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Introduction

0.1 The complexity of the human brain

Today, we are at a stage of technological development where it is reasonable to compare,

in terms of performance, human brains and the central processing units (CPU)s of com-

puters. Both systems are composed of a huge number of highly interconnected elemen-

tary units that exchange electric signals. However, technology is still nowhere near the

realization of CPUs able to reproduce the sophisticated functions of the brain, namely

learning, with the same robustness, adaptive abilities [1] and low power consumption

[2].

The human brain comprises an estimated number of 1011 neurons, which form 1015

synaptic connections between them [3]. Synapses are plastic, meaning that their strength

can be modified according to the activity of pre- and post-synaptic neurons [4]. Human

brains are believed to owe their powerful computational performance to their struc-

turally complex, parallel and self-organizing architecture [5]. Communication within

the nervous system takes place over many scales [6], see Fig. 1. At the single cell level,

intracellular signaling comprises protein-protein interactions and propagation of second

messengers [4], whereas neurons and glia, connected at synapses, exchange transmitters

[7]. Ensembles of cells form local circuits which are, in turn, interconnected at the brain-

wide level [6]. While we understand the basic principles underlying synaptic transmis-

sion between neurons, it is unclear how cells interact together in local circuits, and then

on a global scale. Any attempt to understand the working mechanisms of the brain by

recording the activity of every single neuron is not only technically unfeasible, but it

might also be unnecessary. Despite its staggering complexity, there is evidence the cog-

nitive functions of the brain arise from the activation of subpopulations of neurons in

distributed networks [8].

vii
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Figure 1: Scheme of the different scales over which nervous systems communicate. From left to
right, information transfer takes place at the brain-wide level, within local circuits, at the inter-
cellular (synaptic) level, and the intracellular level. Reproduced with permission [6]. Copyright
©2016 Elsevier Inc.

Unraveling how the human brain stores and processes information could lead to a

better understanding of neural diseases and provide the key for improved brain machine

interfaces [9]. From the technological point of view, the study of the mechanisms under-

lying data processing in the brain are source of inspiration to find novel hardware and

software solutions to overcome the intrinsic limitation of the digital computer paradigm

[10–12].

0.1.1 The connectome: a structural and functional map of the brain

In the last decades, scientists have been mapping the so-called connectome [3], i.e. the

complex wiring diagram of structural connections of the central nervous system (CNS).

The scheme reported in Fig. 2 conveys the idea of the complexity of such systems, as it

shows the connectome of the Caenorhabditis elegans, a nematode whose nervous system

is composed of only 302 neurons [13]. Even in this small network, the neurons are linked

by a labyrinth of thousands of synaptic connections [13].

The connectome constitutes the anatomical foundation of neuronal signaling and in-

tegration. The more and more precise characterization of the connectome greatly con-

tributed to the elucidation of the organizational principles underlying brain connectiv-

ity, thus offering a solid anatomical and functional substrate for the understanding of

the cognitive system. The human connectome originates from two main driving forces

[14, 15]. The first tends to minimize the physical and metabolic cost of wiring, promotes

modularity and the formation of local circuits. The second is apt to the maximization of

network efficiency, that enables information transfer and integration between anatom-

ically and functionally distant neurons or brain regions. These forces are responsible

for the multiscale architecture of the brain, based on a large-scale network of cortical ar-

eas that supports and integrates brain functions distributed across spatially segregated

regions [16]. Recent literature recognized alterations in the connectome as a hallmark
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Figure 2: A visualization of brain complexity: the connectome of Caenorhabditis elegans, comprising
all its 302 neurons and their chemical synapses. The three-letter labels indicate different neurons.
Reproduced (adapted) with permission [13]. Copyright ©2011 Varshney et al.

of brain pathology [17, 18], highlighting potentially shared network mechanisms that

underpin brain dysfunctions.

Lately, it has been proposed that a connectome comprising only neurons would make

an incomplete map of the anatomical and functional connectivity in the brain [19]. A

more realistic description should also include glial cells, which, with neurons, consti-

tute its building blocks [4]. Previously believed to fulfill an ancillary role to neurons by

providing metabolic support, it is now clear that glial cells impact on brain connectivity

both on a structural and functional level [20, 21]. They form networks in which informa-

tion is propagated with signaling mechanisms at temporal and spatial scales different

from their neuronal counterpart [22]. At the same time, they communicate with neurons

and integrate information processing [23, 24]. Also, they have an active role in modulat-

ing their synaptic connectivity [19]. This view adds a significant degree of complexity

to the system, especially because the research on glial communication is in its infancy

and many aspects are still to be clarified. Nonetheless, the contribution of glia in brain

functioning cannot be neglected.

0.1.2 Bottom-up neuroscience

While the field of connectomics is providing a full anatomical framework for brain wiring

maps and neurobiology is clarifying the molecular intricacy of the nervous system, there
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are still insufficient strategies to understand the connection between the structural mo-

tif of brain circuits and their functioning at a network level. Often, to study brain cell

ensembles, scientists focus on specific realizations of brain structures in the framework

of particular cognitive functions, for instance the role of the hippocampus in learning

[8]. This approach, although effective for discerning brain pathology, does not allow

a comprehensive and coherent understanding of the underlying basic mechanisms of

cognitive behavior [8].

Experimental research in this field is incredibly challenging due to the dynamic com-

plexities of the brain. The high synaptic connectivity hampers the possibility to probe

the correlations between structure and function of isolated circuits. The challenge is fur-

ther complicated because the structure of the vast majority of behaviorally relevant brain

cell circuits are not mere consequences of genetics, rather they are formed and continu-

ously modulated by stimuli-dependent learning mechanisms [8] that ensure adaptation

to environmental inputs. Similarly, despite the development of neuroimaging methods

to monitor activity in real-time and in physiological environments, in vivo cell networks

are constantly subjected to chemical stimuli that modulate the properties of single neu-

rons, glial cells, synapses, or local circuits and that are impossible to control e.g., amines,

neuropeptides, gases, and other molecules [25–31].

Among the strategies to reduce the number of variables and study the brain in a con-

trolled environment, there are computational models that can offer sophisticated theo-

ries on brain cell network functionality [32, 33]. However they are often difficult to test

and pair directly with mechanisms occurring in vivo, so it is also necessary to develop

technologies that allow the realization of experiments with real biological entities, where

the system variables can be minimized and systematically monitored.

A rewarding strategy, complementary to theoretical and in vivo research, is bottom-

up neuroscience, which promotes the understanding of the brain step-by-step via engi-

neering and analyzing small and well-defined neural networks in vitro as a representa-

tion of elementary brain functions [34]. Standard cultures of brain cells form intricate

networks with random connections, where only global, network-wide properties can

be observed. Whereas small networks of brain cells cultured in vitro can be tailored to

match specific geometric designs or the arrangement of electrode arrays used to both

stimulate and record their activity. In this way, it is possible to reproduce circuits of cells

with controlled topological properties, in conditions where the number and subtypes of

cells and their connectivity patterns are precisely determined a priori, see Fig. 3.

In vitro tailored brain cell cultures recapitulate an incredibly rich catalog of behaviors

present in vivo, including growth and differentiation [36], plasticity [37], electrical activ-

ity [38] and information processing [39]. Therefore, they represent a practical tool to un-
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Figure 3: Schematic representation of the idea of bottom-up neuroscience. The aim is to minimize
the number of variables of random neuronal cultures (left image) by building simple neuronal
networks of well-defined topologies (right image). Reproduced (adapted) with permission [35].
Copyright ©2014 Elsevier B.V.

derstand the nervous system, from the molecular actors of neuronal and glial functions,

to the behaviors produced by embodied cultures [40]. Interfacing brain cell cultures with

patterned substrates able to recapitulate the complexity experienced by neurons and glia

in vivo is therefore a necessary step to understand and control many of these processes.

Achieving spatial control of cell networks is a major challenge, since it requires a

strong integration of neurobiological, material science and nanotechnology expertise for

the development of culture substrates able to constrain the adhesion of individual liv-

ing cells on predefined substrate areas, see Fig. 4 for some examples. The fabrication of

micropatterned substrates that control cell adhesion are typically based on processes for

the selective modification of the surface chemical properties [44–46]. For example, pho-

tolithography and microcontact printing have been employed for creating micropatterns

of adhesive molecules (e.g. proteins of the ECM like matrigel, laminin, fibronectin, or

poly-D-lysine [42, 47, 48]) on surfaces functionalized to be cell repelling (e.g. with PLL-

PEG [49] or agarose layer [50]). With inkjet printers it is possible to directly deposit pat-

terns of adhesive molecules on substrates [51] or even single cells [52]. Also, patterns can

be obtained with photosensitive molecules whose adhesive properties can be changed

with UV light [53, 54]. Among the approaches that do not entail surface chemistry mod-

ification there are PDMS microchannel structures (fabricated with soft lithography) [41]

or patterns of functionalized gold nanopillars (fabricated with ion beam milling) [43]

able confine cell somas and guide axon growth.

These techniques, although effective in confining cells, often provide substrates that

are quite different from the natural environment in which brain cells grow, thus ham-

pering their physiological development. It has been recognized that a mere material
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Figure 4: Examples of micropatterning techniques for the reproduction of controlled neural net-
works in vitro. On the top left, a PDMS microstructured circuit: the round wells host the neu-
ronal bodies, the channels are for the axons. Reproduced (adapted) with permission from [41].
Copyright ©2018 Elsevier B.V. On the top right, a phase-contrast micrograph of a neural network
obtained by culturing cells on an agarose-coated coverslip with adhesive areas composed of a mix-
ture of poly-D-lysine and extra-cellular matrix (ECM) gel, delivered with microcontact printing.
Reproduced (adapted) with permission from [42]. Copyright ©Yamamoto et al. On the bottom,
A schematic representation of a neuron grown on a system of gold nanopillars, coated with a
specific adhesion-promoting molecule, PDLO. Reproduced (adapted) with permission from [43].
Copyright ©. 2018 American Chemical Society

biocompatibility is a necessary requirement, but not sufficient to guarantee neural cell

adhesion and the emergence of the electrical behavior typical of neural networks [55].

For relevant in vitro studies of brain networks, cells should acquire the closest pheno-

type to that observed in vivo, and this is often not the case when cells are grown on flat

and rigid substrates.

The in vivo environment of brain cells, called extra-cellular matrix (ECM), is a set

of intricate guidance cues including diffusible factors, substrate bound molecules and

physical cues like rigidity and nanoscale topography [56]. It has recently been demon-

strated that the latter is of critical importance for the maintenance and regulation of neu-

ronal function [36]. A crucial aspect in the replication of in vitro neural networks is the

understanding of the precise mechanisms of interaction between a neural cell and the

artificial substrate on which it adheres. Neurite/axon outgrowth, synaptogenesis and
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network maturation are fostered by complex mechanotransductive processes and sig-

naling which is triggered by the neuronal interaction with appropriate nanotopographic

surface features [36]. It is thus very important to be able to provide controlled patterned

substrates for restricted cell adhesion with features that recapitulate also the biophysical

and structural complexity of the ECM.

During the last ten years at the Interdisciplinary Centre for Nanostructured Materials

and Interfaces (CIMaINa), where this thesis was carried out, an additive method to fab-

ricate surfaces to study quantitatively the effect of nanoscale topography on biological

entities has been developed [57]. Zirconia (ZrOx, substechiometric zirconium oxide [58])

nanostructured surfaces have been used to develop and assess a method able to explore

the parameter space of topographic cues. This was done with the rapid and parallel fab-

rication of surfaces with different nanoscale topographies and subsequent assaying of

the biological activity of cells exposed to the different conditions (at different scales from

nano to micro and with high-throughput methods) [59].

The fabrication method is based on the use of supersonic cluster beam deposition

(SCBD), that consists in the assembling on a substrate of neutral clusters produced by

condensation in the gas phase and accelerated by a supersonic expansion. This approach

produces nanostructured films with a nanoscale topography whose roughness can be

accurately controlled and varied in a reproducible manner [57]. The extremely precise

control over nanoscale topography can be easily obtained over macroscopic areas as

required for the large number of experiments typical of in vitro biological assays [59].

Nanostructured ZrOx surfaces produced by SCBD have a nanoscale topography that

resembles that of the ECM and this promotes neuronal differentiation by mechanotrans-

ductive processes and signaling [60]. Moreover, primary neuronal cells can be cultured

on these substrates where they display an accelerated maturation and build-up of a func-

tional network of neurons and synapses [55]. Therefore, cluster assembled ZrOx films

are a viable and promising material for cell culture, which mimic important physical

features of the ECM and ensure physiological development of cells.

SCBD can be employed to fabricate micropatterns of cluster assembled films, by

using stencil masks. The geometric partitioning of zones can be obtained by deposit-

ing nanostructured zirconia micropatterns on glass substrates previously functionalized

with an antifouling cell-repellent surface treatment. The possibility of confining neu-

ronal cells on simple micropatterns with a defined nanoscale topography fabricated by

SCBD has been previously demonstrated [61]. Micropatterns have been tested on a

neuronal-like cell line (PC12) and on primary hippocampal neurons showing that, both

types of cells grew, moved and differentiated on the adhesive nanostructured zirconia

areas and scarcely overcame the boundaries between adhesive and cell-repellent territo-
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ries. This can be considered the starting point for the fabrication of multi-scale substrates

with controlled micro- and nanostructure to support the growth of brain cell networks

while studying the properties of the biotic-abiotic interface in the cell development.

0.2 Thesis outline

In this thesis, nanostructured substrates with complex micropatterns were fabricated

and used to replicate networks of glial cells, specifically astrocytes, in vitro. The goal

was to characterize the combined effect of the nanoscale topography and cell confine-

ment on astrocytic ensembles. Also, cell patterning allowed the reproduction of simple

networks with shapes that are anatomically relevant. Such systems could leverage sev-

eral interesting applications, which we started to explore in this work e.g., they could be

used to elucidate some aspects of the involvement of astrocytes in information process-

ing in the brain or contribute to the development of experimental platforms for studies

of astrocytes in disease and brain dysfunction.

This thesis is organized as follows.

In Chapter 1, the motivation for research in nanomaterials applied to cell biology is

explained. The biological aspects of biotic/abiotic interactions (in particular mechan-

otransduction) are briefly described and a few examples of applications are discussed.

The second part of the chapter sets the foundation for the work developed in this thesis.

It is devoted to the analysis of the previously characterized surface features of nanostruc-

tured zirconia films which make them an interesting tool for obtaining neuronal cells in

vitro that differentiate and function like in their physiological environment.

Chapter 2 provides the biological framework for the cell model chosen for the in-

vestigations carried out in this thesis. Starting from a general description of astrocytic

morphology and behavior in the physiological and pathological context, the relevance

of this cell type in today’s research is discussed. In fact, the role of astrocytes has recently

been revised, with several experiments hinting at their active participation in informa-

tion processing in the brain. The concepts of tripartite synapse and the known mecha-

nisms for calcium signaling are delineated, while highlighting the questions that are still

open. Also, a brief overview on the use of biomaterials for the culture of astrocytes in

research is presented.

In Chapter 3 the details of the fabrication techniques and of the experimental meth-

ods employed in the thesis are presented.

Chapter 4 is dedicated to the technical description of the method for the fabrication

of nanostructured micropatterned films. A large part of this work was devoted to the

development of a robust strategy to obtain reproducible patterns with a resolution ≤ 20

µm, while ensuring tunable surface nanoscale topographic properties. The advantages
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and the limitations of the technique are critically analyzed, and practical solutions are

proposed to obtain viable results. Also, as astrocytes are able to grow elongated pro-

cesses and are a highly adaptable and adhesive cell type, a stable protocol to obtain cell

confinement is drawn up.

Chapter 5 reports the analysis of the impact of the nanostructure on astrocytic be-

havior and development. Cluster-assembled zirconia films are shown to induce an in

vivo-like phenotype in astrocytes, typically not observed on standard cell-culture sub-

strates. Surface roughness at the nanoscale is demonstrated to have reproducible effects

on proliferation, morphology, actin cytoskeleton organization and calcium propagation.

In Chapter 6, stable confinement of astrocytes is demonstrated on nanostructure mi-

crometric patterns. The effect of restrictive adhesion is identified in several properties

both at the single cell and network levels. Astrocytic ensembles are shown to adopt

the shape of the underlying micropattern, with visible impact on the actin filaments

cytoskeletal organization. An analysis of the propagation of calcium waves reveals a

possible influence of the geometric organization of cell on calcium waves events.

In Chapter 7 the conclusions emerging from this work and the future perspectives

are discussed.





CHAPTER 1

Nanomaterials for cell culture

For years and until today, researchers have used standard cell-culture substrates made

of flat and hard plasma-treated plastic or glass for a plethora of experimental studies in

vitro. This approach has been very rewarding in cell biology and it has indeed provided

a wealth of information. However, the morphological and mechanical properties of the

substrates hardly resemble the physiological environment that cells experience in vivo

[62], i.e. the neighboring cells and the ECM.

The ECM is the non-cellular component of all tissues that constitutes the physical

microenvironment surrounding cells. It is apt at transmitting external forces on the cells,

which, in turn, can also apply forces on the microenvironment [63].

Figure 1.1: Surface scanning electron micrographs of the hippocampal extracellular matrix show-
ing a highly porous and nanostructure topography at the nanoscale (the scale bar is 400 nm).
Image adapted from [64]. Copyright ©2018 Tajerian et al.

The characteristics of the ECM vary depending on the specific type of tissue, but

some transversal structural features can be identified. In fact, the ECM is a combina-

tion of cell-secreted nanoscopic components, like proteins and polysaccharides (e.g. gly-

cosaminoglycan, collagen, laminin, elastin, and fibronectin), that self-assemble into a

1
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complex structure of fibrils, fibers, pores, and asperities with spatial organizations and

characteristic dimensions of a few to hundreds of nanometers [62, 65–67], see Fig. 1.1.

The building blocks of the ECM are comparable in every tissue, but their spatial organi-

zation, arrangement, and size of the fibrous networks vary depending on their physio-

logical function [62]. Also, the mechanical properties change accordingly and there is a

great variability [68], e.g. the stiffest tissues, like bone, have an elastic modulus ≥ 109 Pa,

whereas the softest are lung and brain with and elastic modulus ≤ 4× 102 Pa.

In the last couple of decades, the importance of these biophysical ECM cues for

the regulation of cell functioning and fate via mechanotransductive processes (see Fig.

1.2) was increasingly disclosed. In this chapter, the principal mechanisms of cellular

mechanosensing and mechanotransduction will be outlined. Also, the most widespread

nanoengineering approaches that attempt at providing substrates with the morpholog-

ical cues mimicking those encountered by cells in vivo will be presented. In the second

part of the chapter, the focus will be on the properties of nanostructured zirconia, the

biomaterial used in this thesis, and its applications in biology.

Figure 1.2: Examples of the morphological cues of the extracellular matrix. (A) Topography. (B)
Varying fiber diameters and sizes of pores between ECM fibers. (C) Differences in fibers orien-
tation, oriented and non-oriented fibers. (D) Fibers elasticity. (E) Differences in ligand density
affecting cells shape. (F-G) Different types of ECMs, basement membrane and fibrous ECM. Im-
age adapted from [69]. Copyright ©2021 The Company of Biologists.

1.0.1 Interaction between cells and microenvironment

The idea that cell development and functioning is governed by biochemical factors alone

has been overcome. In living systems, cells are constantly exposed to a variety of bio-

chemical but also biophysical cues provided by the surrounding microenvironment [70].

These biophysical cues can be sensed with receptors in the cell membrane that are of-

ten enriched in exploratory protrusive structures that translate the microenvironmental
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information into appropriate cellular responses [71].

Cells perceive biophysical stimuli and convert them into a modulation of their phys-

iological response, which, in turn, affects their phenotype [70, 72]. Forces play an essen-

tial role for the interaction between cells and ECM. They can be propagated to different

cellular organelles and the nucleus, thus resulting in altered gene expression and cell

functioning [73]. This process, called mechanotransduction, has several repercussions in

a range of biological processes, such as migration, proliferation, differentiation, embryo-

genesis, and tissue homeostasis and repair [74].

The major components that initiate mechanotransduction are integrin adhesion com-

plexes (IAC), which function as relay station of the signals between the cellular out-

side and inside by modulating the cytoskeletal organization [61]. IAC are composed

of integrins, transmembrane proteins that have distinct binding specificities to ligands

present in the components of the ECM. These features allow them to perceive the in-

formation from the extracellular domain and transfer it to the cell [75, 76]. Integrins

undergo an “activation” process that consists in a conformational change between a low

and high ligand affinity state, respectively characterized by an inactive closed-bent or ac-

tive open-extended form (and several intermediate states). Integrin activation can either

be induced and/or stabilized by integrin ligand binding itself (outside-in signaling), by

intracellular events (inside-out signaling) [77, 78], or by modulation of the membrane

tension [79–81]. Regardless of the nature of the activation, the integrins are then linked

via adaptor proteins (such as talin and vinculin) to the filaments of the actin cytoskele-

ton, engaging in the so-called molecular clutch, which links the forces generated through

actin polymerization and actomyosin contraction (resulting in a retrograde actin flow) to

the integrins [82]. The fate of the initial adhesion structure depends on the level of force

loading within the molecular clutch. At sufficient force loading the integrins are main-

tained in their activated conformation and their ECM/ligand binding is strengthened

[83]. This force-dependent mechanism allows the extension of talin, the recruitment of

further IAC components and thus the maturation of the IAC, potentially up to the gen-

eration of focal adhesions (FAs), i.e. stable adhesion sites. The IAC composition is highly

dynamic and very complex, potentially comprising more than 200 different protein con-

stituents [84–86]. Alterations in the IAC composition modulate cellular signaling and

can induce a remodeling of the cytoskeleton. This complex signal propagation even-

tually reaches the nucleus, since the chromatin therein is connected to the cytoskeleton

by the Linker of Nucleoskeleton and Cytoskeleton complex (LINC complex) [72, 77, 81,

84] which can induce mechanical hotspots for genome regulation [88]. Altogether, these

mechanotransductive processes mediate the impact on cellular behavior and fate. Al-

though many details remain still elusive, these processes were found to be strongly in-
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volved in virtually all cell biological processes, in particular, in cell differentiation and

migration. It is important to highlight that the regime of force transmission and force

loading within the molecular clutches are regulated by the mechanisms by which the

cells pull on the ECM through contraction of the actomyosin cytoskeleton. Therefore, the

complex dynamics of cell–matrix bond formation and rupture is essentially governed

by the different mechanical and structural factors of the microenvironment. Substrate

rigidity and the spatial distribution of integrin ligands together regulate therefore force

transmission and force loading and subsequently the cell behavior [81, 89–92].

