonance experiments, etc...).
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Materials and methods

Substrate, stamps and solutions

Substrates consist of a piece 8x8 mm? of silicon covered by 200 nm of thermal SiO, (Fondazione Bruno
Kessler, Trento, Italy), have been cleaned by 2 min. ultrasound in electronic-grade water (milli-pure
quality), 2 min. in acetone (Aldridch chromatography quality), then 2 min. in 2-propanol (Aldridch
spectroscopic grade quality). An air plasma treatment (Pelco easiGlow, USA) has been performed (t=15
min, i=30 mA) to further clean the surface eliminating all the organic compounds. Substrate resulted in a
clean flat surface (RMS roughness = 0.25 + 0.01 nm) with a water contact angle of 6,=(61.8+1.5)°.
Elastomeric polydimethylsiloxane (Sylgard 184 Down Corning, USA) stamps have been prepared by REM of
commercials masters made of silicon (SCRIBA Nanotechnologie) and commercial CD (Compact Disk), DVD
(Digital Versatile Disk) and HPGs (Holographic Diffractive Grating). The curing process has been carried
out at 90 °C for 3 hours. After that the replica is peeled off from the master and cleaned with N,. Logic
structures have been prepared by replica molding of blank or written DVD

Commercial SPI-Mark™ unconjugated gold colloidal suspension (1 g/L, mean diameter < 15 nm, SPI
supplies Inc., USA) has been used to demonstrate the capability of the LCE technique to deposit material
during the etching process.

The solutions have been prepared starting from HF (Sigma Aldrich 40% v/v) diluted in electronic-grade
water (milli-pure quality). For the etching experiments without Au NPs, the final HF concentration was
0.4%. For the NPs deposition experiments, NPs have been diluted 1:10 in water and mixed with HF 4%
(HF:NPs 1:10 v/v), thus the final HF concentration has been kept equal to the one used in the experiments

without NPs.

Atomic Force Microscopy (AFM)

AFM images have been acquired with a NT-MDT Smena AFM (Moscow, Russia) operating in semi-contact
mode under ambient conditions (relative humidity 55%). Single crystal silicon, n-type, 0.01- 0.025 Ohm-cm,

antimony doped NSG10 cantilevers with typical tip curvature radius of 10 nm have been used. All images
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are unfiltered, only a line-by-line background subtraction has been performed to remove trend effects by

images treatment software (IAProject, NT-MDT; Moscow, Russia) .

X-ray Photoelectron Spectroscopy (XPS)

XPS has been performed in order to assess the absence of etching residues on the surface and the presence
of metal nanoparticles. These measurements were carried out by using an ESCALAB MkII (VG Scientific,
U.K.) spectrometer equipped with a standard Al Ka excitation source and a 5-channel detection system.
Photoelectron spectra were collected at 20 eV constant pass energy of the analyzer and a base pressure in
analysis chamber of 10 Pa. The spectra were processed by the Casa XPS v. 2.2.84 software, using a peak-
fitting routine with symmetrical Gaussian-Lorentzian functions. The background was subtracted from the

photoelectron spectra by using Shirley method.
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CONCLUSIONS

In this thesis novel approaches for the fabrication of multiscale structure systems have been
explored, with the aim of providing novel tools for the investigation of cellular behaviour in
response to different external stimuli. In particular, the research activity has been focussed on the
adhesion and proliferation of two neural cell lines (human SH-SY5Y neuroblastoma and 1321N1
astrocytoma) with respect to chemical, topographical and electrical stimuli. This is important for
understanding the process of cell regeneration that is a key issue for central nervous system diseases
and spinal chord injuries..

To investigate the cell response to chemical signals, patterns of a cell adhesive molecule
such as laminin on completely non-adhesive surface like Teflon-AF have been fabricated,
obtaining a cell adhesion selectivity close to 100%.

In order to assess the cell behavior with respect to topographical features, a fabrication
procedure based on biocompatible titanium dioxide patterned in the presence polystyrene
nanoparticles as templating agent was applied. This approach accuratey regulates the
topography/porosity of the pattern. This system revealed to be enough efficient to obtain
information on the cell behavior in response to local morphological alterations.

The very first steps of neural cell adhesion were studied in the presence of mild electric
fields, to assess the role of the application of a current on the initial cell spreading over the surface.
The system was realized by employing patterned single-walled carbon nanotubes, chosen for their
attractive chemical-physical properties and allowed to appreciate a positive correlation between
electric field value and cell spreading.

Finally a new patterning technique, named Lithographically Controlled Etching, has been proposed
as suitable for micro/nanostructuring a technological surface with grooves and offering the
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possibility to simultaneously functionalise the grooves with molecules or nanoparticles. THis
happens within the same process, thus eliminating one step with respect to the current lithographic
protocols. LCE can be applied to different functional materials, and could be promising for

applications in the fields of regenerative medicine and biosensing.
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