The cartoon in Fig 1.3 recapitulates the changes that a cell undergoes when plated on

a substrate with mechanical/morphological properties that favor loose (A) or strong (B)

cell adhesion.

Figure 1.3: Cartoon representing the extracellular matrix–cytoskeleton–nucleus connections in a
cell weakly adherent (A) and highly adherent (B) to the substrate, with associated modulations in
the nuclear features. In (A), the cell develops few and small focal adhesion and thin stress fibers
(red lines). In (B), the cell forms more and bigger focal adhesion as well as thick stress fibers. This
leads to nuclear invagination disappearance and nuclear translocation of YAP and a reorganization
of the chromatin (black line). Adapted and reproduced with permission from Ref.[73]. Copyright
©2021 Pennacchio et al.

In the first case, the cell develops few focal adhesions and thin stress fibers. On the

other hand, in the high-adhesion scenario, there is a higher internal tension caused by

the larger quantity of focal adhesions and thick stress fibers. These differences in the

cytoskeleton are translated in variations of the conformation of the nuclear envelope

and of the chromatin (depicted as a black, twisted line in the figure). Moreover, highly

adherent cells display an increased nuclear content of the yes-associated protein (YAP),

that functions as a transcriptional regulator [91] and has a major role in cancer [93], tissue
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shape [94] e and organ size control [95].

1.1 Fabrication of biomimetic substrates

The requirement to study cell behavior in a more realistic in vivo–like environment and

the pursuit to control cell behavior by appropriate substrates prompted material scien-

tists to develop a new generation of cell-culture substrate materials that mimic the phys-

iological, structural and biophysical environment of cells. In this context, biomaterials

with modifiable mechanical properties [62, 96–99] or substrates with nanotopographic

features [71, 100, 101] have become increasingly interesting for research and biomedical

applications based on tissue engineering, due to their potential in providing a repro-

ducible control over cellular functions and behavior.

To mimic the biomechanical properties of the ECM, a range of materials with dif-

ferent stiffness have been developed. The most common are based on different types

of hydrogels, naturally derived (e.g. collagen, fibrin), synthetic (e.g. polyacrylamide,

polyethylene glycol) or hybrid materials that combine elements of synthetic and natural

polymers (e.g. hyaluronic acid, polypeptides) [96]. Other strategies include the use of

silicones, like PDMS, with tunable elastic modulus [102, 103]. Direct effects of substrate

stiffness were observed on cell differentiation [104], as well as cell shape and motility

[105]. Gels that are moderately stiff like muscle have been found to optimize myogene-

sis [104], and gels that are firm, like precalcified bone, optimize osteogenesis in 2D and

3D [104, 106, 107]. Moreover, when stem cells interact with substrates that possess brain-

like rigidity, neuronal viability is favored [108] and cell differentiation is biased towards

the neuronal phenotype [36, 109, 110].

On the other hand, nanotopographic signals have been shown to instruct the be-

havior of stem cells. Direct effects were registered in e.g. the regulation of cells shape

[111–113], cytoskeletal tension [72, 114], integrin mediated adhesion signaling [115] and

nuclear mechanics [116, 117]. Also, the impact of micro- and nanotopographic features

has been widely demonstrated on neuronal cell behavior, e.g. in neurite and axon out-

growth, gene expression and differentiation [118–121]. The nanotopographic features of

the ECM were reproduced developing surfaces or scaffolds for in vitro cell research with

various nanoengineering techniques and synthesis methods. The most widespread fab-

rication methods include either top-down approaches, like lithographic patterning and

pattern transfer, or bottom-up techniques, based on surface roughening and material

synthesis. Fig. 1.4 reports several examples of nanostructured surfaces obtained with

a variety of techniques. A complete review providing a several examples of synthetic

nanotopographic surfaces, with a discussion on the advantages and drawbacks of each

technique can be found in Chen et al. [71].
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Figure 1.4: Fabrication of nanotopographic surfaces. Reproduced with permission from Ref. [71].
Copyright ©2014 Elsevier Ltd. Lithography for patterning: (a) Nanogrooved silicon substrates
with 70 nm wide ridge and 400 nm pitch (e-beam lithography) [110]. Copyright ©2003 Biologists
Ltd. (b) Regular (left) and random (right) arrays nanopits (diameter 120 nm, depth 100 nm) on
silicon substrates (e-beam lithography) [122]. Copyright ©2007, Nature Publishing Group. (c)
Self-assembly nanoparticles (diameter of 110 nm) [123]. Copyright ©2003 IEEE. Pattern trans-
fer: (d) Nanostructured polyurethane acrylate with a patterned array of nanopillars, diameter 300
nm, spacing 900 nm (nanoimprinting) [120]. Copyright ©2013, American Chemical Society (e)
PDMS nanograting (replica molding) [124]. Copyright ©2005 Elsevier Ltd. All rights reserved.
(f) Polycaprolactone surface with nanopits (replica molding) [125]. Copyright ©2002 IEEE Surface
roughening: (g) Nanostructured PCL with feature dimensions of 50 – 100 nm (NaOH etching)
[126]. Copyright ©2003 Wiley Periodicals, Inc (h) Nanoroughened Ti surface (surface roughness
< 1 µm) (acid etching) [127]. Copyright ©1998 John Wiley & Sons, Inc. (i) Glass surfaces with
surface roughness of 100 nm (reactive ion etching) [128]. Copyright ©2012, American Chemical
Society Material synthesis: (j) Aligned nanofibrous hydroxybutyl chitosan (electrospinning) [129].
Copyright ©2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (k) Nanofibrous PLLA ma-
trix, average fiber diameter of ∼ 148 nm (phase separation) [130]. Copyright ©2009, Mary Ann
Liebert, Inc. (l) Self-aligned TiO2 nanotubes, diameter 100 nm (Ti sheets anodization at 20 V)
[131]. Copyright ©2021 National Academy of Sciences (m) Nanostructured alumina with 24 nm
grain-like structures (sintering) [132]. Copyright ©2008 Wiley Periodicals, Inc. All the figures are
reproduced with permission from the indicated references.
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In most cases, these techniques were originally developed for different purposes, like

the manufacturing of micro-mechanical systems, and they have been adapted to this cell

culture application. Often, this introduces technical limitations hampering the transla-

tion to the necessities of cell biology. In particular, biological experiments require a large

number of replicates of the same sample, so the fabrication issues mainly concern scale-

up capacities, cost-efficiency, and/or ability to control and tune finely the nanometric

feature size and dimensionality [59].

In this framework, SCBD [133] represents a technology with the potential to fabricate,

at a large scale, nanostructured surfaces with controlled morphological properties at the

nano- and mesoscale, mimicking the nanotopographic features of extracellular matrices

[60]. This bottom-up approach produces nanogranular films by randomly stacking clus-

ters that create a nanoscale topography that can be accurately controlled and varied in a

reproducible manner [134].

In the last decades, at CIMaINa, where this thesis was carried out, SCBD (see Chapter

3.1.1) was exploited to fabricate nanostructured thin films based on zirconia, a biocom-

patible material suitable for cell-culture and biological analysis [135]. They have been

used in a variety of experimental studies [55, 59–61, 135–137] where nanostructured

zirconia has been applied to provide cellular microenvironments with controllable and

reproducible biomimetic nanotopographies to unravel the impact of nanotopographic

features on the mechanisms underlying mechanotransduction and to guide and control

cellular behavior. The focus was directed on neuronal cells, that have been demonstrated

to be affected by mechanotransductive processes during neurogenesis, neuronal migra-

tion, differentiation, and maturation [82]. In the following sections, a description of the

main structural and morphological properties at the nanostructure that make zirconia a

suitable biomaterial for cell growth will be reported. Then, the most recent and relevant

studies concerning nanostructured zirconia films in the context of biology and mechan-

otransduction will be discussed. These, in fact, constitute the basis of this thesis.

1.2 Nanostructured Zirconia assembled by Supersonic Cluster Beam
Deposition

1.2.1 Structural and morphological properties of the films

With SCBD (the technique is described in section 3.1.1), nanocrystalline building blocks

are assembled on a substrate. When they are deposited, the clusters maintain their in-

dividuality and do not undergo fragmentation [138]. The result is a granular, porous

film, with a high number of defects (e.g. grain boundaries and grain-grain junctions)

and a large volume fraction [139, 140]. See, for example, the scanning electron mi-
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croscopy (SEM) images of the surface of a nanostructured ZrOx film reported in Fig. 1.5

(a) and (b). The image in (c), instead, is the lateral view of the same film, from which we

can appreciate the typical rough profile resulting from the random stacking of clusters.

Figure 1.5: SEM images of a nanostructured zirconia thin film with a RMS roughness of 10 nm,
deposited on a silicon substrate. (a,b) top view of the same film at different magnifications. The
highly porous, cluster assembled surface is clearly visible. (c) Lateral view of the film. The film
has a thickness of ∼ 130 nm and is characterized by a rough surface profile at the nanoscale. The
images were acquired with a SEM model Zeiss Supra 40, operated at 5-7 kV accelerating voltage.

ZrOx films, deposited with argon as gas carrier (see section 3.1.1) are composed of

crystalline clusters in the cubic phase with an average diameter of 6.0 ± 1.7 nm and [58].

The chemical composition of as deposited zirconia clusters, as revealed by a XPS analy-

sis, is that of sub-stechiometric zirconium oxide, i.e. ZrOx, with x = 1.9 [58]. The interface

properties of ZrOx films fabricated with SCBD can be finely tuned and reproduced [134].

In fact, the assembling of clusters with a well-defined and stable mass distribution pro-

duces films with a surface morphology that evolves according to simple scaling laws,

known as the Family-Vicsek scaling relations, which describe a variety of growing inter-

faces [141–143]. A parameter that describes the average nanoscopic features of a cluster

assembled film is the roughness R of the surface. Given a topographic map of a film,

R is defined as the standard deviation of the film heights. Fig. 1.6 shows the surface

profile h(x) of a nanostructured film with the average height h0 and the parameter R

highlighted.

All the deposited clusters contribute to the growth of the film thickness and the

roughness. In a ballistic deposition regime, where clusters stick upon landing [141, 143],

the film roughness scales with the film thickness h (as long as the deposition rate is con-

stant, so h ∼ time) according to the following law
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Figure 1.6: Schematic representation of a topographic one-dimensional profile h(x) of a cluster
assembled film, with relevant geometrical properties highlighted: the surface roughness R and
the mean height h0. A surface pore is shaded in red. Adapted and reproduced with permission
[134]. Copyright ©2015 AIP Publishing LLC.

R ∼ hβ (1.1)

where the scaling exponent β can be extracted experimentally [134]. In the case of Zr

clusters with Ar as gas carrier, β = (0.37 ± 0.05) nm [57]. Therefore, the knowledge of

the parameters of the function relating the film roughness to its thickness enables the

fabrication of nanostructured films with very reproducible surface morphologies. Simi-

lar scaling laws apply to the evolution of specific area as well as the correlation length,

that is the lateral dimension of the largest morphological features [134]. Compatible val-

ues of surface roughness, specific area and correlation length can be obtained over large,

macroscopic areas (up to hundreds of cm2) and a high number of samples.

1.2.2 Nanostructured zirconia as biomaterial for cell culture

Among the possible materials that can be used as substrates for the study of the in-

teractions with cells, zirconia is particularly attractive as it is already widely used in

implantology (in particular, dentistry and orthopedics) for its favorable biocompatible

characteristics [144, 145].

Furthermore, nanostructured ZrOx substrates were shown to possess structural and

functional properties highly significant for interactions at the biotic/abiotic interface [55,

60, 61, 135, 136, 146, 147]. Note that ZrOx substrates can be used for cell culture as de-

posited, with no further functionalization before cell seeding, for example with poly-L-

ornithine and matrigel, [61]. Nanostructured zirconia films produced by SCBD are inter-

esting for their morphology. They display nanotopographic features that resemble those

observed in vivo in the ECM, moreover the randomly distributed nanoscopic asperities

on the surface have been shown to modulate integrin-dependent mechanotransductive

processes and signaling [59, 60, 148]. In Fig. 1.7 the topographic map of a native ECM is
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compared with the topographic map of a nanostructured zirconia film with roughness

25 nm. The maps have comparable lateral dimensions and both display a complex and

disordered structure at the nanoscale, characterized by peaks and valleys.

Figure 1.7: Comparison between atomic force microscope (AFM) topographic maps of an ECM
and a nanostructured zirconia film. (a) An example of a native ECM, the basement membrane
of a rhesus macaque corneal epithelium. Reproduced (adapted) with permission [56]. Copyright
©1999, Springer-Verlag. (b) Cluster-assembled zirconia film with a RMS roughness of 25 nm. Re-
produced (adapted) with permission [60]. Copyright ©2016, Schulte et al.

From the chemical point of view, cluster-assembled ZrOx films have a lower isoelec-

tric point than flat surfaces, due to perturbations of the electrostatic interfacial double

layer determined by the peculiar geometry of the interface [149]. This may impact on

the surface adsorption properties, which is relevant in the scenario of biological envi-

ronments where the proteins from the culture medium and those secreted by cells me-

diate the interaction between biomaterial and cells [135]. Indeed, rough surfaces were

shown to be more efficient in adsorbing proteins than flat surfaces, beyond what could

be expected by the increased specific area [135].

Initial studies with various cell types from diverse biological backgrounds confirmed

that cell lines (MG-63 [147], immortalized fibroblasts [145]) and primary cells (human

melanocytes [145], human myogenic CD133 progenitors [150], rat microglia [151]) are

able to adhere and grow on nanostructured surfaces produced with SCBD.

Moreover, an ultrastructural analysis of the interface between cells and nanostruc-

tured zirconia films [60] demonstrated that the asperities have dimensions with the po-

tential to influence integrin mediated adhesion. In fact, for PC12 cells (a neuron-like cell

line) the cells-surface interactions were found to be restricted to the apical part of the

asperities of surfaces with a roughness of 15 nm. The corresponding adhesion sites at

the nanoscale have a width of (53.2 ± 48.0) nm in average, compared to (90.2 ± 93.2) nm

on flat zirconia surfaces. This dimension is in the range of integrin clusters, the modular

units of cell adhesion sites (50-100 nm) that assemble in focal adhesions[152]. Also the
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distance between these integrin adhesion sites on the nanostructured substrate (average:

99.1 ± 101.4 nm, median: 60.4 ± 33.4 nm) oscillates around the threshold values shown

in literature to be critical for the formation of focal adhesions (∼ 60-70 nm) [77, 92, 101,

148]. This is relevant because the focal adhesions that are formed during cell spreading

constitute the cytoskeletal organizing centers [148], dictating the biomechanical proper-

ties of the cell [77, 81] and ultimately the cellular functioning and fate.

1.2.3 Effects of nanostructured zirconia on neuronal cell mechanotransduction and

behavior

Albeit many details remain elusive, it is evident that the ECM configuration and integrin-

mediated mechanotransduction participate in the control of neuronal cell differentia-

tion ad maturation. This requires coordinated and dynamic cytoskeletal actions and

cell/microenvironment interactions [36] [153–155]. Also, mature neurons with an axon,

several dendrites and synapses, maintain a remarkable plasticity to enable the process-

ing of incoming information. This plasticity is highly dependent on integrin-mediated

interaction with the microenvironment [154, 155].

In this context, the identification of biomaterials able to control neuronal differenti-

ation and maturation by mechanotransductive processes [82] is interesting e.g., for the

fabrication of neural circuits or interfaces [36, 156, 157], for the reproduction of in vitro

neurodegenerative disease models [158] or for the regeneration of damaged neural tissue

[159–161].

Fig. 1.8 summarizes the results regarding modulations along the mechanotransduc-

tive sequence on PC12 cultured on nanostructured films (i.e. cell-substrate interaction,

cytoskeletal organization and biomechanical properties) crucial in determining the phys-

iological properties of the cells [60]. Schulte et al. in [60], demonstrated a significant po-

tential of nanostructured cluster-assembled substrates in influencing essential cellular

functions in particular by inducing neuronal differentiation processes in PC12 cells. The

cell/nanotopography interaction was reported to affect the focal adhesion formation and

the cytoskeletal organization, which thereby modulate the general biomechanical prop-

erties by decreasing the rigidity of the cell. These alterations were found to modify the

activation dynamics of transcription factors relevant for neuronal differentiation (e.g.

CREB). Furthermore, a detailed proteomic analysis revealed that nanostructure induced

the differential expression of proteins that are known to be involved in mechanotrans-

ductive processes and that directly affect cellular activities [36, 100, 162, 163].

Maffioli et al. [59] conducted an extensive proteomics of PC12 cells interacting with

diverse nanotopographies. Many of the proteins found to be altered were associated

with cell/substrate interaction, cellular mechanics, nuclear organization and transcrip-
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Figure 1.8: Mechanotransductive response to cluster-assembled nanostructured materials. (A, A’)
TEM images demonstrate the interface between PC12 cells and (A) flat zirconia or (A’) nanostruc-
tured zirconia surfaces with 15 nm RMS roughness. Cells interact only with the upper part of the
surface asperities. (B, B’) The staining of vinculin in green (a crucial component of integrin ad-
hesion complexes) recorded by TIRF microscopy shows (B) focal adhesion formation, highlighted
with arrows, on flat zirconia, compared to smaller structures in (B’) indicated by the dashed ar-
rows on the nanostructured surface. On the right, the corresponding epifluorescence images of the
actin cytoskeleton are reported in red. The asterisks indicate stress fibers on flat zirconia, which
are absent on the nanostructured zirconia. (C, C’) Young’s modulus (YM) maps of the cells on (C)
flat or (C’) nanostructured zirconia. Cells are softer on the nanostructure. Altogether, the modu-
lation of the nanoscopic features of the substrates determines the phenotype, behavior and fate of
the cells, via a mechanotransductive process. Reproduced (adapted) from [135]. Copyright ©2017
American Chemical Society

tional regulation. In the context of mechanotransduction, these alterations revealed a

complex nanotopography-sensitive network potentially important in the promotion of

neuronal differentiation by nanotopographic cues.

In another work, Schulte et al. [55] used primary hippocampal neurons, a standard

model to study neurogenesis and the functional synaptic network integration [164, 165],

to evaluate the potential outcomes of nanotopographic features on the development of

neuronal morphology, synaptogenesis, and network maturation. As Fig. 1.9 shows, they

found that on substrates with the roughness of 25 nm RMS neurons exhibited a mature

phenotype with an increase in neurite outgrowth already after 3 days in vitro (DIV),

compared to flat substrate conditions. Also, a large fraction of neurons was found to be

excitable at 7 DIV and the presence of spontaneous synaptic currents (with frequency

significantly higher with respect to the control) indicated that active synapses were fully

formed, which was not the case for the flat substrates. In the canonical culture condi-
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tions, the formation of a mature synaptic network with excitable cells usually requires

1–2 weeks [166, 167]. In the same work, the proteomic data confirmed a fundamental

Figure 1.9: On the left, representative examples of morphology of neurons plated on flat and
nanostructured substrates. In the case of substrates with 25 nm roughness, neurons display a
more pronounced mature neuronal phenotype already after 3 DIV and with axons specification
after 7 DIVs. The graphs on the top-right show exemplary miniature current traces recorded from
neurons plated on control or nanostructured surfaces after 3 DIV. The corresponding mean fre-
quency is reported in the bar graphs on the bottom-right. At 3 DIV no significant difference be-
tween control (white bars) and nanostructured substrates (gray bars) is highlighted, even if a trend
(see the inset) of an increased frequency in the nanostructured films condition emerges. This ten-
dency stands out at 7 DIV, where there is significant increase in frequency in neurons grown on
the nanostructure. Reproduced (adapted) with permission from [55]. Copyright ©2016 Schulte et
al.

change of the cellular program in the hippocampal neurons after 3 days in contact with

nanorough surfaces, with an upregulation of markers typical of developing neurons and

neurite/axon outgrowth. Consistently, also proteins involved in integrin adhesion com-

plexes and the cytoskeletal organization were found to be differentially expressed, con-

firming an involvement of the mechanotransductive machinery.

Altogether, the last ten years of research at CIMaINa demonstrate multiple impacts

along the whole mechanotransductive sequence and on differentiative processes of neu-

ronal cells that can be induced by nanotopographic cues. These works highlighted the

potential of cluster-assembled nanotopographic films as materials for brain cell biolog-

ical studies. The applications of these nanostructured materials are manifold and ver-

satile, e.g. in future they could be used as platforms with differentiation-promotive

properties for cell culture, tissue engineering, organ-on-a-chip approaches or for drug

testing.
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1.2.4 Micropatterned nanostructured zirconia

With simple hardware modifications, SCBD can be adapted to produce nanostructured

zirconia films with micropatterned features. Lateral dimensions down to tens of mi-

crometers can be achieved, as it was demonstrated by previous works exploiting stencil

masks carried out at CIMaINa [168, 169].

This technology has interesting potential applications in biology, and in particular

in neurobiology. Stencil-assisted SCBD combined with methods for surface modifica-

tion, based for example on chemical functionalization processes, opens the possibility

to fabricate substrates that can restrict the adhesion of cells to defined spatial locations

determined in advance.

Spatial control over cell network geometry and topology, with micrometric resolu-

tion, has been applied to different research fields, e.g. drug testing experiments [170,

171], in fundamental studies covering various biological areas [172, 173], or in the fabri-

cation of cell-based biosensors for the functional characterization and detection of drugs,

pathogens, toxicants, and odorants [174]. Also, cell patterning enables the control of the

geometrical shape of the culture, thus the reproduction of specific anatomical structures

or the conditions encountered in certain tissues. For example, different nanofabrication

techniques have been employed to produce fibers with the same length and diameter of

axons [175]. These artificial structures were used in interaction with glial cells to study

the process of myelination [176].

Another major field of application is the replication of simplified networks of neural

cells in vitro. As discussed in the introduction (section 0.1.1), the scientific community

has still an incomplete understanding of how interconnected elementary circuits of cells

ultimately forming the connectome, are at the basis of the emergent complex computa-

tional abilities of the brain. A strategy to answer some questions related to this topic is

to adopt a bottom-up approach and start with the characterization of simple networks

in vitro, moving onto more complex structures step by step. The construction of brain

circuitry in vitro can be used to study basic mechanisms of information processing in the

brain [177, 178]. To reach this goal, it is necessary to achieve a spatial control over the

adhesion of individual living neurons on predefined substrate areas and make them fol-

low specific connectivity designs, in conditions where the number and subtypes of brain

cells and their connectivity patterns are precisely determined a priori, see for example

[9, 179, 180].

In this context, at CIMaINa, Schulte et al. developed substrates allowing to restrict

cell adhesion over controlled portions of the surfaces, while the cells interface with a ma-

terial whose morphological properties at the nanoscale resemble those of the ECM [61].

SCBD was here applied to pattern micro-dots of nanostructure zirconia on glass sub-



strates previously functionalized with an antifouling cell-repellent surface treatment.

The substrates were tested with neuron-like PC12 cells and rat neonatal primary hip-

pocampal neurons. With both cell types, a stable confinement of cell adhesion in the

destined zones of the micropatterns was observed. In Fig. 1.10 illustrative images show

PC12 cells on micrometric patterns. Electrophysiology and calcium imaging experi-

ments provided evidence of the development of functional networks on the hippocam-

pal neurons on the same patterned zirconia dot.

Figure 1.10: Representative phase contrast images of PC12 cells at 1 DIV on two different fab-
ricated micropatterns, composed of dot of diameter 300 µm placed on a hexagonal matrix with
interaxial distance of 500 µm (top) and 300 µm (bottom). Reproduced (adapted) with permission
[61]. Copyright ©2018 American Chemical Society

This work was further expanded during my PhD. In fact, more complicated nanos-

tructured zirconia patterns were fabricated by adding micro-bridges connecting the ad-

hesive dots. The developments that will be presented here provide the essential elements

that enable the reproduction of solid artificial cell networks in vitro, where a control of

the connectivity can be achieved. The details can be found in Chapters 4 and 6.





CHAPTER 2

Astrocytes: an overview

Astrocytes are a type of brain cell found in the mammalian CNS. Contemporary liter-

ature suggests that they are able to perceive the mechanical cues of the microenviron-

ment that surrounds them through mechanotransductive processes. Specifically, these

cells adapt to the physiological or pathological context and have been demonstrated to

play a significant role in tissue remodeling and pathogenesis [175]. Moreover, it has re-

cently been suggested that astrocytes are active participants of the brain circuitry as they

form astrocytic networks that contribute to the modulation of neural activity [181, 182].

Astrocytes should therefore be studied as organized cell networks and their interactions

should be observed in a controlled environment.

In this work we chose astrocytes as cellular model because rather little is known

about the influence of the microenvironmental nanotopographic cues and geometry on

these cells and their functioning. The substrates developed in the framework of this the-

sis represent a valuable tool, as they provide both a morphologically authentic ECM-like

substrate (Fig. 1.7), enabling the analysis of cellular responses (e.g., in terms of cellu-

lar morphology, cytoskeletal organization and calcium signaling), and the possibility to

confine cells into patterns of simple astrocytic network with an anatomically relevant

shape. From a technical point of view, these cells represent also an interesting challenge,

as astrocytes are hard to confine because they adhere to most surfaces and are highly

mobile cells [181].

This chapter will delineate both the main well-known features of astrocytes and the

recent findings which made this cell type a hot topic in research. This will provide a

solid biological framework for the results of this thesis.

In the second part of the chapter, I will give an overview of the current research on

astrocytes using biomaterials as tools to investigate the interesting biological properties

here presented.

17
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2.1 Glial cells

Neurons and neuroglia are the two types of cells constituting the building blocks of

the brain. In the last century, the universally accepted assumption was that neurons

were responsible for all the major brain functions - encoding and processing information

from external stimuli and generating behavior. This concept originated from the fact

that neurons are electrically excitable and propagate complex current signals to other

cells. Moreover, neurons form intricate networks where every cell can establish synaptic

connections with up to thousands other neurons in the brain [4]. On the other hand, glial

cells had been thought to fulfill a mere supportive role to neurons, providing a metabolic

and physical substrate.

The concept of neuroglia was first introduced by Rudolph Virchow in 1856, who iden-

tified a connective tissue filling the interstices among the nerve cells in the brain [183].

The idea of glial cells as passive, ancillary elements remained virtually unquestioned for

more than a century. Today, we know that glial cells are as abundant as neurons and take

active part in almost every physiological and pathological function of the brain [184].

In the central nervous system of vertebrates, three types of glial cells can be distin-

guished, namely oligodendrocytes, microglia and astrocytes. Additionally, in the pe-

ripheral nervous system there are Schwann cells. Oligodendrocytes and Schwann cells

form the myelin sheath that insulates the axons of neurons by enveloping it with their

membranous processes, thereby, enabling a high conduction velocity within the axons

[185]. Microglial cells are the immune system cells of the brain and are activated during

injury, infection or degenerative diseases [186]. Astrocytes are by far the most studied

among glial cells. Since the nineties, it has been established that astrocyte may exercise

a strong modulatory influence over neuronal signaling [22, 24]. Astrocytes are the most

abundant glial cell type and fulfill a plethora of different tasks such as providing guiding

structures during development, controlling homeostasis of the extracellular space, pro-

viding an energy substrate for neurons, controlling blood flow and modulating synaptic

transmission [4, 187]. Taken together, brain function is determined by the collaborative

action of neurons and astroglia.

2.2 Astrocytes

With the discovery of several mechanisms by which astrocytes modulate neuronal synap-

tic activity, the understanding of the role of these cells and their consequences on brain

function has changed. Astrocytic calcium signaling has been proposed to link neural in-

formation over different spatio-temporal domains, which might enable communication

at a brain-wide level [188]. This new complexity raised many questions that still need to
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be resolved [189].

In the following sections a short introduction will be reported of the main properties

of astrocytes regarding structure, physiology and function. The current knowledge on

this cell type will be presented, with a focus on the questions that are still open.

2.2.1 Structural and physiological properties of astrocytes

General morphology

Astrocytes are an extremely heterogeneous cell type. Variability is not only associated

with different brain areas, but also to the same region. Differences among astrocytes in-

volve morphology, development and physiology [190, 191]. The name astrocyte refers to

the irregular shape of the roughly star-like cell bodies typical for this cell type. Astro-

cytes, in vivo, have a small soma (about 10µm diameter) from which multiple fine pro-

cesses create an intricate and extensive star-like arborization. We can identify two main

classes of astrocytes: fibrous astrocytes of the white matter, and protoplasmic astrocytes

of the grey matter. Protoplasmic astrocytes have a complex morphology with numerous

fine processes, and are distributed uniformly within cortical gray matter. Fibrous astro-

cytes, instead, have a simpler shape with less filaments and are organized along white

matter tracts, with a longitudinal orientation in the plane of the fiber bundles [192]. A

schematic depiction of the typical shape of protoplasmic and fibrous astrocytes is re-

ported in Fig. 2.1.

Figure 2.1: This scheme illustrates the morphology of protoplasmic and fibrous astrocytes. Proto-
plasmic astrocytes of the grey matter have a radial shape and contact neuronal synapse and blood
vessels. Fibrous astrocytes in the white matter have a more elongated morphology and are in close
contact with axon tracts. Adapted and reproduced with permission from Ref. [191]. Copyright
©2021 Springer Nature Limited.

In addition to these two classes, specialized astrocytes within different areas of the

brain can also be identified: the Bergmann glia of the cerebellum, and the Muller glia

of the retina. Nearly every astrocyte forms end-feet processes with at least one blood
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vessel. Blood vessels influence the overall morphology of astrocytes, prompting some

astrocytes to develop decidedly longitudinal forms, in an attempt to reach a vessel [193].

The fine processes of protoplasmic astrocytes penetrate all areas of the local neuropil,

encompassing synapses and the microvasculature. At the ultrastructural level, the bulk

of astroglial morphology is indeed a complex spatial meshwork of protrusions with a

thickness below 50 nm [194, 195]. It has been estimated that within the domain of a

single hippocampal astrocyte, there are approximately 105 synapses [193]. Thus, single

astrocytes contact and may control large sets of synapses as well as the vascular bed

regulating blood flow to those synapses. This architecture places the astrocyte in a prime

position to coordinate synaptic activity.

The elongated geometries of these in vivo structures (i.e., blood vessels and axon

tracks) that astrocytes and their processes adhere to and orientate along, inspired the

approach adopted in this thesis to study astrocytes in vitro on the micropatterned sub-

strates providing microbridges.

2.2.2 Tripartite synapse

The fact that information processing in the brain relies not only on synaptic communi-

cation between neural cells, but involves also nearby astrocytes, prompted the concep-

tualization of the “tripartite synapse” [23]. This model is based on the notion that there

is a bidirectional, rapid communication between astrocytes and neurons at the synaptic

level. Indeed, as demonstrated in in vitro cultures [20], astrocytes can express receptors

for all kinds of neurotransmitters, depending on the brain region. On the one hand,

astroglia takes up neurotransmitters such as glutamate, from the synaptic cleft, and

communicates with other cells via calcium (Ca2+) signaling. More in detail, Ca2+ influx

through the astrocyte plasma membrane is mediated by ionotropic and metabotropic

receptors, the astrocytic machinery for sensing neuronal activity and changes in the ex-

tracellular environment. Na+/Ca2+ exchangers can increase the concentration of intra-

cellular Ca2+. In turn, Ca2+ elevations may induce the activation of inositol triphosphate

(IP3) receptors that trigger Ca2+ release from intracellular stores (endoplasmic reticulum

and mitochondria). Ca2+ events then may propagate beyond single astrocytes and form

complex spatiotemporal patterns of Ca2+ activity. The frequency of calcium transients is

modulated by neuronal activity [196], and provokes changes in local tissue oxygenation

[197, 198], and other factors [199]. On the other hand, astroglia also may release glio-

transmitters into the synaptic cleft, such as GABA, D-serine, and glutamate, as well as

vasoactive metabolites [189, 200]. The result is that astrocytes perform a plethora of dif-

ferent functions, which include regulation of synaptogenesis, synaptic maturation [201]

and activity-dependent synaptic elimination [201]. Therefore, the perisynaptic astroglial
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comportment has a strong impact on shaping the neural connectome.

2.2.3 Gap junctions

The active participation of astrocytes in brain function implies that they must be equipped

for the integration and transmission of signals to other cells, ensuring an efficient way

to communicate. Astrocytes typically occupy non-overlapping domains, however they

form a syncytium-like network, where individual cells are interconnected through gap-

junctions allowing direct exchange of substances from the cytosol [202]. Gap-junctions

are channels originating from the juxtaposition of the hemichannels (or connexons) of

two neighboring cells. Each connexon is composed of six identical transmembrane pro-

teins called connexins [203], see Fig. 2.2. A single hemichannel connects the cell to the

extracellular space. Connexin mediated channels allow the cell to exchange ions or small

molecules up to 1.5 kDa, including secondary messengers such as calcium and inositol

triphosphate, as reviewed in [204]. Gap-junction and hemichannel mediated signaling

is believed to coordinate the action of adjacent astrocytes in terms of electrical and bio-

chemical activity and equalizes their intracellular ion concentrations [205].

Figure 2.2: Schematic representation of a gap-junction and a hemichannel, formed by connexins in
cell membranes. Hemichannels are transmembrane proteins composed of six connexin subunits
that allow flow of several molecules and gliotransmitters from astrocyte to the extracellular space.
Adapted and reproduced with permission [203]. Copyright ©2018 Mayorquin et al.

It is therefore appropriate to define “astrocytic networks” the groups of cells which

can exchange information either through gap-junction or exchange of extracellular mes-

sengers. In the rat hippocampal CA1 each astrocyte is coupled via gap-junctions with

15.3 ∓ 2.8 other cells, as demonstrated in Ref. [206].
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2.2.4 Calcium Signaling

Unlike neurons, astrocytes are not electrically excitable as they cannot generate action

potentials. In contrast, they are chemically excitable, meaning that they can provide a

biochemical response to stimuli from the environment, especially ions and neurotrans-

mitters. The membrane of astrocytes is hyperpolarized [207] and the resting membrane

potential is regulated by a rich variety of ion channels (both voltage dependent and

independent). Among the mechanisms underlying the integration and modulation of

synaptic transmission cited in the previous paragraphs, many involve calcium signal-

ing [208, 209]. This communication strategy has also been linked to the control of the

cerebral blood flow performed by astrocytes [210]. In this section, I will present a few

interesting aspects of Ca2+ signaling that are a hot topic in current research, highlighting

what is relevant for the work presented in this thesis.

When astrocytes in vitro are simulated chemically with neurotransmitters or mechan-

ically with micropipettes equipped with piezoelectric actuators, variations of the cytoso-

lic Ca2+ concentration are triggered, either in the form of transients or oscillations. Addi-

tionally, astrocytes have the capability to increase intracellular Ca2+ spontaneously, with

no chemical/mechanical stimuli, i.e. without the influence of neuronal activity [211–

213]. Most likely, these spontaneous events are triggered by stochastic Ca2+ influx in

astrocytes through multiple pathways, such as Ca2+-permeable receptors, Ca2+-channels

and Na+/Ca2+ exchangers located at the plasma membrane [199].

The first observation of glutamate induced intracellular Ca2+ elevations and subse-

quent Ca2+ wave propagation in cultured astrocytes goes back to the early nineties [214].

The discovery that focal stimulation of astrocytes generates Ca2+ waves traveling over

the astroglial syncytium promoted the idea that this is a form of long-range communi-

cation to achieve a higher level of brain integration. A comprehensive discussion on the

topic can be found in the following references [21, 188].

The propagation of Ca2+ was characterized both in vitro [214, 215] and in vivo [216,

217]. In fact, two main mechanisms for wave propagation were elucidated. Ca2+ waves

can be mediated by the intercellular diffusion of second messengers like IP3 through

gap-junctions [218, 219] or by the regenerative extracellular ATP-mediated signaling

[220, 221] or by a combination of both [222]. In Fig. 2.3, a schematic representation

summarizes the main functions of astrocytes connected to Ca2+ signaling.

Ca2+ influx in astrocytes displays different spatiotemporal characteristics with re-

gards to amplitude, shape and propagation. These differences may be associated to

the distinct transduction pathways cited above [224]. There are two major types of Ca2+

signals in astrocytes that include intrinsic Ca2+ oscillations within single cells and Ca2+

waves propagated from one cell to others. Both mechanisms can take place sponta-
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Figure 2.3: Physiological functions of astrocytes. (1) Modulation of synaptic function via gluta-
mate transporters (2) Communication between astrocytes via extracellular ATP release and bind-
ing to receptors on adjacent astrocytes. ATP binding results in activation of IP3, which in turn
triggers calcium release from intracellular stores. (3) Gap junctions connect astrocyte to form a
syncytium-like network for the exchange of small molecules and cell–cell communication. (4) The
regulation of blood flow is modulated by astrocyte end-feet apposing blood vessels, with vasodi-
lation being mediated through release of vasoactive substances. Adapted and reproduced with
permission from Ref. [223]. Copyright ©2021 Springer Nature Limited.

neously or can be elicited by external stimuli. As defined by Scemes in [222], a Ca2+

wave is a “localized increase in cytosolic Ca2+ that is followed by a succession of similar

events in a wave-like fashion. These Ca2+ waves can be restricted to one cell (intracel-

lular) or transmitted to neighboring cells (intercellular)”. Ca2+ oscillations, instead, are

asynchronous events occurring in individual cells and display a random and repetitive

intracellular Ca2+ concentration pattern as a function of time [225, 226]. One hypothesis

is that Ca2+ waves are mediated by IP3, whereas Ca2+ oscillations are mediated primar-

ily by Ca2+-induced Ca2+ release. Release of Ca2+ induced by elevations of intracellular

Ca2+ has been suggested in a number of cell types [227], and Ca2+ oscillations that are

independent of IP3 have been demonstrated [228].

Astrocytes of different types or localized in different areas of the brain present vari-

ations in intracellular Ca2+ dynamics. For example, gray matter protoplasmic astrocytes

rely mainly on gap-junction for wave propagation. In fact, Haas et al. demonstrated in

[229] that in a slice preparation of mice lacking the gap-junction protein connexin 43,

there was no Ca2+ wave propagation. Instead, astrocytes in the white matter of corpus

callosum exploit extracellular ATP to spread Ca2+ waves, so a gap-junction coupling de-
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ficiency does not affect them [229, 230]

At the single astrocyte level, Ca2+ events can be restricted to small portions of the cell,

and not necessarily propagate to the whole cell soma. Events occurring at the fine astro-

cytic processes, in particular the perisynaptic ones, are described as microdomains [196].

These events exhibit fast kinetics, with a time scale which is compatible with synaptic

modulation [196] and are more frequent than transients localized at the soma or primary

branches [231]. The Ca2+ transients at the fine branches are mainly sustained by influx

from plasma membrane channels. This is due to a favorable surface-to-volume ratio but

also because peripheral branches are too small to host organelles that can support Ca2+

exchange with intracellular stores. Therefore, the Ca2+ influx may spread in the whole

cell only if it takes place close enough to the endoplasmic reticulum and can trigger IP3

release [232]. Ca2+ signaling mechanisms are therefore strongly dependent on the mor-

phological parameters of the cell.

In addition to cell shape, Houades et al. [233] reported that a second level of spatial

organization in astrocytic networks may be important in defining their functional status

and their Ca2+ propagation properties. In their work, they demonstrated that the func-

tional syncytium of astrocytes is not borderless, as the distribution of connexins in not

spatially homogeneous. The morphological boundaries typical of certain brain regions

can impose constraints in the astrocytic network shapes. For example, in the pyramidal

cell body layer of the hippocampus, the astrocytes are in small number and are localized

intercalated between tightly organized neurons [233]. These differences in connexin dis-

tribution and shape of the network may have significant impact with respect to Ca2+

signals, resting membrane potentials, glutamate metabolism as well as their ability to

exchange second messengers between different cells [234].

Altogether, the presented mechanisms for calcium communication in astrocytic net-

works evidence that astrocytes may be important players in many processes related to

brain computational functions. The understanding of the astrocytic involvement in neu-

ral processes is still incomplete, and more is required to elucidate the specific role of these

cells and their mechanisms of action. Thus, new investigation tools designed specifically

to study astrocytic networks must be developed, that may help resolve many of the cur-

rent controversies [188, 235]. It is clear that astrocytes signaling takes place over different

spatial scales of interaction, producing higher order information processing (see Fig. 2.4):

at the nanodomain, with a direct impact on synaptic communication and remodeling; at

the micrometric scale of the single astrocyte, that can exert an influence over different

synapses; at the syncytium level, where astrocytic networks form functional domains;

and at the mesoscale, where a long-range interaction between astrocytes from multiple

brain regions direct to the activity of neuronal fibers [236].
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The traditional techniques to investigate network activity, such as pharmacological

blocking or genetic knockout, do not allow the control of a single cell or small ensembles

[237]. In this work, cell-patterning tools were developed to physically restrict astrocytic

interactions to small networks, with a controlled geometrical shape. The patterns limit

the typically highly connected intertwined structure of astrocytic networks to one where

cells are only able to interact with a small number of neighboring cells. This technolog-

ical platform facilitates the study of astrocytes from the single cell level to the network

level to improve knowledge and understanding of how communication links to spatial

organization over multiple spatial scales, and further in vitro research in this area with

clinical applications.

Figure 2.4: Astrocytes communicate over various spatial scales (a) At nanoscale, local signaling in
perisynaptic astrocytic processes (PAPs) target synapses. (b) At the microscale level, an individual
active astrocyte can affect coordinately multiple synapses. (c) At a syncytium scale, groups of
astrocytes can form dynamic networks via gap-junction connectivity to match domains of highly
active neurons and support or regulate their function. (d) At the mesoscale level, populations
of astrocytes in different brain areas can respond in concert to activity of long-range neuronal
projections. Adapted with permission from [236], copyright ©2021 Springer Nature Limited.
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2.2.5 Astrocytes in pathology or injury

The observations that astrocytes in the diseased brain undergo transformations in mor-

phology and histology, like changes in shape, size or number, date back to the 19th

century [238]. Today, there is consensus that astrocytes respond to and have a promi-

nent role in a variety of pathological events in the CNS, like neurodegenerative and

demyelinating diseases, epilepsy, trauma, ischemia, infection, and cancer [239]. Never-

theless, different and often conflicting observations have been reported, as the astrocytic

responses are heterogeneous and strictly dependent on the particular pathology [238].

This is further complicated by the plasticity of healthy astrocytes, which can be triggered

also by physiological signals in the CNS. Moreover, in the case of spatially confined CNS

lesions, astrocytes display a severe to mild response depending on the distance from the

core of the injury, with a topographic heterogeneity [240], for example proliferative as-

trocytes are only found near the injury [241, 242].

A commonly accepted and broad definition for astrocytes that are involved in pathol-

ogy and brain injury was proposed by Escartin et al. [238]. They are, in fact, astrocytes

that

”sense and respond to an abnormal situation in the brain. They change at the

morphological, biochemical, transcriptional, and functional levels. These changes are

maintained while the pathological stimulus is present but some aspects may resolve.

Reactive astrocytes are heterogeneous and may have various effects on disease pro-

gression.”

These astrocytes may be referred to with the umbrella term reactive astrocytes [239]

and they show some common features that are observed in different brain injuries or

diseases. In general, reactive astrocytes undergo changes in morphology, molecular ex-

pression and proliferation.

Morphology

Variations in morphology typically consist in hypertrophy of the soma and of the main

processes. Also, astrocytes tend to polarize their processes along the lesion [243] or

change their degree of ramification [244]. Loss of primary and secondary astrocyte

branches has been reported in mouse models of Alzheimer’s Disease[245] and amy-

otrophic lateral sclerosis [246], and in patients with multiple sclerosis (MS) [247]. In more

severe diseases like epilepsy, astrocytes may also retract their fine peripheral processes

and overlap more with their neighbors[248, 249].
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Molecular changes

Reactive astrocytes display an over-expression of intermediate filament proteins like

GFAP or vimentin. GFAP, in particular, is one of the most useful reactivity marker, as its

expression increases globally at the population level, in a wide range of brain diseases

[250–253]. However, a wide variability in the level of expression between different con-

ditions is observed [254], so to define reactivity, it should be considered also with other

markers.

Proliferation

Although the very first observers of astrocytes have noticed increased numbers of nu-

clei in diseased brains, these phenomena have been shown to occur mainly when there

is disruption of the blood–brain barrier [239]. Immunofluorescence studies in patients

confirmed that only a small percentage of reactive astrocytes undergoes proliferation

[255]. These proliferative astrocytes are in direct contact with a lesion in spinal cord in-

jury [242], they are exposed to blood-borne substrates following invasive injury [256], or

their cell bodies are in apposition to blood vessels [243].

So, to summarize, the term astrocyte reactivity emphasizes the capacity of these cells to

adopt distinct states, i.e., transient or long-lasting conditions characterized by a specific

morphology, molecular profile, functions, and distinct impact on diseases that result in

a specific phenotype [239].

It is now well known that neural diseases are invariably associated with variations of

the physical properties of tissues [175], in particular the progression of disease distorts

tissue stiffness and the composition of the ECM [257]. For instance, tissue stiffening is

prevalent in traumatic injuries [258], dementia [259] and Alzheimer’s disease [260, 261].

On the other hand, soft mechanical signature of glial scars has been recorded in the CNS

[262] for multiple sclerosis [263] and glioma [264]. Instead, biophysical modifications of

the ECM were observed in demyelinating diseases [263] and in dementia - in particular

Alzheimer’s disease [175]. These variations of the ECM, in turn, are sensed by the cells

via mechanotransductive processes, as discussed in chapter 1. Astrocytes have the abil-

ity to perceive the mechanical signals driven by microenvironmental changes [175], and

adapt to the physiological or pathological context [265]. Thus, emphasis has been placed

on understanding the mechanotransductive relation between astrocytes and tissue me-

chanics as it may help developing strategies for restoring brain homeostasis [175].

A rewarding approach in this framework is to plate cells onto substrates that mimic in

vitro the natural microenvironment of astrocytes, taking into consideration the biophys-

ical and structural properties associated with a physiological or pathological condition.
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Various nano-fabrication techniques have been developed with the ability to recapitulate

the complex features of the ECM that can be used to study the reactivity of astrocytes in

culture.

2.3 Biomaterials and astrocytes

A full characterization of the different types of astrocytes, their morphology, develop-

ment and behavior, is of paramount importance for the understanding of the develop-

ment of the nervous system, function of neural circuitry and brain pathology.

Studies of the morphological and functional properties of astrocytes are difficult to

carry out in vitro, as standard 2D cell-culture substrates do not recapitulate the complex

topography of the ECM and this leads to a reduction in the heterogeneity of the cells.

In fact, astrocytes cultured on standard substrates display a reactive-like phenotype and

morphology, similar to that of cells involved in an injury to the CNS [266], with a dra-

matic change in astrocytic gene expression, proliferation, morphology, and physiology

[267].

An important way by which astrocytes adapt to the physiological or pathological

context is through mechanotransduction. For example, the biophysical cues provided by

the cell-substrate stiffness and by the nano-topography affect the cell membrane tension

and can result in ion influx and signaling pathways activation [268–270], as it has been

discussed in the previous sections.

Therefore, emphasis has been placed on studying the astrocytic response to changes

in the biophysical and structural properties of the cellular microenvironment, by ex-

ploiting surface culture substrates that reproduce as faithfully as possible the physical

constraints associated with physiological and pathological development. Over the past

decades, biomaterial scientists have developed several platforms mimicking the me-

chanical and topographic properties of the ECM and studied their influence on astrocytic

form and function. In the following sections, I will report about the most widespread

and rewarding methods for the fabrication of cell-culture substrates engineered with the

objective to replicate major properties of the ECM and that are able to provide biophys-

ical and structural cues to astrocytes inducing phenotypes more similar to the in vivo

situation.

2.3.1 Soft substrates

Hydrogels can be used as substrates to simulate the mechanical properties of the ECM,

e.g., to match the softness of the CNS. The three-dimensional environment presented by

hydrogels makes them attractive since astrocytes can grow in a context that is similar to
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their in vivo milieu. This leads to the development of cell cultures with properties that

resemble those found in the brain. For example, primary rat cortical astrocytes cultured

in 3D collagen hydrogels are less reactive than those cultured on 2D surfaces [271]. Also,

a reduction of glial fibrillary acidic protein (GFAP) expression was observed. Similar

results were obtained with 3D alginate hydrogels [272] and a peptide hydrogel [273]

onto which astrocytes exhibit stellate morphologies and extensive processes outgrowth.

These results show that the shape that astrocytes take on when cultured onto hydrogel

substrates better mimics astrocyte physiology observed in vivo.

2.3.2 Ligand Patterned Substrates

It is well-known that ECM components impact the function of astrocytes [274]. This

has led researchers to study how surface chemistry and surface patterning with ECM

ligands impact astrocyte growth in vitro. Chitosan and gelatin films supported greater

astrocyte viability and proliferation compared with the standard cell-culture substrates

[275]. Hsiao et al. in [276] showed that surface patterning of collagen hydrogels fib-

rinogen, aggrecan, and laminin lowered chondroitin sulfate proteoglycan (CSPG) ex-

pression, a molecule that has been shown to inhibit neuronal regeneration [277]. Also,

they demonstrated that fibrinogen, aggrecan, fibronectin, and laminin induced aligned

growth of astrocytes, an additional feature that has been shown to control astrocyte re-

activity [278].

2.3.3 Substrates with a nano-topographic complexity

The ECM is composed of a complex meshwork of macromolecules, whose assembling re-

sults in a anisotropic and irregular environment, with pores and asperities at the nanoscale

[56, 279]. With a focus on the interaction of the cells with the surrounding environ-

ment and the neighboring cells, nanoengineered surfaces that mimic the nanoscopic

topographic features of the ECM have been used to control cell behavior via mechan-

otransductive processes [62, 100, 101, 280]. The most common fabrication techniques

are polymer fiber electrospinning [176, 281] and photolithography [43, 278]. The topo-

graphic features must have dimensionalities that cells are able to sense and that influence

mechanotransductive processes, which has been demonstrated to be between 100µm to

roughly 1 nm [282].

Astrocytes grown on substrates topographically defined at the nanoscale undergo

several changes, for example they display an in vivo-like stellate morphology and extend

processes more closely resembling protoplasmic astrocytes compared with those cul-

tured on regular substrates[283, 284]. Also, astrocytes downregulate GFAP expression

to a level that is typically associated with a less reactive astrocyte phenotype [283, 285,
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consequent increased glutamate uptake and a neuroprotective effect on cocultured neu-

rons [285, 287].

In this work, I propose a fabrication technique based on SCBD (see section 3.1.1) of

zirconia clusters to create reproducible nanostructured films that can be used as cell-

culture substrates that resemble in vivo nanotopographic ECM features. In chapter 5, I

will show how different cellular parameters of astrocytes (cell morphology, cytoskeletal

organization and cell functioning in terms of calcium signaling) astrocytes are affected

by the distinct levels of nanoroughness of the zirconia surfaces, produced with SCBD.

2.3.4 Micropatterned Substrates

As mentioned previously, properties of astrocytic networks can be investigated with sur-

face modification techniques affecting cell patterning. The surface properties of cell-

culture substrates are manipulated to enable control over the spatial configuration of

cells and cell/cell interaction. Several methods for patterning consist on the selective

modification of the substrate interface to obtain distinct cell adhesive or repelling areas.

To my knowledge, the only example in literature of astrocytic cell patterning were car-

ried out by Unsworth group [181, 182] where substrates based on parylene-C/SiO2 were

exploited. In these works, human astrocytes were confined onto squared patterns (75 ×
75 µm) and it was demonstrated that the calcium activity is influenced by the spatial or-

ganization of cells. They showed that onto patterned substrates, groups of clustered cells

exhibit simultaneous Ca2+ transients, which are typically observed in vivo or in slices, but

not in standard cultures.

In Chapter 4, a list of patterning techniques that were used with different cell types

is reported. Moreover, the patterning technique developed in the context of this thesis

based on cluster assemble zirconia films is described at length. Also, astrocyte confine-

ment and the possibility to carry out calcium imaging studies is demonstrated. In chap-

ter 6, the analysis of the effect of astrocytic confinement on cell morphology, density,

cytoskeletal organization and calcium activity is reported.
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Experimental methods

3.1 Fabrication of the substrates

3.1.1 Supersonic cluster beam deposition

SCBD is a bottom-up technique to fabricate thin films, assembled by neutral clusters pro-

duced by condensation in the gas phase and accelerated by a supersonic expansion. This

approach produces nanostructured films with a nanoscale topography whose rough-

ness can be accurately controlled and varied in a reproducible manner [57]. The precise

control over nanoscale topography can be easily obtained over macroscopic areas as re-

quired for the large number of experiments typical of in vitro biological assays [55, 59].

A schematic representation of a typical SCBD apparatus is reported in Fig. 3.1 The

Figure 3.1: Scheme of the SCBD experimental apparatus. The clusters are produced in the pulsed
microplasma cluster source (PMCS), that hosts a ceramic body with a cavity where argon is in-
jected by a pulsed valve. The anode is inserted between the ceramic body and the valve. The
cathode, a zirconium rod, is inserted into the cavity through a lateral aperture. The clusters are
extracted into the deposition chamber through the aerodynamical focuser. The clusters are de-
posited on substrates mounted on a sample-holder equipped with a translator.

31
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details of the deposition technique can be found in Ref. [133]. Here, I will provide a brief

explanation of the functioning principle of SCBD. The source consists of a ceramic body

with a cylindrical cavity which hosts a metallic rod, the target. The latter is connected to

the negative pole of a power source, thus acts as a cathode. The anode is a copper disc

placed near the ceramic cavity. A solenoid valve injects a high-pressure noble gas (He

or Ar), from which a plasma is formed via the application of a high voltage discharge

between the anode and the cathode. The plasma is confined in the source cavity where

it ablates the metallic rod. The species resulting from the ablation condense through col-

lision with the inert gas atoms to form clusters. Then the gas-cluster mixture is extracted

from the source following a pressure gradient, generating a supersonic seeded beam.

Fig. 3.2 shows a schematic depiction of the main steps of the working principle of the

PMCS.

Figure 3.2: Working stages of the PMCS. (a) The injection of an inert gas into the cylindrical cham-
ber. (b) A high voltage is applied between anode and cathode (the rod). An electrical discharge
ionizes a small gas volume. (c) Atoms are extracted from the rod surface through the sputtering
process and the cluster growth starts. (d) The seeded beam is extracted from the source chamber
to the adjacent one, thanks to a pressure gradient. Adapted from Ref. [288]

Before reaching the deposition chamber, the gas-cluster mixture passes through an

aerodynamic lenses system which performs both a focusing of the supersonic beam and

a cluster mass selection [289]. The resulting beam has a cluster distribution profile that

is approximately Gaussian, with larger particles concentrated at the beam center The

nanoparticles diameter decreases, going from the beam center to the periphery [290].

By controlling the working parameters of the PMCS, the aerodynamic filters, and the
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portion of the beam intercepting the substrate, the nanoparticles distribution can be pre-

cisely tuned and reproduced. The average diameter size of clusters deposited with argon

as carrier gas is (6.0± 1.7) nm [58].

Once reached the deposition chamber, the cluster beam impinges on a sample holder,

where clusters are deposited onto a substrate. The sample-holder is moved during the

deposition by automated manipulators which enable to cover large surfaces with a ras-

tering process. The cluster beam periodically intercepts a quartz microbalance which

monitors the amount of material deposited and deposition rate. The Zr clusters partially

oxidize in the cluster source, and in the deposition chamber. Oxidation further proceeds

upon exposure of the film to air, resulting in cluster-assembled nanostructured ZrOx

films with x ∼ 1.9 [58]. A description of the structural characteristics nanostructured

zirconia film can be found in section 1.2.1.

3.1.2 Surface micropatterning

Aerodynamically focused supersonic cluster beams have a high degree of collimation

and directionality, which makes them well suited for stencil-assisted patterning (SAP).

The large lateral resolution enables the replication of micrometric patterns with features

as small as 10µm.

Previously, SCBD associated with stencil masks has been used to fabricate three-

dimensional nanostructured objects [168] or to integrate nanostructured films onto top-

down fabricated platforms, like micro-electromechanical systems (MEMS) [291]. Also,

Marelli et al. [169] used lift-off masks to deposit nanostructured microresistors on SU-8.

In this thesis, starting from the seminal work of Schulte et al. [136], I developed a

protocol for the fabrication of cell-culture substrates with complex nanostructured mi-

cropatterns, able to confine the adhesion of cells. Microstructures as small as 20µm were

routinely obtained exploiting stencil masks.

Here, I will provide a brief description of the fabrication protocol. A more complete

explanation is reported in Previdi et al., reprinted in Chapter 5.

Our methodology consists of two steps

• the functionalization of glass coverslips with an anti-fouling molecule which pre-

vents cell adhesion;

• the deposition of cell-adhesive ZrOx nanostructured micropatterns over the func-

tionalized glass coverslip with SAP-SCBD.

The result is a substrate with cell-adhesive regions surrounded by an anti-fouling area.

The substance selected for the functionalization is the anti-fouling copolymer PAcrAm-

g-(PMOXA, NH2, Si) which can be bound covalently to the hydroxylated surface of a
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glass coverslip [292] without affecting its roughness.

For the deposition of micropatterned ZrOx, we exploited silicon stencil masks fab-

ricated with photo-resist lithography (PRL), which ensure high precision and repro-

ducibility. The stencil masks were not in contact with the deposition substrate, but a

dedicated sample-holder guaranteed correct positioning and a small distance between

the stencil mask and the substrate, necessary for achieving high lateral resolution. In

Chapter 5, I provide a full discussion on the criticalities and potential working solutions

for every step of the process. In particular, the functionalization procedure is reported in

detail in the supplementary information.

3.1.3 Fabrication of flat zirconia films

The flat ZrOx films are fabricated with a physical vapor deposition technique based

on ion beam sputtering, details can be found in [293]. The sputter deposition setup is

schematically depicted in Fig. 3.3.

Figure 3.3: Schematic representation of the Zr sputtering apparatus. The ion gun, equipped with
a RF cavity generates the Ar+ beam, which is then accelerated and focused by a series of grids.
The Ar+ ions impinge on the negatively biased Zr target and dislodge Zr atoms, which are then
intercepted by a deposition substrate, thus forming a Zr thin film.

In brief, an argon ion beam is generated with an beam ion source (Roth & Rau - RF

Ion Beam Source - Cyberis 40) that incorporates a radio frequency plasma cavity [294].

A multi aperture grid system ensures ion extraction and then acceleration and focusing

into an ion beam, which then impinges on a negatively charged Zr target, initiating the

sputtering process: the incident particles impact the surface or near-surface atoms of

the Zr target with sufficient energy to break bonds and dislodge atoms. A part of them,

impinge on a deposition substrate placed at a specific angle that maximizes the sputtered
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atom flux. A thin film of Zr atoms is formed on the deposition substrate. The sputtering

rate is monitored with a microbalance, so that the deposition can be interrupted when the

correct film thickness is reached. The Zr atom partly ionize inside the vacuum chamber

during the deposition, partly when the samples are brought at atmospheric pressure.

Measurements with the AFM confirmed that the resulting films have roughness < 1 nm.

3.2 Characterization of the substrates

3.2.1 Morphological Characterization

The surface morphology of nanostructured ZrOx thin films was characterized using a

Multimode 8 AFM produced by Bruker. Several 2µm× 1µm images of the ZrOx surfaces

were acquired. The AFM device was operated in air in peak-force tapping mode, using

silicon nitride cantilevers mounted onto single-crystal silicon tips with a nominal radius

< 10 nm, and a resonance frequency in the range of 50 - 90 kHz, a scan rate of 1 Hz, and

a sampling resolution 2048 × 512, a scan rate of 1 Hz, and a sampling resolution 2048 ×
512 points. The images were flattened by line-by-line subtraction of first- and second-

order polynomials in order to remove artifacts, because of sample tilt and scanner bow.

From flattened AFM images, the root-mean-square surface roughness R was calculated

as the standard deviation of surface heights.

We verified the roughness of every substrate used in this work. When we refer to, for

example, 15 nm-substrates, it means that the mean roughness of the substrate ± standard

error (SE) is compatible with 15 nm.

AFM was also used to measure the thickness of the micropatterned features de-

posited with SAP. The thickness was calculated by imaging across the step at the edge

of the micropattern, and by using a stylus profilometer (Model P-6, KLA-Tencor, Milpi-

tas, CA, USA). For the sake of comparison, during the depositions aimed at producing

patterns, nanostructured ZrOx films were also deposited on monocrystalline silicon sub-

strates (5 mm × 5 mm) by partially masking the substrate in order to produce a sharp

step, and subsequently their thickness was measured. The thickness values measured

under different conditions were compatible.

To evaluate the reproducibility of the patterns, we also performed optical charac-

terization of the micropatterned samples. We took phase contrast images with a mi-

croscope (Axiovert 40 CFL, Zeiss, Oberkochen, Germany) equipped with 20×/0.3 ph1,

CP-ACHROMAT 10×/0.25 Ph1, 5× /0.12 CP-ACHROMAT objective and with a high

definition photo camera (True Chrome HD II, TiEsselab) operated by ISCapture imaging

software.
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3.3 Cell culture and characterization

3.3.1 Culture of primary astrocytes

We cultured primary astrocytes derived from the hippocampus of neonatal Sprague-

Dawley rats (Charles River Laboratories Italia). All the procedures were performed ac-

cording to the research and animal care procedures approved by the institutional animal

care and use committee for good animal experimentation of the Scientific Institute San

Raffaele complying with the code of practice for the care and use of animals for scientific

purposes of the Italian Ministero della Salute (Ministry of Health) - IACUC Number 728.

After extraction, the cells were maintained in MEM medium supplemented with 10% fe-

tal calf serum, 33 mM of glucose, 2 mM of Glutamax, and 2 U/mL of Penicillin- Strepto-

mycin (all reagents were obtained from Thermo Fisher Scientific, Gibco Massachusetts,

USA, if not stated otherwise). Cells were grown on standard culture substrates for 12

DIV at 37°C and 5% CO2, and every 3 days, the culture medium was replaced. Cells

were then detached with a trypsin/EDTA solution and, after centrifugation (1000 rpm,

4°C for 5 min), the pellet was resuspended. The cells were subsequently seeded on the

patterned substrates with a density of 12500 cells/cm2. On these substrates, cells were

kept in the same culture medium described above for 1 day, replacing the medium the

day after. At day 2, the medium was replaced with one with a 1% concentration of fetal

calf serum.

3.3.2 ImmunoFluorescence Imaging

All the reagents were purchased from Merck KGaA, Darmstadt, Germany, if not stated

otherwise. For the immunofluorescence imaging, we used astrocytes grown on nanos-

tructured films and patterned substrates (dots and micrometric bridges, produced with

silicon stencil masks) for 3 days. We fixed them with 4% paraformaldehyde (PFA)/phosphate

buffered salin (PBS) for 10 min. We then permeabilized the cell membranes with 0.2%

Triton X-100/PBS for 3 min and blocked with 3% bovin serum albumin (BSA)/PBS. Phal-

loidin, tetramethylrhodamine (TRITC) conjugated was used to stain the actin cytoskele-

ton of the cells and Hoechst 33,342 for the nucleus. They were incubated for 45 min in

a humid environment at room temperature. After the staining, the cells were mounted

with ProLong® Gold antifade (MolecularProbes). Images were taken with a SIM confo-

cal microscope (Nikon A1R) with objectives 4×, 10×, and 2× at the UNITECH NOLIMITS

Imaging facility of the University of Milano.
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3.3.3 Calcium Imaging

Hippocampal astrocytes grown for 6 days onto nanostructured films and micropatterned

substrates were loaded with 2 µL Fluo-4 AM (Thermo Fisher Scientific, Invitrogen, Waltham,

MA, USA) for 30 min at 37°C, 5% CO2. During the experiment, the cells were kept in

air, at room temperature, and submerged in Tyrode. This solution contains 119 mM

NaCl, 5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 25 mM HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid), and 30 mM D-glucose, the pH was adjusted to 7.4 with

NaOH, and the osmolarity was adjusted to 300 mOsm. O2 was bubbled into the solution

for the duration of the experiment. The sample was mounted on a customized holder

with tubes enabling constant replacement of the Tyrode solution. We recorded several 5-

min time-lapse fluorescence videos with a microscope (Axiovert 135, Zeiss, Oberkochen,

Germany), equipped with a standard filter set for fluorescein isothiocyanate (FITC) and

a digital camera (Orca-ER, Hamamatsu). Images were taken every 0.4 s.

3.3.4 Characterization of Cell Properties

The phase contrast images were taken with a microscope (Axiovert 40 CFL - Zeiss,

Oberkochen, Germany) equipped with 20×/0.3 ph1, CP-ACHROMAT 10×/0.25 Ph1,

5×/0.12 CP-ACHROMAT objective and with a high-definition photo camera (TiEsseLab

TrueChrome HD II) operated by ISCapture imaging software.

Cell density

We monitored surface cell density of P1 or P2 astrocytes cultured on flat and nanostruc-

tured substrates with a roughness of 10 nm and 15 nm. We repeated the experiment three

times, and for every experiment we had at least 2 replicates for every type of substrate.

We carried out the culture for 5 DIV, and took phase contrast images at day 1, 3 and

5. Initial seeding density was the same for every sample. Cell density was calculated

manually selecting the cells. The analysis was carried out on at least 10 images for every

condition.

Cell morphology

We cultured P1 or P2 astrocytes on flat and nanostructured substrates with a roughness

of 10 nm and 15 nm. We repeated the experiment three times, and for every experiment

we had at least 2 replicates for every type of substrate. We carried out the culture for 5

DIV, and took phase contrast images at day 1, 3 and 5. Initial seeding density was low

enough to guarantee that the culture would not be confluent at day 5, so to be able to

analyze the shapes of independent cells. The cell contour was manually extracted using
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the Image Processing Toolbox from MATLAB (2020b, The MathWorks Inc., Natick, MA,

USA), and in particular the Image Segmenter App. Then, with custom made scripts

developed in MATLAB, we calculated the following parameters:

• the cell area

• the cell complexity

• the cell shape index (CSI) parameter

The cell area was calculated as the number of pixels inside the cell contour, then

converted to µm2.

To calculate the complexity, we first skeletonized the images of a filled cell contour,

that means we extracted the centerline while preserving the topology of the object. To do

it, we used the built-in MATLAB function bwskel, that reduces all objects in a 2D binary

image to 1-pixel wide curved lines, without changing the essential structure of the image.

The complexity was the number of endpoints of the cell skeleton, which corresponded

to the number of cell protrusions.

The CSI parameter was defined as

CSI =
p2

4πA
(3.1)

where p is the cell perimeter, i.e. the number of pixels in the cell contour, and A is the

cell area, i.e. the number of pixels inside the cell contour. The CSI parameter is = 1 for

perfectly round cells, and > 1 for elongated or ramified cells.

Actin cytoskeleton

We converted the immunofluorescence 3D stacks to a single 2D image by performing a

maximum z-projection, using imageJ (NIH, New York, USA, New York). This function

associates to every pixel, the maximum intensity of that pixel over all the images in

the stack. We then used custom scripts developed in MATLAB to calculate the actin

coverage and the width of the actin fibers.

The actin coverage was calculated in the following way. We defined a unique gray

scale intensity interval to which every image was mapped, so to allow comparison be-

tween images. The range boundaries were taken as the highest and lowest gray scale

intensities among the range boundaries of all the images analyzed. We then set a thresh-

old to 25% of the maximum intensity registered, and we binarized the images by setting

to 1 the pixels whose intensity was higher than the threshold. We calculated the number

of ones per cell in every image: that was the defined as the actin intensity. We used the

Image Segmenter tool (MATLAB) to manually extract the cell borders and to calculate
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the pixel area of every cell. The actin coverage was calculated as the percentage of the

actin intensity over the cell area.

To extract the width of actin fibers, we extracted 1D intensity profiles of the actin

cytoskeleton and a profile of the background intensity. We defined a baseline value as

the mean value of the background profile. From the actin profiles, actin fibers were

identified as peaks with prominence higher than 3 times the baseline value. The actin

fibers widths corresponded to the width at half prominence of the peak (extracted with

the MATLAB function findpeaks). We extracted 3 profiles for every cell image analyzed.

For the quantification of both the actin coverage and the actin fiber widths, we ana-

lyzed 10 cells for every condition. The experiment was repeated twice.

3.3.5 Analysis of calcium imaging data

We analyzed the calcium imaging videos with custom-made scripts developed in MAT-

LAB (2020b, The MathWorks Inc., Natick, MA, USA). The fluorescence traces were ex-

tracted as a sum of the intensity of pixels within circular regions of interest (ROI) of

equal radius, with the center corresponding to the most responsive cell somas, located

manually. Each trace was normalized by the baseline intensity value, and an exponential

background was subtracted. We also performed a 10-point box-smoothing of the traces

to reduce the high-frequency noise.

Calcium wave events detection

The fluorescence traces displayed peaks and modulation in correspondence to intracel-

lular calcium elevations. Modulations in traces were identified as significant calcium

elavations only if their fluorescence intensity was higher than a threshold, defined as the

standard deviation of the baseline noise multiplied by 10. We associated to every peak

detected a time tI at which the intracellular calcium elevation begins. We defined tI as

the instant of time at which the fluorescent trace has an intensity equal to half the maxi-

mum peak intensity. In fact, peaks typically display a plateau at the time corresponding

to the maximum intensity values, thus it is difficult to extract a unique time instant for

the peak maximum. The initial calcium elevation instead, is fast with respect to the

video-sampling rate, so a unique time instant corresponding to the half height can be ex-

tracted more easily. Here, we define a calcium wave event as a set of peaks, identified on

different cell traces, which have space-time properties that are compatible with calcium

propagation. Experimentally observed calcium waves in cultured astrocytes and slices

have a velocity of propagation between 15-27 µm/s and a maximal propagation range

of 200-350 µm [295–298]. Therefore, two cells were considered to participate in a calcium

wave event if their mutual distance smaller than 350µm and within a time interval of



23 s, which corresponds to the time needed to travel 350µm at the minimum velocity

of 15 µm/s. Also, calcium wave events that traveled at a velocity > 27 µm/s were ex-

cluded. We made the assumption that the calcium wave could only travel radially [222]

away from the source cell, i.e. the first cell exhibiting a peak. The subsequent cells re-

sponding were taken as secondary sources which could propagate signals radially away

from the primary source. Since calcium elevations can be propagated extracellularly by

diffusion of ATP (see introduction, section 2.2.4), we assumed that also the non-nearest

neighbors could exchange signals.

This analysis was performed with custom scripts developed in Igor Pro (Wavemet-

rics, Lake Oswego, OR, USA).

3.3.6 Statistical analysis

Statistical comparisons were performed using the Kruskall-Wallis test [299] followed by

multiple post hoc comparison analyses carried out using Bonferroni’s method [300]. The

difference was considered statistically significant when the p value was < 0.05, indicated

with the symbol *. p value < 0.01 was indicated as **, and p value < 0.001 as ***.



CHAPTER 4

Stencil-assisted additive nanofabrication of

micropatterned substrates

Supersonic Cluster Beam Deposition (SCBD) has evolved to a point where it meets the

essential requirements for the high-throughput production of cluster assembled films en-

abling the fabrication of micro- and nanodevices [133]. In the last decade SCBD has been

used as an efficient method for the large-scale fabrication of nanostructured interfaces

with reproducible morphological and functional properties for cell culture. Cluster-

assembled zirconia films are not only biocompatible, but they are characterized by a

surface topography which also recapitulates the complex nanoscale features of the ECM.

These substrates are of great interest in biology as cells are able of sensing the nanoscale

topographic features of their microenvironment. The details of the mechanisms ruling

this effect are still unknown (see Chapter 1).

Due to the high collimation of supersonic cluster beams, it is possible to exploit sten-

cil masks for the fabrication of patterned films and reproduce features as small as tens of

micrometer. The deposition of zirconia patterns on glass surfaces previously functional-

ized to be cell-repelling, allows the fabrication of culture substrates able to confine the

adhesion of cells to specific areas and obtain geometrically controlled cell cultures.

Based on this approach, I developed a technique to reproduce simple networks of

brain cells in vitro, controlling its geometry and connectivity by culturing living cells on

zirconia cluster-assembled dots connected by micrometric bridges. The development of

such systems represents a promising tool for bottom-up neuroscience, facilitating the

study of the chemical and electric signaling between small ensembles of cells on a local

and global scale. In the following pages, I report a thorough explanation of the fabri-

cation process of nanostructured micropatterned ZrOx substrates. The technical issues

of this stencil assisted process are presented, highlighting its criticalities and proposing

solutions to overcome them. The effectiveness of the approach is demonstrated with

astrocytes, that can be precisely confined on the adhesive areas of the micropatterns.
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Abstract: The fabrication of in vitro neuronal cell networks where cells are chemically or electrically
connected to form functional circuits with useful properties is of great interest. Standard cell culture
substrates provide ensembles of cells that scarcely reproduce physiological structures since their
spatial organization and connectivity cannot be controlled. Supersonic Cluster Beam Deposition
(SCBD) has been used as an effective additive method for the large-scale fabrication of interfaces with
extracellular matrix-mimicking surface nanotopography and reproducible morphological properties
for cell culture. Due to the high collimation of SCBD, it is possible to exploit stencil masks for
the fabrication of patterned films and reproduce features as small as tens of micrometers. Here,
we present a protocol to fabricate micropatterned cell culture substrates based on the deposition
of nanostructured cluster-assembled zirconia films by stencil-assisted SCBD. The effectiveness of
this approach is demonstrated by the fabrication of micrometric patterns able to confine primary
astrocytes. Calcium waves propagating in the astrocyte networks are shown.

Keywords: micropatterns; nanofabrication; nanostructured zirconia; primary cell networks; cell
confinement; astrocytes

1. Introduction

The in vitro fabrication of cell networks able to simulate the basic elements constituting
brain circuits and to maintain their native connectivity is of strategic importance for the
understanding of brain circuits’ physiology. An emerging field is bottom-up neuroscience,
in which basic cellular elements of the brain are thoroughly analyzed to understand the
functioning mechanism of higher-level circuits and eventually of the brain as a whole [1–3].
This approach is rewarding, but the interpretation of results is not straightforward, because
a functional dissection of each single elementary module from its interacting counterparts
is needed. One way around it is to assemble tailored cell networks in vitro by culturing
cells on substrates specifically engineered to restrict neural cell adhesion to specific areas
that match the topology of simple neural networks [4–6]. Such simplified systems of
brain cells represent a tool to perform functional studies as it was demonstrated that
small cultures on grid networks yield electrophysiological properties similar to random,
brain-scale preparations, despite their unique topology and connectivity [5].

Substrates with controlled topography and chemical composition at the micro- and
nano-scale are considered very effective platforms for the study of complex behavior such

Micromachines 2021, 12, 94. https://doi.org/10.3390/mi12010094 https://www.mdpi.com/journal/micromachines
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as neural cell signaling and to develop high-throughput protocols for drug screening and
cell-based therapeutic solutions [7–10]. In addition, surfaces with well-defined nanoto-
pographical properties that mimic the ones present in natural extracellular matrix (ECM)
are of particular interest, in the field of mechanobiology, to explore mechanotransduction-
dependent modulations of cell phenotype development, adhesion, differentiation, motility,
and apoptosis [11,12].

Several methods for substrate micro- and nano-patterning are based on the selective
modification of the surface chemistry to create cell-adhesive/repelling regions [11–13].
Among the most widespread methods for chemical patterning, micro-contact printing
(MCP) [14] relies on the pattern transfer of the ink of interest from a soft stamp, usu-
ally made of polydimethylsiloxane (PDMS) or poly(methyl methacrylate) (PMMA) to a
substrate. The master mold is usually a silicon wafer microfabricated with photo-resist
lithography (PRL). This technique is simple and flexible towards the choice of substrate
and of the ink to be patterned. On the other hand, the fabrication of the master mold is
expensive, and the complex multi-step process is time consuming [8,12].

An alternative solution to MCP exploits commercial inkjet printers with simple hard-
ware modifications to create fouling/anti-fouling patterns by directly jetting the chemicals
of interest on suitable substrate. This is a low-cost solution for large-scale printing, however,
only inks with certain fluidic properties can be printed and the smallest lateral resolution
achievable is usually 100 µm. Resolutions down to 1 µm can be achieved with complex
and expensive hardware modifications [8,12].

An approach transversal to different fabrication methods is stencil-assisted patterning
(SAP). Soft or rigid stencil masks can be fabricated with different techniques (e.g., PRL,
ion beam milling, laser cut, chemical etching). Different physical, chemical, or physico-
chemical techniques are then used to deposit active species through the mask. Advantages
and limits depend on the mask fabrication and deposition techniques used to obtain a
certain lateral resolution [8,12].

Topographical patterns at the microscale can be obtained by using top-down subtrac-
tive technologies typical of silicon-based MEMS production. Fabrication of simple basic
motifs such as grooves, pillars, dots with different dimensions, and pitches has been re-
ported in order to reproduce and to recapitulate the elemental topographical cues that may
influence the cell behavior [15,16]. In general, these high-precision fabrication methods
have the advantage to be scalable, although with some difficulties. On the other hand,
they are quite expensive and basically limited to silicon substrates. Most importantly, it
is yet to be demonstrated that starting from simple topographical motifs one can realis-
tically reconstruct the ECM topographical complexity that mediates all the interactions
between the cell and its environment [16,17] that are of particular importance also in the
neuronal context [18]. In fact, ECM topography is based on a very complex and random
entanglement of nanoscale fibers and crosslinked reticular structures [19].

During the last decade, we developed an additive method to fabricate surfaces with
multiscale controlled disorder quantitatively mimicking the nanoscale topography of bi-
ological systems [20–23]. We concentrated on titania and zirconia surfaces, because of
their biocompatibility and their widespread use as implant and prosthetic materials [24,25].
Our bottom-up fabrication method is based on supersonic cluster beam deposition (SCBD)
to produce nanostructured films with a nanoscale topography whose roughness can be
accurately and reproducibly controlled and varied [23,26–28]. This allows us to fabri-
cate substrates that mimic the intricated morphological characteristics of the ensemble
of nanoscale components making up the ECM [23]. The precise control over nanoscale
topography can be easily obtained over macroscopic areas, as it is required for the large
number of experiments typical of in vitro biological assays, and compatible even with exi-
gent (phospho)proteomics-based approaches [29]. SCBD allows to fabricate nanostructured
films with a controlled morphology at the nanoscale. Standard physical vapor deposition
techniques based on atom assembling for thin film deposition produce microcrystalline
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structure with no control on the nanoscale surface morphology, as discussed in detail in
References [27,28].

Here, we report the high-throughput fabrication of micropatterned nanostructured
substrates based on SAP, which can confine cells. The peculiarity of our approach is that it
enables both cell confinement and replication of an ECM-like morphology on the substrate.
This methodology essentially consists of two steps: an anti-fouling molecule is applied to a
flat substrate, such as silicon or glass, in order to create a cell-repellent monolayer; then,
a nanostructured zirconia (ns-ZrOx) coating is added via SCBD through stencil masks to
create the cell-adhesive regions with controlled nanoscale roughness.

We previously showed that this approach is valid in Reference [30], where we success-
fully confined a neuronal cell line, PC12, and primary hippocampal neurons on ns-ZrOx
dots of 150 µm diameter. In this work, we demonstrate that it is possible to fabricate
much more complex patterns formed by interconnected microstructures, with features as
small as tens of micrometers. Moreover, we obtained cell confinement with primary astro-
cytes, a type of glial cells able to grow elongated processes and known to be particularly
adaptive [31,32]. We also report the observation and characterization of calcium waves
propagating in a confined astrocyte network as a proof-of-principle of the effectiveness of
our method.

2. Materials and Methods
2.1. Substrate Fabrication

The main steps for substrate fabrication are summarized in Figure 1: (a) an anti-fouling
molecule is grafted to the surface of a glass substrate, (b) a nanostructured zirconia coating
is deposited via SCBD through stencil masks, to create the cell-adhesive regions, and (c) the
result is a selectively antifouling substrate where cells attach only on the adhesive areas.
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Figure 1. Schematic representation of the fabrication process of substrates for cell confinement.(a) The substrate is functionalized
with the cell repelling copolymer PAcrAm-g-(PMOXA, NH2, Si). (b) A micropatterned film of ns-ZrOx is deposited via
Supersonic Cluster Beam Deposition (SCBD). (c) Cells are plated on the substrates and they adhere only to the ns-ZrOx pattern.

The antifouling molecule is the copolymer PAcrAm-g-(PMOXA, NH2, Si) that binds
covalently to the hydroxylated surface [33] without affecting its roughness significantly,
see Figure S1 in the Supplementary Information. In the latter, the detailed protocol for the
substrate cleaning and functionalization is reported.

Nanostructured zirconia patterns are deposited by a SCBD apparatus equipped with a
pulsed microplasma cluster source (PMCS). The details of nanostructured film fabrication
process can be found in References [27,28,34].

Figure 2a reports a schematic representation of the SCBD apparatus. In brief, in the
PMCS, a zirconium rod is ablated via an aerodynamically confined plasma discharge
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ignited after the injection of a high-pressure Ar pulse [35]. The ablated species thermalize
with the injected gas and condense to form zirconia clusters inside the source cavity. The
latter is connected through a nozzle to a high-vacuum chamber [36]. The cluster/Ar
mixture expands into vacuum to form a supersonic seeded beam that impinges on the
substrates that are mounted on a sample holder placed at the center of the vacuum chamber
(Figure 2a), thus forming a nanostructured zirconia film. Since the nanoscopic roughness
of the film is directly proportional to its thickness, we can reproducibly control and tune
the surface nano-topographical properties of the cluster-assembled films [27].
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Figure 2. (a) Schematic representation of the SCBD apparatus (not to scale): the cluster beam is produced by the pulsed
microplasma cluster source (PMCS) equipped with a zirconium rod and it impinges on the sample holder. By rastering the
sample holder, a patterned film is deposited on all the samples. (b) Design of the sample and stencil mask holder. The three
parts ensure the right positioning of the stencil masks with respect to the deposition substrates.

A sample holder hosts the deposition substrates (here glass substrates) and the stencil
masks (Figure 2b): the sample holder comprises a base and locker frame, fabricated with
mechanical machining of aluminum slabs, holding substrates and stencil masks together,
and a substrate frame that ensures the substrates’ position. A 4-axis motorized manipulator
allows the rastering of the sample holder in order to obtain a uniform deposition over an
area of 200 × 40 mm. The holder hosts a quartz microbalance to monitor the deposition
rate of zirconia clusters.

2.2. Stencil Mask Fabrication and Characterization

We used stencil masks fabricated with two different techniques: laser cutting (LC) of
thin stainless-steel foils and photo-resist lithography (PRL) of silicon wafers. Different pat-
tern designs were evaluated (sub-millimetric dots with or without micrometric channels),
and some examples are reported in Figure 3. LC steel masks with dots were purchased
from Lasertech Srl (Cernusco sul Naviglio, Milan, Italy), and LC steel masks with dots
and micrometric channels were obtained from Kirana Srl (Rovereto, Trento, Italy). The
detailed characteristics of the masks with the main features of the stencil patterns are listed
in Table S1 of the Supplementary Information.
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Figure 3. A selection of stencil masks used in this work: design of the mask (bottom) and phase contrast images of details of
the pattern (top). (a) Stainless-steel mask patterned with dots of diameter 150 µm, interaxial distance 500 µm, 150 µm thin
(mask A, Supplementary Table S1). (b) Stainless-steel mask patterned with dots and channels. The diameter of the dots
is 250 µm, the interaxial distance is 500 µm, and the channels are 20 µm wide. The mask thickness is 50 µm (mask Q13,
Supplementary Table S1). (c) Silicon mask patterned with dots and channels. The dots’ diameter is 100 µm and the interaxial
distance is 500 µm. Alternating lines of dots are connected by 20 or 50 µm wide channels. The patterned area is 100 µm thin
(mask Q19, see Supplementary Table S1).

LC stainless-steel masks present several advantages: they are cheap, easy-to-handle,
and, in principle, reusable indefinitely, provided that an effective cleaning protocol can be
established (see the Supplementary Information).

Concerning precision and pattern reproducibility, the LC technique suffers from
fabrication defects due to, for example, the re-solidification of drops of metal or loss
of planarity of the masks, due to inefficient heat dissipation. Figure 4a,b report optical
micrographs of LC stainless-steel masks (the thickness is respectively 150 and 50 µm) with
defects like jagged opening borders.

Meanwhile, PRL of silicon allows the manufacture of stencil masks with a high level
of precision: features with dimension in the range of a few µm are accurately reproduced.
These stencil masks were fabricated starting from a 6” (100) silicon wafer. By using Deep
Reactive Ion Etching (DRIE), the features defined by lithography were etched on the silicon
frontside, and then, by removing a wider area from the backside, a membrane thickness
of 100 µm was obtained. Figure 4c,d show a selection of scanning electron microscope
(SEM) images of details of PRL silicon masks. There are no visible fabrication defects in any
pattern detail and the openings’ borders are smooth. The 20 µm large channel of Figure 4d
is produced with no defects. PRL silicon masks are more expensive and much more fragile
than LC stainless-steel masks.
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Figure 4. Details of stencil masks produced with LC of stainless-steel foils and with photo resist lithogra-
phy (PRL) of silicon. (a) Optical micrograph of 150 µm wide holes of LC steel mask with jagged borders
(mask A, Supplementary Table S1). (b) Optical micrograph of a 20 µm wide channel of LC steel mask with
a re-solidified drop of metal closing-up the channel opening (mask Q13, Supplementary Table S1). (c) SEM
image of 250 µm wide dots with an interaxial distance of 500 µm. The channels connecting the dots are
50 µm wide (mask Q19, Supplementary Table S1). (d) SEM image of 100 µm wide dot with a 20 µm wide
channel (mask Q16, Supplementary Table S1). Images (c,d) were acquired using a SEM (VEGA3 TESCAN)
with a 10 kV electron beam at different magnifications.

2.3. Morphological and Optical Characterization

Atomic force microscopy (AFM) was used to characterize the surface morphology
of the substrates and of the films, using a Multimode 8 microscope produced by Bruker.
We acquired 5 images of extension 2 × 1 µm of the samples in order to characterize the
morphologies of the nanostructured zirconia at the nanoscale. AFM was operated in
air in tapping mode, using silicon nitride cantilevers mounted onto single-crystal silicon
tips with a nominal radius < 10 nm, a resonance frequency in the range of 250–400 kHz,
a scan rate of 1 Hz, and a sampling resolution of 2048 × 512 points. The images were
flattened by line-by-line subtraction of first- and second-order polynomials in order to
remove artifacts, due to the sample tilt and the scanner bow. From flattened AFM images,
the root-mean-square surface roughness (Rq) was calculated as the standard deviation of
the surface heights.

The phase contrast images were taken with a microscope (Axiovert 40 CFL, Zeiss,
Oberkochen, Germany) equipped with 20×/0.3 ph1, CP-ACHROMAT 10×/0.25 Ph1, 5 ×
/0.12 CP-ACHROMAT objective and with a high definition photo camera (True Chrome
HD II, TiEsselab) operated by ISCapture imaging software.

2.4. Cell Culturing

In this work, we used primary astrocytes derived from the hippocampus of neonatal
Sprague-Dawley rats (Charles River Laboratories Italia). All the procedures were performed
according to the research and animal care procedures approved by the institutional animal
care and use committee for good animal experimentation of the Scientific Institute San
Raffaele complying with the code of practice for the care and use of animals for scientific
purposes of the Italian Ministero della Salute (Ministry of Health) (IACUC No. 728).
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After extraction, the cells were maintained in MEM medium supplemented with
10% fetal calf serum, 33 mM of glucose, 2 mM of Glutamax, and 2 U/mL of Penicillin-
Streptomycin (all reagents were obtained from Thermo Fisher Scientific, Gibco Mas-
sachusetts, USA, if not stated otherwise). Cells were grown on standard culture substrates
for 12 days in vitro (DIV) at 37 ◦C and 5% CO2, and every 3 days, the culture medium was
replaced. Cells were then detached with a trypsin/EDTA solution and, after centrifugation
(1000 rpm, 4 ◦C for 5 min), the pellet was resuspended. The cells were subsequently seeded
on the patterned substrates with a density of 12,500 cells/cm2. On these substrates, cells
were kept in the same culture medium described above for 1 day, replacing the medium
the day after. At day 2, the medium was replaced with one with a 1% concentration of fetal
calf serum. The following days, the medium was replaced every 3 days. The immunofluo-
rescence images were taken after 3 DIV, whereas the calcium imaging experiments were
performed after 6 DIV.

2.5. Immunofluorescence Imaging

All the reagents were purchased from Merck KGaA, Darmstadt, Germany, if not
stated otherwise.

For the immunofluorescence imaging, we used astrocytes grown on our patterned
substrates (dots and micrometric bridges, produced with silicon stencil masks) for 3 days.
We fixed them with 4% paraformaldehyde (PFA)/phosphate buffered salin (PBS) for 10
min. We then permeabilized the cell membranes with 0.2% Triton X-100/PBS for 3 min
and blocked with 3% bovin serum albumin (BSA)/PBS. Phalloidin, tetramethylrhodamine
(TRITC) conjugated was used to stain the actin cytoskeleton of the cells and Hoechst
33,342 for the nucleus. They were incubated for 45 min in a humid environment at room
temperature. After the staining, the cells were mounted with ProLong® Gold antifade
(MolecularProbes).

Images were taken with a confocal microscope (Nikon A1R) with objectives 4×, 10×,
and 20× at the UNITECH NOLIMITS Imaging facility of the University of Milano.

2.6. Calcium Imaging

Hippocampal astrocytes grown for 6 days onto a patterned film (100 µm dots con-
nected by 50 and 20 µm wide bridges, produced with a silicon mask) were loaded with
2 µm Fluo-4 AM (Thermo Fisher Scientific, Invitrogen, Waltham, MA, USA) for 30 min at
37 ◦C, 5% CO2. During the experiment, the cells were kept in air, at room temperature,
and submerged in Tyrode. This solution contains 119 mM NaCl, 5 mM KCl, 2 mM CaCl2,
2 mM MgCl2, 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and
30 mM D-glucose, the pH was adjusted to 7.4 with NaOH, and the osmolarity was adjusted
to 300 mOsm. O2 was bubbled into the solution for the duration of the experiment. The
sample was mounted on a customized holder with tubes enabling constant replacement of
the Tyrode solution.

The cells were stimulated with a 100 mM L-Glutamic acid solution (monosodium
salt, acquired from Sigma Aldrich, Saint Louis, MO, USA). Droplets of the stimulating
solution of volume < 4 pL were delivered with a pressure application device (PDES-01T,
npi electronic, Tamm, Germany) equipped with glass micropipettes pulled to have a tip
diameter of approximately 3 µm. To wash away the stimulation solution right after its
application and limit direct stimulation to few cells located in a restricted area, we used
three parallel pipettes of diameter 500 µm filled with Tyrode that ensured a constant flow
of solution washing away the glutamate at the stimulated site.

We recorded several 5-min time-lapse fluorescence videos with a microscope (Axiovert
135, Zeiss, Oberkochen, Germany), equipped with a standard filter set for fluorescein
isothiocyanate (FITC) and a digital camera (Orca-ER, Hamamatsu).

We analyzed the videos with custom-made scripts developed in MATLAB (2020b, The
MathWorks Inc., Natick, MA, USA). The fluorescence traces were extracted as a sum of
the intensity of pixels within circular ROIs (Regions of Interest) of equal radius, with the
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center corresponding to the most responsive cell somas, located manually. Each trace was
normalized by the baseline intensity value, and a linear background was subtracted. We
also performed a 10-point box-smoothing of the traces to reduce the high-frequency noise.

3. Results and Discussion
3.1. Replication of Micrometric Stencil Masks’ Features

SCBD is particularly effective for the fabrication of micropatterned thin films exploit-
ing stencil masks [37]. The high degree of collimation, typical of supersonic expansions,
allows large lateral resolution in the replication of features down to tens of micrometers.
The use of aerodynamic lenses allows control on the cluster transverse velocity and mass
distribution, with no significant loss in beam flux [38]. The result is a highly focused
beam, with a strong intensity gradient decreasing from the center to the periphery, which
results in the deposition of films with a relevant radial thickness variation over small areas,
typically on the millimetric scale [39].

Films with a homogeneous thickness over large areas can be obtained by rastering the
deposition substrates in the plane perpendicular to the beam axis. This allows averaging out
the radial intensity dependence. However, rastering reduces the accuracy of reproduction
of the stencil mask pattern. In fact, every portion of the deposition substrate will receive
clusters impinging with trajectories whose angles with respect to the normal span from
zero to the divergence angle of the beam. The penumbra effect around the edges of the
patterned deposits causes blurred borders due to clusters overcoming the area located
underneath the stencil mask opening.

Figure 5 reports a schematic representation of the deposition process. In the different
source–substrate relative positions (Figure 5a), the inclination of the portion of the beam
intercepted by each stencil mask opening varies. Figure 5b focuses on one opening of the stencil
mask and highlights how the cluster beam overcomes the area under it, due to the non-zero
distance between the mask and the substrate and to the inclination of the cluster beam.
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Figure 5. Schematic representation of a beam passing through a stencil mask and impinging on a
substrate. (a) Rastering process: three different source–substrate relative positions are displayed, in
which each opening intercepts a portion of the beam with a different inclination. (b) Single mask
opening of extension a. A portion of the cluster beam passes through a stencil mask of thickness t with
angle α and impinges on a substrate at a distance dm from the mask. Due to the non-zero inclination of
the beam with respect to the normal to the substrate plane and the presence of a gap between the mask
and the substrate, the beam overcomes the pattern borders, producing an enlargement e. Also, the
right side of the pattern is not completely covered, causing a reduction of extension r in the deposition.

Figure 6 reports the height profile of a patterned film resulting from a perfectly focused
cluster beam, where the transverse velocity component of each cluster is negligible (red
dotted line), and one resulting from a beam with clusters of different transverse velocities
(black, continuous line). The blurring effect consists of both an enlargement of the pattern
feature overcoming the borders of the stencil mask holes, in Figure 6 indicated with e, but
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also of a reduction in the thickness of the layer deposited close to the borders of the stencil
mask holes, indicated by r. The sides of the latter have a shape that reflects the distribution
of the transverse velocities of the clusters. The rising width w of the profile is given by the
sum of the enlargement e and the reduction r.
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Figure 6. Schematic representation of patterned film height profile obtained with SCBD through
a stencil mask, with a non-divergent beam (red dotted line) and with a divergent beam (black
continuous line). The cluster beam divergence is responsible for a blurring effect. The lateral sides of
the profile rise gradually, with a width w, given by the sum of the enlargement of the mask opening e
and the width of the profile that does not reach the maximum height of the film, due to the penumbra
effect, r.

The blurring effect can be explained with a purely geometric argument. In fact, with a
beam of maximum divergence angle αmax and a stencil mask of thickness t at a distance dm
from the deposition substrate, the amplitude of this rising width w can be calculated as:

w = e + r = (2 dm + t) tan(αmax) (1)

In order to increase the step sharpness, one should produce a more focused cluster
beam, for example, by increasing the supersonicity of the beam [40]. One should also
reduce as much as possible the mask-substrate dm distance and use thin stencil masks (i.e.,
reduce t). In this specific case, the measured divergence angle of the cluster beam is αmax
= (5 ± 1)◦, the silicon mask thickness corresponds to t = (100 ± 1) µm, and the estimated
mask–substrate distance is dm = (50 ± 10) µm. With these values, according to Equation (1),
we expect a rising width w = (17.5 ± 5.9) µm.

The finite distribution of transverse velocity of the clusters in the supersonic beam is
an additional source of pattern distortion. In fact, clusters impinging on the lateral borders
of the stencil masks’ openings tend to accumulate progressively during the deposition,
causing a clogging effect of the stencil mask pattern. Figure 7 schematically shows how
the stencil mask opening’s diameter gradually decreases as more and more material is
deposited on the borders.
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This produces a progressively conical shape of the deposit. The rising width w is
further increased, as the contribution of the clogging effect is summed with the geometric
blurring, as described above (Equation (1)). The clogging effect’s contribution to w is
smaller than the thickness of the deposited film, but it is relevant when the film thickness
is comparable to the lateral dimensions of the stencil mask pattern features. In the present
work, we deposited films with thickness below 210 nm, and therefore clogging is negligible.

Progressive mask clogging may represent a limit when fabricating patterned films of
highly homogenous thickness: the extension of the homogeneous area imposes a limit of
the film thickness. On the other hand, as Barborini et al. showed in Reference [40], this
effect can be exploited to fabricate nanostructured three-dimensional (3D) objects with
controlled geometrical properties, such as nanostructured tips.

Lastly, the quality of the stencil masks is crucial for the accurate reproduction of stencil
patterns on substrates. Any defect in fabrication of the stencil mask will be transferred on
the patterned film in an amplified manner due to the clogging effect. Among the different
approaches available for the fabrication of stencil masks, we tested two different types of
masks: LC stainless-steel foils and silicon sheets patterned with PRL. Stencil masks should
be as thin as possible and non-deformable to guarantee a constant separation between the
mask and the substrate over the whole deposition area.

Due to their fabrication defects, steel stencil masks are suitable for patterns with
features of dimensions of the order of 100 µm and when the requirements of pattern
transfer concern the extension of the pattern feature areas and not the fine micrometric
details of the pattern. The jagged borders of the stencil masks do not compromise the
overall pattern topology as they are much smaller than the mean dimension of the pattern
features (see Figure S2 in the Supplementary Information).

When the width of LC steel mask’s opening is of a few tens of micrometers, the effect
of the edge defects becomes more relevant. This is particularly evident, for example, in the
pattern given by dots connected by 20 µm wide bridges. The width of the border of the
micro-bridges has wiggles of dimensions comparable to the bridge width, therefore the
topography is severely affected (see Figure S3 in the Supplementary Information). Defects
like consistent wiggles and interruptions in channels were found to affect between 40%
and 70% of the channels in each mask.

Higher levels of accuracy in the reproduction of micrometric patterns can be obtained
with PRL silicon masks. They present perfectly regular openings, in the micrometric
range, so the transferred patterns are only affected by the defects deriving from the beam
divergence. The phase contrast images reported in Figure 8a,b show zirconia patterns
deposited with PRL silicon masks: the dots are circular, and their borders are smooth,
with no wiggles. The bridges present no interruptions, and their width is constant over
their whole extension. In Figure 8c, AFM height profiles of micrometric bridges of width
50 µm (blue trace) and 20 µm (red trace) are reported. Both profiles display a plateau
area in the central zone of the bridge and a rising width, w, of ~20 µm, compatible with
the expected value and irrespective of the channel width. This result is coherent with
Equation (1), since the blurring effect does not depend on the width of the mask opening.
Although the two height maps were measured on the same sample, the two microbridges
have different plateau heights due to the blurring effect at the borders. Here, the width of
the channel on the mask is comparable to the rising width of the nanostructured zirconia
bridge; therefore, the whole pattern width is affected by blurring. The maximum height of
the deposit cannot reach the value expected in an un-patterned area.
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dots is 100 µm, in (b) 250 µm (referring to Supplementary Table S1, the labels of the masks are respectively Q16 and Q19).
Alternating rows of dots are connected by 20 and 50 µm wide bridges. (c) Atomic force microscopy (AFM) height profile
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profiles were measured on different portions of the same sample: the thickness difference clearly visible in the two profiles
can be attributed to the more effective blurring on the smaller mask openings.

3.2. Nanostructured Morphology of the Micropatterns

The possibility of controlling the zirconia morphology at the nanoscale [36] and its
homogeneity on the whole patterned sample is of pivotal importance since a small change in
the morphological properties of the substrate can determine different functional properties
of the thin film and promote specific mechanotransductive signals to the cells [20,21,29,41].

Figure 9 shows the AFM images of the nanostructured zirconia of micrometric bridges
characterized by different widths (20 and 50 µm). As mentioned before, when the width of the
mask channel is comparable to the dimension of the lateral height gradient of the nanostructured
zirconia bridge (as is the case for the 20 µm wide bridge), the highest thickness of the deposited
film, characterizing the central plateau, is lowered due to the blurring effect.
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The resulting surface roughness, Rq, also decreases, since it depends on the film
thickness, t, according to a simple scaling law, Rq ~ tβ [42], where the growth exponent, β,
is 0.4 [36].

The morphological properties of nanostructured zirconia in different regions of the
micrometric patterns are summarized in Table 1.

Table 1. Morphological properties of the nanostructured zirconia in different pattern features on
the sample.

Geometry of the Pattern Thickness (nm) Roughness (nm)

Dot (250 µm diameter) 205 ± 5 19.5 ± 0.7
Bridge a (50 µm wide) 192 ± 5 19.0 ± 0.8
Bridge b (20 µm wide) 162 ± 4 16.5 ± 0.1

In biological applications, it was demonstrated that substrates with different nano-
roughness provide distinct biophysical stimuli that can have a direct impact on mechan-
otransducive cellular structures (such as the integrin adhesion complexes and the cytoskele-
ton) and eventually cell development and functioning [18,20,21,29].

3.3. Cell Confinement

The effectiveness of our approach in cell confinement with patterned substrates has
already been demonstrated with a neuronal cell line, PC12, and with primary hippocampal
neurons [30].

Here, we use primary hippocampal astrocytes, a type of brain cells whose biological
function has recently been demonstrated to be closely related to neuron signaling [31].
Previously believed to have a mere supportive role in the central nervous system, there is
now evidence that astrocytes participate actively in synaptic transmission. The concept of
tripartite synapse has been developed to describe the spatial proximity but also functional
relation between pre- and post-synaptic neurons and astrocytes at the synaptic level [43].

On standard culture substrates, astrocytes grow in unorganized, interwoven monolay-
ers, in which it is challenging to discriminate the functional connections between adjacent
cells. Also, a uniform layer of cells hardly compares to the complex anatomical structures
in which astrocytes are found in vivo.

Confining these primary astrocytes is particularly challenging as they can grow elon-
gated processes and express a wide variety of cell adhesion molecules [32,44]. Astrocytes
accordingly display a remarkable adaptive plasticity and adhere to many different sub-
strates, allowing, e.g., the interaction with the brain interstitial matrix and the basement
membrane in the vicinity of brain capillaries, or to enwrap neuronal components’ sur-
faces [31,44]. Substrates must be fabricated exploiting a combination of materials with
robust and stable in time cell-adhesive/repelling properties. Here, we show that the pat-
terned cluster-assembled zirconia substrates represent an effective platform to constrain
adhesion of astrocytes onto specific areas and make them follow specific designs deter-
mined a priori. We underline that the zirconia films are used in their original state, with
no further functionalization to enhance adhesion (such as poly-L-ornithine and matrigel)
prior to cell plating.

We tested the patterns with micrometric resolution comprising zirconia bridges con-
necting dots, fabricated with the procedure described above and using PRL silicon masks.
The immunofluorescence images of Figure 10 display the staining of the actin cytoskeleton
(red, phalloidin TRITC conjugated) and of the nuclei (blue, Hoechst 33,342) of astrocytes at
3 DIV confined on patterns of dots connected by bridges of different dimensions.
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Figure 10. Immunofluorescence images of primary hippocampal astrocytes confined on patterned zirconia substrates, fixed
and stained after 3 DIV. The actin cytoskeleton was stained with phalloidin, tetramethylrhodamine (TRITC)- conjugated,
red) and the cell nucleus with Hoechst 33,342 (blue). (a) Actin cytoskeleton of astrocytes plated on alternating rows of
isolated dots and dots connected by microbridges. In the first and fifth row, the microbridge is 50 µm wide, and in the third
row, 20 µm. The dots have a diameter of 100 µm. (b) Focus on a 20 µm wide microbridge. (c) Focus on a dot of diameter 250
µm. The shapes of the cells adapt to the geometry of the portion of the pattern that they occupy, cells on bridges have an
elongated shape and processes, oriented parallel to the direction connecting the dots. (d) A triplet of 100 µm diameter dots
connected by a 20 µm bridge. This image was obtained by combining several 10× images.

In Figure 10a, a low-magnification image shows the actin cytoskeleton of cells in dif-
ferent confinement configurations, i.e., on triplets of dots connected by 20 and 50 µm wide
bridges, and on isolated dots. Astrocytes grow only on the adhesive patterned areas and
remain confined both on the single dots and on the interconnected triplets of dots. The
images in Figure 10b, c show details of pattern features, a 20 µm bridge and a dot of
250 µm diameter, respectively. The image in Figure 10d was obtained by stitching together
several 10× images (using the grid stitching plugin of ImageJ, NIH, New York, NY, USA).

Interestingly, cells tend to take on the shape of the underlying pattern: cells on the
borders of the dots adapt to their circular shape, whereas cells on the micrometric bridges
are elongated toward the direction connecting the dots. On the micrometric bridge, an
alignment of the cytoskeleton actin components in the direction parallel to the bridge is
clearly visible.

Astrocytes are homogeneously distributed on the adhesive area of the samples, and
very few cells adhere on the cell repelling area. A statistical analysis of the images, carried
out by counting the nuclei of the cells (average over 5 images), showed that 93% of the
cells adhering on the sample surface can be found on the ns-ZrOx adhesive area portions,
occupying only 6% of the total surface available. In more detail, 85 % of the cells are
strictly inside the nominal dimension of the pattern feature, 7% are on the border, in contact
with the cells within the patterned area, and only 7% of the cells actually adhered on the
cell-repelling surface, with no contact with the cells on the ns-ZrOx areas.

We are thus able to guarantee an optimum level of cell confinement and to determine
a priori the geometry of the astrocyte network; potentially, we can also control the shape
of the single cells. This is a particularly relevant result from the biological point of view:
cells of the same type acquiring different shapes can show relevant physiological differ-
ences [45,46]. There is evidence suggesting that astrocytes do not have a homogeneous
morphology throughout the brain, with potential implications regarding brain ageing and
neurodegenerative diseases [47,48]; however, it is still not understood how astrocyte shape
could be physiologically relevant. The possibility of controlling cell shape by fabricat-
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ing ad hoc patterned substrates can provide a platform for a rich variety of experiments
concerning cell morphology with astrocyte ensembles mimicking anatomical structures.

3.4. Testing the Functionality of the Network

Astrocytes can propagate signals in the form of calcium waves, mediated by channels
called gap junctions. Moreover, synchronized calcium activity in astrocyte ensembles
has been observed: this provides a mechanism for signal transmission in an organized
functional network [49–51].

Cell patterning represents a viable strategy to assemble topologically controlled net-
works of astrocytes in vitro with a physiologically relevant geometrical shape. These
specific platforms represent an important tool that enables the systematic study of calcium
wave propagation in astrocytic networks, thus allowing a better understanding of the role
of these cells in synaptic signaling in the central nervous system.

We tested the functionality of the astrocyte network on our patterned substrates with
calcium imaging, exploiting the Fluo-4 fluorescent indicator. This molecular probe signals
the variation of intracellular calcium concentrations. We observed the propagation of
calcium waves through neighboring cells both occurring spontaneously and elicited by the
application of 100 mM glutamate solution droplets (volume < 4 pL). Astrocytes are known
to respond to glutamate, inducing the opening of ion channels and the subsequent rise in
cytoplasmic free calcium, which can propagate to neighboring cells [47].

In Figure 11a, we report a fluorescence image of the calcium signal from astrocytes
seeded on a patterned substrate. Here, two dots of 100 µm diameter connected by a
50 µm wide bridge are depicted, the third dot is out of the field of view. The border of
the zirconia pattern is highlighted with a blue line, and each ROI, corresponding to a cell,
is signaled with a red circle and labelled with an index. The indexes are assigned so that
ROIs labelled with a lower number correspond to cells closer to the micropipette, whereas
“a” and “b” refer to cells on the right and left with respect to the micropipette. The light
blue triangle represents the micropipette delivering the glutamate-stimulating solution. In
Figure 11b,c, the fluorescent intensity time traces measured from each ROI are reported,
with no stimulus (spontaneous activity) and with stimulus (elicited activity), respectively.

The stimulus consisted in the delivery of a droplet of glutamate solution every 30 s
(the pressure application device was triggered every 30 s for 50 ms, thus delivering droplets
of equal volume < 4 pL), and in the graph, this is indicated by the red triangular markers.
In both graphs, the traces are ordered following the position of each ROI with respect
to the direction parallel to the bridges, from left to right. The triangle representing the
micropipette is reported in Figure 11c, between the traces of ROIs 1a and 1b, corresponding
to the two cells closer to the stimulus.

The fluorescence intensity traces registered without and with the periodic glutamate
stimulus reveal a distinct behavior in the calcium activity of the astrocytic network. When the
cells are not stimulated, spontaneous bursts of increasing intracellular calcium concentration
take place and propagate to a few adjacent cells, see for example traces 10a, 11a, 12a, and 13a,
which all present a peak at approximately 204 s. The burst is localized within 135 µm, the
distance projected onto the direction parallel to the bridge between cell 13a and 10a.

Instead, when the glutamate stimulus was applied, we observed a periodical rise in
intracellular calcium in non-adjacent cells, and the stimulus propagated through cells on
different sites of the bridge, further away from the micropipette opening. Traces relative to
cells on both sides of the pipette, more than 370 µm apart (see, for example, 5b and 10a), all
displayed peaks at similar times, proving that geometrically confined astrocytes behave as
a functional network.
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Figure 11. Calcium imaging of astrocytes confined on a micropatterned ns-ZrOx sample. (a) Section
of a fluorescent image of the calcium signal from astrocytes seeded on a sample patterned with dots
of diameter 100 µm, 500 µm apart and connected by 50 µm wide bridges. Only two dots are included
in the field of view. The border of the zirconia pattern is highlighted with a blue line. Red circles
include each Region of Interest (ROI), corresponding to a cell. The labels report an index to allow the
reader to identify the position of the cell with its calcium trace reported in the graphs below. The light
blue triangle represents the micropipette delivering the stimulating solution. (b,c) Graphs reporting
the calcium traces measured from the ROIs reported in image (a) when cells are non-stimulated and
periodically stimulated with glutamate, respectively. The triangular markers on graph (c) indicate the
application of the glutamate solution, every 30 s, and the light blue triangle represents the position of the
pipette with respect to the cells. The indexes’ number increases for increasing distance of the cells from
the pipette tip, and the letters a and b indicate whether cells are of the right or left side of the pipette.

This is a proof-of-principle that this approach provides a reliable method for the
study of calcium waves in geometrically defined networks of astrocytes. A systematic
characterization of the calcium propagation of cells grown of substrates with different
nano-roughness or geometrical features of the pattern potentially mimicking the shapes of
significant anatomic structures will be provided in future works.

4. Conclusions

We developed a versatile and reliable experimental protocol to produce culture sub-
strates for cell confinement onto different micrometric patterns, with an ECM-mimicking
surface nanotopography. The nanostructured micropatterned zirconia films are deposited
with the SCBD through stencil masks on glass substrates prepared with an anti-fouling
treatment. Compared to other micro-fabrication techniques, this method provides cell con-
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finement by exploiting a biocompatible material, with a nanoscale topography reproducing
the natural environment of cells. Compatibly with the need of a large number of samples
typical of biological experiments, our method is suitable for production on a large scale.

In this work, we showed a strategy that enables to reproduce patterns with controlled
topographical features both at the nanoscale (surface roughness) and at the microscale
(micrometric pattern). Stainless-steel masks fabricated with the LC technology provided
accurate results for patterns with features larger than 50 µm, whereas PRL silicon masks
are suitable for the reproduction of patterns with features down to a few micrometers.
The patterned zirconia films have a well-defined nano-morphology that can be accurately
reproduced and varied to meet the requirements of the particular biological system under
research.

The effectiveness of our cell culture substrates was tested with primary hippocampal
astrocytes: we found a stable confinement and adhesion of the cells on the predefined
zirconia patterned areas with no further cell adhesion-enhancing functionalization. The
versatility of the pattern design enables to systematically approach the investigation of the
behavior of modular systems of cells, thus providing a platform for the in vitro reconstruc-
tion of complex architectures.

Astrocytes grown on our patterned substrates display a rich calcium activity both
spontaneous and elicited by glutamate application, as indicated by the propagation of a
stimulated calcium wave along a micrometric bridge. This represents an important starting
point for a systematic characterization of calcium signals in geometrically predefined
astrocytic networks.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
66X/12/1/94/s1, Figure S1. Morphological AFM maps (2 × 1 µm) of glass coverslips, Table S1.
Summary of the different types of masks tested in this work, Figure S2. Nanostructured zirconia
dots, phase contrast image, and morphological AFM map, Figure S3. nanostructured zirconia pattern
reproduced with a LC steel stencil mask, Figure S4. The clogging effect.
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AFM Analysis for the Assessment of Substrates and Anti-Fouling Treatment Protocol 
Our approach requires glass substrates with low roughness, in order not to affect the 

nanostructured zirconia film roughness. We carried out an AFM roughness analysis on 
different commercial glass substrates, whose final surface polishing may differ, in order 
to select substrates with a roughness value below 1 nm. 

Figures S1a,b show AFM images of two different commercial glass coverslips (Imglas 
and Zeus) with very different surface morphologies. Imglas coverslips (a) do not show 
significant modulations in terms of surface roughness on the scale of 2 nm and they have 
an overall roughness corresponding to 0.2 nm, whereas Zeus coverslips (b) have a rough 
appearance on the 10 nm z-scale and measurements report an overall roughness value of 
4 nm. Imglas coverslips (a) were therefore selected. 

The glass substrates are preliminary cleaned in an ultrasound bath (ultrasonic clean-
ing tank, purchased from Beta Professional tools, Sovico (MB), Italy) with an Alconox® 
detergent solution and then rinsed with ultrapure water (milli-Q). A further cleaning step 
with Piranha solution (H2SO4:H2O2 (3:1)) ensures the removal of any organic contaminant 
and allows the complete hydroxylation of the glass surface. Subsequently, the coverslips 
are thoroughly rinsed with ultrapure water and dried under pure N2. All chemicals were 
purchased from Merck KGaA, Darmstadt, Germany. 

After the cleaning procedure, three different anti-fouling protocols were tested for 
surface passivation: 

(i) silanization by evaporation of dimethyldichlorosilane and subsequent dep-
osition of Pluronic (3.5% for 1h) by drop-casting;  

(ii) functionalization with the copolymer PAcrAm-g-(PMOXA, NH2, Si) (pro-
duced by SuSoS AG 151 - Dubendorf, Switzerland [30,40]), by evaporation 
in static vacuum;  

(iii) functionalization with the copolymer PAcrAm-g-(PMOXA, NH2, Si), by im-
mersion in a diluted solution (0.1 mg/mL in HEPES, pH 7.4) for 30 minutes. 

The antifouling coating can influence the zirconia deposition, in particular if its 
roughness is not negligible with respect to the deposited film roughness. 
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Figure 1. Morphological AFM maps (2µm × 1µm) of glass coverslips. (a) Pristine Imglas coverslip; 
(b) pristine Zeus coverslip; (c) Imglas coverslip passivated with Pluronic (method i); (d) Imglas 
coverslip passivated with evaporated copolymer PAcrAm-g-(PMOXA, NH2, Si) (method ii); (e) 
Imglas coverslip passivated by immersion in solution of the copolymer PAcrAm-g-(PMOXA, NH2, 
Si) (method iii). 

In Figure S1c–e we show the AFM morphologies of coverslips treated with the three 
antifouling protocols described above. The pictures evidence a striking morphological dif-
ference between the glass surface treated with Pluronic (method i, Figure S1c) and those 
treated with PAcrAm-g-(PMOXA, NH2, Si) (method ii and iii, Figure S1d,e). The measured 
Rq values reflect this difference: method (i) provides a surface with Rq ∼10 nm, whereas 
for method (ii) and (iii) Rq ∼ 0.5 nm. The copolymer PAcrAm-g-(PMOXA, NH2, Si), as-
sembles spontaneously in a monolayer that does not increase the surface roughness sig-
nificantly. The final value of Rq measured below 1 nm can be neglected as it does not im-
pact on the overall roughness of a nanostructured film. 
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The effectiveness of the antifouling properties of functionalized coverslips was con-
firmed by tests with PC12 cells and primary hippocampal neurons [29]. The best adhesion 
contrast between the patterned zirconia areas and the functionalized glass was obtained 
with method (iii). A time stability test of the antifouling layer performed with PC12 cells 
showed that the cell-repelling functionalization is effective for 4 weeks, at least.  

Summary of Features of the Stencil Masks 
We report a table summarizing the main features of all the different types of stencil 

masks tested in this work. 

Table S1. Summary of the different types of masks tested in this work. 

Code Fabrication  
Technique Material Mask dimension 

(mm) 
Thickness 

(μm) Pattern type Diameter of the 
dots (μm) 

Center-center spac-
ing (μm) 

A LC Steel 14 × 15 150 

dots 

150 500 
B LC Steel 14 ×15 150 150 300 
C LC Steel 14 ×15 150 75 200 
D LC Steel 14 ×15 150 50 100 

Q10 LC Steel 10.9 × 14 50 

dots & channels 
(20 µm)  

100 500 
Q11 LC Steel 10.9 × 14 50 100 1000 
Q12 LC Steel 10.9 × 14 50 100 1500 
Q13 LC Steel 10.9 × 14 50 250 500 
Q14 LC Steel 10.9 × 14 50 250 1000 
Q15 LC Steel 10.9 × 14 50 250 1500 
Q16 PRL Silicon 10.9 × 14 100 

dots & channels 
(20/50 µm) 

100 500 
Q17 PRL Silicon 10.9 × 14 100 100 1000 
Q18 PRL Silicon 10.9 × 14 100 100 1500 
Q19 PRL Silicon 10.9 × 14 100 250 500 
Q20 PRL Silicon 10.9 × 14 100 250 1000 
Q21 PRL Silicon 10.9 × 14 100 250 1500 

Pattern Distortions 
LC Steel Masks Defects 

Fabrication defects in steel stencil masks can hamper the reproduction of micrometric 
patterns with SCBD.  

Steel masks allow the experimenter to set up well defined and separate zirconia ar-
eas. In Figure S2a, a phase contrast image of nanostructured zirconia dots 150 µm wide 
obtained with a steel mask is reported. Figure S2 (b) shows the AFM height profile of one 
of the zirconia dots. The diameter of the homogeneous height area is only ~100 µm. The 
lateral rising widths are ~20 µm, consistent with the value expected of 17.5 ± 5.9  μm, 
calculated with equation (1), in the main text. 
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Figure S2. Nanostructured zirconia dots. (a) Phase contrast image of a patterned nanostructured 
zirconia film with 150 µm wide dots on a 300 µm hexagonal grid (mask A, Table S1). (b) AFM 
height profile map of a nanostructured zirconia dot. 

With LC steel masks openings of few tens of micrometers, the effect of edge defects 
is disruptive. This is particularly evident, for example, in the pattern given by dots con-
nected by 20 µm wide bridges reported in the phase contrast image of Figure S3.  

 
Figure S3. Ns-ZrOx pattern reproduced with a steel LC mask with 250 µm wide dots and 20 µm 
wide channels (Q13, Table Scheme 1. The fabrication defects of the mask are transferred and am-
plified in the patterned film: the borders of the pattern feature are jagged. The micrometric bridge 
is not continuous since the dimension of the wiggles is comparable to its width. 

Clogging—Cleaning of the Masks 
The particles sticking on the edges of the openings of the masks can contribute to the 

distortion of the pattern, via clogging effect. This effect is particularly evident if the stencil 
mask pattern has features below few tens of micrometers and when the thickness of the 
deposit is not negligible with respect to the lateral dimensions of the openings. The latter 
case can be disregarded in the fabrication of zirconia films for biological application, as 
the typical thickness of the films deposited is below some hundreds of nanometers. 
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Instead, mask clogging may derive from an ineffective cleaning procedure after a 
deposition, if cluster aggregates get stuck into the mask openings. This effect may close 
them completely, compromising the pattern design. 

Figure S4a,b reports scanning electron microscope (SEM) images of a poorly cleaned 
steel mask (ref Table S1, Q11), where the zirconia deposit blocks the mask openings. Fig-
ure S4c shows a deposited zirconia pattern obtained with poorly cleaned masks. This af-
fects the pattern transfer: the microchannel is not continuous. 

 
Figure 4. The clogging effect t (a,b) SEM images of LC stainless-steel masks (Q11, Table S1) not 
properly cleaned after a SCBD: the zirconia film portions completely block the masks opening, 
compromising the pattern. The images were acquired using a SEM (Zeiss Supra 40) with a 7 kV 
electron beam at different magnifications (10×–300×) and with a resolution of 0.5–1 nm/pixels. (c) 
Phase contrast image of a patterned zirconia film obtained with the stencil masks shown above. 
The result is a poor reproduction of the micrometric channel. 

We found that masks can be efficiently cleaned by delicately removing the zirconia 
layer with wiping paper (Wypall 7300, Kimberly-Clark Professional). Possible leftover zir-
conia residuals can be completely removed with a 15-minute ultrasonic bath in EtOH. 
With this cleaning procedure the masks can be reused repeatedly for at least 20 cycles. 



CHAPTER 5

Effects of the nanostructure on astrocytes

The brain physiological microenvironment plays a crucial role in regulating astrocyte

structure and function. The extracellular space contains a matrix of nanoscale compo-

nents secreted by the cells, i.e., proteins and polysaccharides [65, 66]. These building

blocks self-assemble into a complex meshwork with a topography that is rough on the

nanometric scale. As discussed in section 2.3, astrocytes are complex mechanosensitive

systems that perceive the biophysical cues of the non-living tissue component, the scaf-

fold for cellular support, and convert them into a coherent cellular program.

Achieving cell cultures where astrocytes have a physiological morphology and main-

tain a non-reactive state (see section 2.2.5 for the definition) represents a major challenge

for brain research. It has been well documented that cellular proliferation, differentia-

tion and development are influenced by the ECM geometry and compliance. Standard

cell culture substrates constitute highly artificial environments which do not recapitulate

the complexity of the in vivo milieu, which leads to altered gene and protein expression,

cell morphology, and function [267]. The same issues are relevant for research regarding

the development of novel brain implant materials. In fact, astrocyte reactivity is often

caused by implantation of medical devices that can lead to the formation of the glial scar

[266], that is a layer of reactive astrocytes surrounding a foreign body. The glial scar

can have a toxic impact on local neurons and can also act as a physical barrier around

the implant [266]. This may produce a gradual impairment of active implanted devices,

like electrodes. The formation of the glial scar is not related to the chemical nature of

the implant, which is chosen to be inert, rather to its biophysical properties, like stiff-

ness or nanoscale surface morphology. It is therefore of primary importance to develop

materials that have interfacial features that resemble the brain ECM and limit astrocyte

reactivity [175].

A variety of biomaterials have been tested with the objective to achieve a physiolog-

ical behavior of astrocytes. For example, rat astrocytes in primary cultures containing

65
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collagen adopt a rounded morphology with short processes and express high levels of

GFAP, typical of a reactive phenotype [271]. A similar rounded morphology and high

levels of GFAP expression were reported for a human astrocyte cell line in gels by Rao

et al. [301]. More examples can be found in section 2.3. All these studies highlight the

difficulty in recapitulating the characteristic morphology and non-reactive state in cell

culture with biomimetic substrates.

In this work, astrocytes were cultured on cluster assembled zirconia substrates fabri-

cated with SCBD that mimic the morphological properties at the nanoscale of the brain

ECM [55, 60, 135]. In this chapter we show that the interesting morphological properties

of this materials make it a good candidate for the fabrication of cell culture substrates

which guarantee a physiological response of astrocytes. In fact, the interaction of as-

trocytes with these nanotopographic features impacts on astrocyte cell shape, behavior

and functioning. In particular, we demonstrate a nanoscale roughness-dependent varia-

tion in the astrocytic response in terms of proliferation, morphology, actin cytoskeleton

organization and calcium signaling.

5.1 Nanoscale roughness limits astrocytes proliferation

As discussed in chapter 2.2.5, several studies have demonstrated that astrocytes reactiv-

ity is often associated with the increase of astrocytic proliferation in damaged areas of

the brain when there is disruption of the blood–brain barrier [239, 302]. Also, increase in

proliferation is often observed in the surroundings of implanted medical devices. This

change in proliferation may be a direct consequence of the variation of the brain tissue’s

biophysical structure, caused by injury, disease or the presence of a foreign body [175].

We performed experiments to elucidate the impact of nanoscale morphology of the

environment astrocytes are in contact with. We used cluster assembled films with con-

trolled nanoscopic RMS roughness as cell culture substrates and evaluated the differ-

ences in cell proliferation. In particular, astrocytes were grown on ZrOx substrates with

a roughness of 10 nm and 15 nm compared to flat ZrOx substrates (with roughness R <

1 nm). In these experiments, we plated cells at the same density on the different sub-

strates and observed the progression of the cell number over 5 days. Phase contrast

images taken on day 1, 3 and 5 (before medium replacement) allowed the evaluation of

the variation in density over time, by performing a manual selection of the cell somas,

as explained in section 3.3.4.

The results of the analysis are reported in the boxplots in Fig. 5.1. The density of

cells is larger on the flat substrates compared to the nanostructured substrates, with a

1.5- and 1.6-fold increase respectively on day 3 and 5. Although the median density of

cells is larger also on day 1, the observed difference becomes statistically significant only
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Figure 5.1: Density of cells on zirconia substrates with different nanoscale topography (flat and
with roughness of 10 nm and 15 nm) after 1, 3 and 5 DIV. On day 1, the median density is higher
on the flat substrate, but no statistically significant difference is revealed. In the following days,
a Kruskall-Wallis test followed by a multiple comparison, confirmed that the rough substrates
induce a limited proliferation, compared to the flat ones. The density is in fact 1.5- and 1.6-fold
higher on the flat substrates, compared to the nano-rough ones.

starting from day 3. In contrast, no statistical difference is identified in cell density on

substrates of different roughness, at any stage of the culture.

As the quantification of the proliferation was based on the analysis of phase contrast

images of the astrocytic culture, we cannot exclude effects of differences in cell-adhesion

over the different substrates in the initial stages of the culture. In fact, this could deter-

mine an effective initial density different from the nominal, with a subsequent overall

increase in density on the flat substrates, unrelated to proliferation. Nonetheless, our

direct observation of the culture did not highlight significant differences in cell adhesion

in the hours after seeding (we did not take images, to guarantee stable incubating condi-

tions). In addition, only a small amount of non-viable, unattached cells was found in the

cell medium on day 1. Although we did not quantify this effect, our qualitative obser-

vations indicate that the main effect determining differences in density is proliferation.

Similar results are reported in literature and imply the suppressive role of com-

plex nanoscale topography on astrocyte proliferation in vitro. For example, reduced

proliferation was observed in astrocytes cultured on a variety of substrates with well-

defined morphological characteristics at the nanoscale, e.g. on substrates assembled by

nanofibers [284, 303] or in nanofiber-based 3D culture systems [283].

Our data, coherently with previous findings, demonstrates that an extracellular envi-

ronment with features defined at the nanoscale can limit the proliferation of astrocytes.

This suggests that a change in brain nanoscopic topography might be one of the potential
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contributors to the increase in astrocyte growth in a pathological context.

5.2 Nanostructure-induced morphological differences

Astrocytes are star-shaped glial cells, but this morphology observed in vivo, is not re-

produced in standard cell cultures. In fact, astrocytes cultured on two-dimensional flat

cover glass or tissue culture plastic display a spread morphology that closely resembles

the morphology of reactive astrocytes found boarding the lesion [253].

A morphological analysis of astrocytes that were seeded on a variety of topographies

was performed to investigate whether these structural features can preserve a more in

vivo-like, physiological cell shape complexity. Astrocytes were seeded on nanostructured

ZrOx thin films with different roughness (10 nm and 15 nm) and flat zirconia as compar-

ison. The shape of the cells was determined from the phase contrast images, taken at 1,

3 and 5 DIV. Fig. 5.2 shows a selection of exemplary phase contrast images of astrocytes

on the different types of substrates at 5 DIV.

Figure 5.2: Astrocytes cultured on zirconia substrates with flat (first column) or nanorough with
R = 10 nm (second column) or 15 nm (third column) surface topography after 5 DIV. The scale bar
is 100 µm.

The cell morphology was evaluated as the cell area, the complexity (calculated as

the number of distal processes), and the CSI, a parameter that is equal to 1 for perfectly

round cells and is larger than one for more ramified or elongated morphologies [271].

In section 3.3.4, details on how the analysis was carried out and the definition of the
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parameters are reported.

The astrocyte morphology with respect to substrate topography on day 1 and 5 are

illustrated in the boxplots in Fig. 5.3.

Figure 5.3: Morphology of astrocytes cultured on zirconia substrates with flat or nanorough (R =
10 nm or 15 nm) surface topography. The top boxplots display the cell area, the middle ones the
complexity parameter and the bottom ones the CSI (Cell Shape Index, see section 3.3.4 for details).
All parameters are analyzed after 1 and 5 DIV. On day 1, the cells have a similar shape on all
substrates, the parameters taken in consideration have comparable values in all cases. On day 5,
cells on the 15 nm substrate have a smaller area and higher complexity than cells on flat substrates,
whereas cells on the 10 nm substrates have an intermediate value, with no statistically significant
differences compared to the other substrates. The CSI parameter is significantly larger for cells on
nano-rough substrates compared to the flat, testifying a more complex and ramified morphology.
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On day 1, no differences are statistically significant, whereas after 5 days all the ana-

lyzed parameters display significant differences. On day 3 (not shown in the boxplots)

there was an intermediate situation, with only some parameters being significantly dif-

ferent. When cultured on nanostructured ZrOx substrates, astrocytes possess smaller

cell areas and adopt more ramified cell shapes, as confirmed by the increased complex-

ity and CSI parameter. Also, the distribution of the values of complexity and CSI is wider

on substrates of roughness 15 nm, testifying a greater cell morphology variability.

The changes in cell shape on nanostructures versus flat films were direct conse-

quences of the variations in surface topography of the material. In particular, the elon-

gated and ramified cell morphology seen on cluster-assembled films resembles more

closely the typical astrocyte appearance in vivo [253]. This might indicate a more biomim-

icking nature of nano-roughness compared to flat surfaces, potentially induced via pro-

cesses related to cell adhesion and the mechanotransductive machinery.

Our findings are coherent with previous studies that demonstrated the promotion

of more physiologically relevant phenotypes in astrocytes by substrates assembled by

nanoscopic building blocks, like nanofibers [284], nanofiber-based 3D culture systems

[283], or water repellent fractal tripalmitin (PPP) surfaces [304]. Morphologies similar

to those observed on nanostructured substrates, were also recapitulated by astrocytes

cultured on gels, with a stiffness tuned to of the same order as brain tissue [266, 305].

5.3 Actin Cytoskeleton

The process of cellular adhesion is strongly dependent on the biophysical properties

of the substrates on which the cell is grown. As discussed in section 1.0.1, the dimen-

sion and configuration of IAC change on substrates with different nanoscale roughness

and/or stiffness. In turn, alterations in the IAC composition modulate cellular signaling

and can induce a remodeling of the cytoskeleton and, subsequently, also the chromatin in

the nucleus because they are connected by the Linker of Nucleoskeleton and Cytoskele-

ton complex (LINC complex). This mechanotransductive sequence can thus change the

whole cellular program [61].

To get an idea whether the astrocytic interaction with nanotopographic features might

affect an essential component and mediator of the mechanotransductive machinery, we

characterized the actin cytoskeleton. We plated cells on flat, and nanostructured ZrOx

(surfaces with roughness 10 nm and 15 nm) substrates and fixed them with paraformalde-

hyde after 3 days of interaction with the different substrates cell culture. We then per-

formed a staining of the F-actin and recorded images with the 3D-SIM technique.

The fluorescence images reported in Fig. 5.4 (a), show that cells display a change in

cytoskeletal organization on flat (images in the first column) and nano-rough surfaces
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(images in the second column correspond to 10 nm surfaces, those in the third column to

15 nm surfaces).

Figure 5.4: The actin cytoskeleton of astrocytes. (a) Immunofluorescence images of primary hip-
pocampal astrocytes cultured on flat and nanostructured zirconia substrates, fixed and stained
after 3 DIV. The actin cytoskeleton was stained with phalloidin, tetramethylrhodamine (TRITC)-
conjugated, red). The images were taken with a 3D-SIM technique. Here we show the maximum
projection of the recorded stacks. Details of actin cytoskeleton are visible in cells cultured on flat
substrates first column, on 10 nm substrates second column, on 15 nm substrates column. The
scale bar is 5 µm. (b-c) Analysis of the actin cytoskeleton in astrocytes plated on flat ZrOx sub-
strates and nanostructured substrates with R = 10 nm and 15 nm. Boxplot (a) indicates the actin
coverage, measured as the percentage of cell areas occupied by an actin signal higher than 25 %
of the maximum signal registered. Boxplot (b) reports the width of actin fibers. Cells on flat sub-
strates have both a higher actin intensity and thicker actin fibers.
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Astrocytes cultured on flat surfaces display an intense fluorescence signal of retic-

ulated F-actin and distinct stress fibers. In contrast, the signal is much less intense on

rough surfaces and we detect fewer stress fibers.

We quantified the differences in actin organization on astrocytes on the different sub-

strates by measuring the percentage of cell area with an actin fluorescence signal cover-

age higher than 25% of the maximum intensity measured over all the samples. Moreover,

we extracted the width of the stress fibers (see section 3.3.4 for details on the analysis).

The results are reported in the boxplot in Fig. 5.4 (b-c). In (b), we see that on flat sur-

faces, the actin cytoskeleton coverage has a median value of 46%, as opposed to 14% and

12% on substrates of roughness respectively 10 nm and 15 nm. Astrocytes also display

thicker actin fibers on flat substrates compared to the rough ones, as reported in graph

(c). This data accentuates decisive differences in the architecture of the actin filaments of

the cytoskeleton, in particular astrocytes grown of flat substrates form more stress fibers.

Schulte et al. found similar results with neuron-like PC12 cells cultivated on nanos-

tructured ZrOx substrates [60], they demonstrated that the formation of high order actin

filament structures (e.g. stress fibers) were mainly established on flat ZrOx. A similar

trend was shown in human pancreatic β-cells, whose stress fibers were mainly detected

on flat ZrOx, but seldom formed on nanostructured ZrOx, where actin was organized in

bundles at the cell-cell contacts [146].

For PC12 cells, it was revealed that the cells interact mostly with the apical part of the

asperities of the nanotopographic surfaces (with a roughness of 15 nm), restricting the

width of these adhesion sites to (53.2 ± 48.0) nm in average, compared to (90.2 ± 93.2)

nm on flat surfaces [60]. Also, in [82], Chighizola et al. demonstrated that the nanoto-

pography modulates the dynamics of force loading and integrin clustering at the level of

single binding sites, during nascent adhesion formation. This has a direct impact on the

process of formation of IACs. These structures integrate the cues deriving from the na-

ture and configuration of the ECM and regulate concerted and complex cellular actions

and signaling cascades accordingly [77, 84]. The maturation of IAC leads to the forma-

tion of multiprotein molecular machines attached to actin stress fibers [306]. Alterations

in the IAC architecture modulate cellular signaling and can induce a remodeling of the

cytoskeleton. Restricted adhesion sites on nanotopographic surfaces can thus directly

impact the composition of the actin cytoskeleton, which in turn dictates the biomechan-

ical and morphological properties of cells [230].

The nanostructure-induced effect on the actin cytoskeleton of astrocyte is likely to

be related to the geometry of contact between the substrates and the cells. Indeed, a

difference in the organization of the actin cytoskeleton was observed also in astrocytes

cultured on substrates with controlled stiffness, in particular Georges et al. [108] reported
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that on soft gels astrocytes showed fewer stress fibers. Further studies on the integrin

adhesion complex maturation and the force loading might reveal the astrocyte-specific

adhesion dynamics and mechanotransductive processes at the nanoscale in the future.

5.4 Calcium Activity

The cell-surface interaction has been demonstrated to impact on proliferation, cell mor-

phology and actin cytoskeleton organization. The strong nanotopography-induced ef-

fects reported in the previous chapters prompted an analysis of substrate-dependent

alterations in the astrocyte function which has not been well characterized to date. As-

trocytes are known to communicate with calcium signaling, and exhibit excitability with

oscillations in intracellular calcium concentrations (see section 2.2.4). As previous stud-

ies testify, calcium activity has been shown to be closely related to astrocytic morphology

[232]. These observations motivated the investigation on the impact of nanostructure on

calcium activity. The results of our experiments are reported below.

A characterization of the calcium activity of astrocyte cultures on flat and nanos-

tructured (R = 15 nm) zirconia was carried out. We registered the spontaneous calcium

oscillations on several fields of confluent cells, where every astrocyte was in contact with

neighboring cells.

Astrocytes on flat substrates did not display significant oscillations in intracellular

calcium. In graph (a) of Fig. 5.5, several fluorescence traces, measured from ROI corre-

sponding to different cells plated on flat substrates are reported. The fluorescence traces

are mostly flat, with occasional peaks in isolated cells (not shown here). In general, no

wave propagation was observed. Conversely, astrocytes on 15 nm-ZrOx substrates show

modulations attributable to calcium influx. A selection of traces from cell ROIs on a

nanostructured substrate is shown in graph (b) of Fig. 5.5. Several traces display peaks

and oscillations in fluorescence intensity whose trend appears to be unrelated to that

of the neighboring cells. No wave propagation events are registered, only single cell

uncorrelated activity is present.

We measured the mean integrated intensity per cell on the different substrates and

we extracted a significantly larger value for cells on substrates with roughness 15 nm.

The mean intensity per cell was 7.1 ± 3.7 (arb. Units) on nanostructured ZrOx with a

roughness of 15 nm compared to a mean intensity compatible with zero, 0.9 ± 1.2 (arb.

Units) on flat substrates.
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Figure 5.5: Examples of calcium fluorescence intensity traces of cells cultured on flat, graph (a),
and nanostructured ZrOx with a roughness of 15 nm, graph (b). Different traces indicate different
cells.

In general, cells on nano-rough substrates display an enhanced spontaneous, single-

cell calcium activity compared to cells on flat substrates. Our findings are in line with

the work of Singh et al. [307], who found that microgroove patterned substrates (1µm

spacing grooves, with depths of 250 nm or 500 nm) induced significantly more calcium

peaks and intracellular calcium release in astrocytes.

Although preliminary, our results are relevant as calcium oscillation and wave prop-

agation have been proved to be closely related to astrocytic morphology [199] and actin

cytoskeleton organization [308–311]. The latter properties are themselves interdepen-

dent and are here shown to be impacted significantly by nanostructure.

The precise mechanism underlying spontaneous Ca2+ transients in astrocytes is still

unclear [199]. One possible explanation is that Ca2+ events are triggered by stochas-

tic Ca2+ entry through different pathways, like Ca2+-permeable receptors, Ca2+ chan-
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nels and Na+/Ca2+ exchangers [199]. When the intracellular Ca2+ concentration is high

enough, Ca2+ release via IP3 receptors can be elicited, with the subsequent amplifica-

tion and propagation of a calcium wave [231, 312–314]. It has been demonstrated that

stochastic Ca2+ oscillations are more likely in astrocytic processes which have a high

surface-to-volume ratio [315]. Hence, Ca2+ fluctuations are more probable in the distal

processes than in the cell soma. These observations promote the idea that there may

be a relationship between Ca2+ dynamics and astrocyte morphology. The relationship

might even be both ways, meaning that morphology may impact on Ca2+ activity, and

vice-versa. A low neuronal activity at the tripartite synapse may reduce the triggered

Ca2+ response in astrocytes [316], which can in turn retract their processes [317].

Cotrina et al. [308] demonstrated that an intact actin cytoskeleton is required for cal-

cium oscillation and propagation. In fact, they showed that cytoskeletal organization,

and in particular the distribution of stress fibers, coincided temporally with the num-

ber of astrocytes engaged in calcium signaling after plating. Moreover, disruption of the

actin cytoskeleton attenuated calcium signaling in stable cultures. These experiments

establish that there is a close relationship between the architecture of the actin cytoskele-

ton and calcium propagation. We know that a certain extent of stress fiber formation is

necessary for calcium signaling, but we lack details on the possible impact of the specific

cytoskeletal organization. In the previous paragraph it was shown that the nanostruc-

ture changes the architecture of the actin cytoskeleton. We can speculate that a precise

density of stress fibers may be required for the optimization of calcium oscillations in as-

trocytes, and this could be closer to the situation observed in cells on cluster-assembled

substrates. A possible explanation of the relation between actin cytoskeleton and cal-

cium activity, is that the cytoskeleton may function as a scaffold for signaling molecules

[311]. Disruption of the cytoskeletal architecture provokes strong alterations in cell mor-

phology. Since calcium signaling is closely related to the surface-to-volume ratio (i.e.,

the amount of plasma membrane over endoplasmic reticulum), it is reasonable to as-

sume that cytoskeletal-associated processes are necessary to fully activate Ca2+ entry.

This explanation is also in line with our observations. In fact, we also observe a more

ramified and stellate morphology in astrocytes grown on the nanostructure.

All these results hint at complex, multilateral interactions between the cellular mechan-

otransductive machinery, astrocytic morphology, cytoskeletal organization and calcium

activity. Future experiments are necessary to confirm these results and elucidate the

mechanisms underlying calcium propagation, which might reveal an actin-related dy-

namics.
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5.5 Conclusive remarks

Glial cells are mechanosensitive and their biological responses depend highly on extra-

cellular biophysical features including the nature, the nanoscale morphological proper-

ties and the stiffness of their substrate.

In this chapter we have characterized the consequences of the interaction between as-

trocytes and nanotopography at different levels, such as cell morphology, cytoskeleton

and functioning. Taken together, our results indicate that an adequate nanoscale surface

structure, produced by SCBD of ZrOx nanoparticles, has the potential to reproduce in

vitro a phenotype of astrocytes that resembles more closely the in vivo situation, while

flat substrates tend to cause a quite unphysiological phenotype and potentially astro-

cytes reactivity. We observed that the nanostructure limits cell proliferation, induces a

more in vivo-like morphology and changes the cytoskeletal organization. The observed

effects on the actin cytoskeleton strongly suggest a modulation of the mechanotrans-

ductive sequence due to the interaction with the nanotopography. Also, preliminary

experiments revealed an impact in calcium signaling activity, which we speculate to be

coherent with the variations in cell morphology.

The obtained data is in line with previous studies of astrocytes interacting with dif-

ferent biomaterials and confirms that zirconia nanostructured substrates might be an

interesting tool for astrocytic cultures, to maintain a more a physiological phenotype.

Proteomics and further calcium imaging analysis with increased resolution on astrocytic

distal processes are needed to get a better image of the functional changes within the as-

trocytes induced by the nanotopographical cues. Furthermore, a deeper dissection (e.g.,

with respect to IAC) of the mechanotransductive impact of the astrocyte interaction with

the nanostructure would be promising.

This chapter lays a solid cell biological foundation for the design of substrates for

the primary brain cell culture and biomaterials that reproduce better the structural char-

acteristics of the CNS ECM with a potential in influencing brain cell survival, growth,

and differentiation. This may lead, in the future, to the development of intelligent im-

plant coatings which prevent astrocyte reactivity and glial scar formation. Moreover, we

showed that by tuning the nanoscale morphology, in principle, it might be possible to

replicate the phenotype of astrocytes in different CNS pathologies. Therefore, cluster-

assembled substrates have the potential to serve as platforms for the study of neural

diseases or injury and, in parallel, drug testing.

In the following chapter, we add another degree of complexity to the system ana-

lyzed here. In fact, we use nanostructured substrates organized geometrically in micro-

metric patterns. The impact of different spatial scale geometries, at the nano- and mi-



croscale, on cells, is cumulative, but, since the nanostructure features are not related to

the micro-patterns from the fabrication side, their effects can be studied independently.

This additional degree of freedom can be leveraged for a new class of experiments on

mechanotransduction, which were started in this thesis.





CHAPTER 6

Spatially confined astrocytic networks

Astrocytes participate in synaptic plasticity and coordinate neuronal activity as funda-

mental mediators [318]. They contribute actively to information processing and mem-

ory encoding in the brain [236]. According to the tripartite synapse model, described

in the previous chapters, astrocytes establish a bidirectional communication with neu-

rons, therein they sense neurotrasmitters and respond with intra- and intercellular Ca2+

waves. Astrocyte signaling occurs over different spatial scales, starting from the mi-

crodomains at the astrocytic processes, to the whole cell level and then over to the as-

trocytic network scale, at which groups of cells form functional domains. In all cases,

our understanding of the mechanisms of action of astrocytic signaling and its role is still

incomplete [189].

Very little is known about the impact of spatial geometric aspects of the astrocyte

network on their Ca2+ dynamics, even though, as outlined in Chapter 3, astrocytes

often have rather specific geometric arrangements in vivo, such as the elongated mor-

phology along axon tracts of fibrous astrocytes, or processes that engage with blood

vessels. To address this aspect, several micropatterned substrates were fabricated, as

described in Chapter 5, and primary hippocampal astrocytes were cultivated on them.

Cells grown on different sections of the patterns experience a different geometric envi-

ronment. With the Ca2+ imaging technique, the spontaneous activity of patterned astro-

cytes were recorded and the fluorescence traces were then analyzed, paying particular

attention to the potential differences among the response of cells situated in different

topographic configurations.

6.1 Pattern-dependent morphological and cytoskeletal differences

The micropatterned substrates used here are composed of triplets of ZrOx dots of a diam-

eter of 100µm, with an interaxial distance of 500µm and connected by bridges of width

50µm or 20µm. Fig. 6.1 shows immunofluorescence images of the astrocytes (the nuclei

79



80 6.1 Pattern-dependent morphological and cytoskeletal differences

are stained in blue, the actin cytoskeleton in red) confined on micropatterned substrates.

In (a) there is a full triplet of 100 µm dots with interaxial distance 500 µm connected by a

bridge of width 20 µm, in (b) and (c) the close up respectively of a part of a 20 µm bridge

and an isolated 100 µm dot.

Figure 6.1: Immunofluorescence images of primary hippocampal astrocytes confined on micropat-
terned zirconia, fixed and stained after 3 DIV. The actin cytoskeleton was stained with phalloidin,
tetramethylrhodamine (TRITC-conjugated, red) and the cell nucleus with Hoechst 33,342 (blue).
In (a) there is a full triplet of 100 µm dots with interaxial distance 500 µm connected by a bridge
of width 20 µm, in (b) and (c) the close up respectively of a part of a 20 µm bridge and an isolated
100 µm dot.

From Fig. 6.1 (a) it can be observed that astrocytes adhering to the bridges present

an elongated morphology both of the whole cell soma and of the nucleus, which appear

oriented parallel to the direction on the underlying topography. Also, as it is clearly il-

lustrated by Fig. 6.1 (b), where only the cytoskeleton is shown, the actin components are

aligned in the direction parallel to the bridge. By contrast, the cells on the dots, have no

preferential orientation and they tend to occupy the entire area available, see Fig. 6.1 (c).

Astrocytes on 50µm (not shown here) are in an intermediate topographic configuration

since they have enough room for spreading both in the directions parallel and perpen-

dicular to the bridges, but in one direction they encounter no obstacles. Therefore, cells

tend to elongate in the direction parallel to the bridges, but their orientation is not as

well defined as on the thinner bridges.

The astrocytic networks are also organized differently on bridges or dots. In the first

case, the network is anisotropic, one cell statistically will find its first neighbors either

on its left or right, toward the direction of the bridge; whereas in the second case, the

network has a circular shape, and cells can make connections isotropically. An analy-
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sis performed on fluorescence images of astrocytes cultured on the micrometric patterns

with the nuclei stained with Hoechst 33342 enabled the quantification of this property.

In fact, the eccentricity of astrocyte clusters was calculated as the ratio between the width

of the cluster along the axes perpendicular (wy) and parallel (wx) to the direction of the

bridges. As Sasaki et al. reported in [319], astrocytes from the mouse hippocampus typi-

cally form clusters of 2 to 5 correlated cells which exhibit repeated synchronous calcium

events. Several cells were therefore selected in random locations on dots or bridges.

For each cell, a cluster of 5 cells was defined, by locating the first 4 nearest neighbors.

The location of each cell was identified as the center of the nucleus, and wx and wy

were taken as the distances between the two furthest cells in the direction parallel and

perpendicular to the bridge. The average eccentricities of 15 clusters for each location

(dot, 50µm-bridge or 20µm-bridge) selected from 6 different triplets of dots connected

by bridges were calculated (the analysis was carried out on three independent samples).

The results are reported in the following table.

dot 50µm-bridge 20µm-bridge

1.08± 0.23 0.80± 0.24 0.36± 0.16

Table 6.1: Eccentricity of astrocytic clusters on different locations of the micrometric patterns. The
eccentricity of a cluster (i.e., 5 neighboring cells ) is defined as the ratio of the distance between the
two furthest cells in the direction perpendicular and parallel to the bridge.

Clusters located on dots are practically circular and they have no preferential orien-

tation. Conversely, the eccentricity decreases for clusters on bridges of 50µm and 20µm,

thus revealing that the clusters are more and more elongated toward the direction of the

bridge. This is an expected result, since astrocytes tend to occupy all the adhesive surface

available and bridges can only be occupied by few cells next to each other in the direction

parallel to them, effectively imposing a limit to wy . There is in fact a chemico-physical

constraint (the antifouling treatment) keeping the cells from occupying the unpatterned

surface of the cell-culture substrate.

It is thus clear that the morphology and the actin cytoskeletal orientation at the single

cell level and at the network level is substantially different for cell on dots and bridges.

6.2 Pattern-dependent differences in cell density

Prior to seeding the astrocytes on the patterned samples, the cells are in a solution that

is thoroughly mixed and therefore can be assumed to have a homogeneous cell density.

It is therefore reasonable to assume that the astrocytes land homogeneously over the

surface of the culture substrate, before spreading and developing protrusions. From a
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statistical point of view, the density of cells on dot and bridges should be on average the

same, unless during the process of adhesion to the surface and spreading, the different

geometries of the topography plays an active role in restricting or favoring the adhesion.

The density of cells on the different locations of the pattern was inferred from im-

munofluorescence images of astrocytes on patterns (3 independent samples). The spatial

coordinates of the astrocytes were taken as the center of the nuclei, stained with Hoechst

33342. Then, the location of the cells on the different section of patterns was manually

discriminated (note that cells at the border between dots and bridges were discarded

from the analysis). A Kruskal-Wallis test [299] revealed a significant difference in the

density of cells on dots, 50µm bridges and 20µm bridges. The boxplot in Fig. 6.2 shows

that the median density is smallest on dots, and highest on 20µm bridges.

Figure 6.2: Cell density on different areas of the patterned substrates used in this work, con-
sisting of dots of diameter 100µm connected by bridges wide 50µm or 20µm. The coordinates
of cells were extracted from immunofluorescence images of astrocytes whose nuclei was stained
with Hoechst 33342. The location of the cells on the different section of patterns was manually
discriminated (cells at the border between dots and bridges were discarded from the analysis).
A Kruskal-Wallis test [299] revealed a significant difference in the densities on different topogra-
phies, and a multiple comparison with Bonferroni’s method confirmed a p-value < 0.05

A multiple comparison with the Bonferroni method [300] revealed that the density of

cells on dots is significantly different (p-value <0.05) from the density on both bridges.

On the contrary, the difference between the two bridges is not significant, although the

median density increases as the bridge width decreases.

The analysis reveals a higher density on bridges, where the spatial distribution of
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cells is not isotropic and their morphology appears elongated towards the direction of

the bridge. Since this difference cannot be attributed to statistical reasons, it could be

related to some preference of astrocytes for adhesion or replication on an elongated to-

pography. Another option is that cells adhere homogeneously on the patterns, but they

subsequently move onto the bridges, thus increasing the density. With this data, we are

not able to distinguish which effect is predominant, since the analyzed images are of

samples fixed at 3 DIV. For the moment being, we have no information of what hap-

pens in the hours after cells seeding. In the future, it would be promising to perform

time lapse recordings to reveal the spatiotemporal dynamics of astrocyte adhesion and

migration, as well as process development, on the micropatterns.

From a biological point of view, this is an interesting result since astrocytes do not

have a homogeneous population in the brain and they are characterized by different

shape according to their specific functionality [214, 320]. As discussed in the introduc-

tion, we know that the shape of astrocytes and astrocytic networks is strongly affected

by the morphological boundaries typical of the brain regions in which the cells develop.

Astrocytes or their processes often surround CNS blood vessels, synaptic areas [321] or

axon tracts [191]. These brain features have similar topology (i.e. elongated structures)

as the bridges in our patterns. The dimensions are also comparable - the diameter of

the blood vessels in the human brain ranges e.g. between 500µm to 8µm [322, 323]

and the typical diameter of axon fibers ranges between 0.16µm to 9µm [324]. The long

and thin shape of the patterns’ bridges may therefore be a good tool to simulate both

blood vessels and axon tracts. At the same time, nanostructured micropatterns may be

particularly indicated to mimic the in vivo environment for astrocytes as, from an ultra-

structural point of view, in the context of blood vessels, it is known that the surrounding

ECM, i.e. a basement membrane, has very similar nanotopographic features as the asper-

ities produced by SCBD [325]. We can speculate that astrocyte may sense the elongated

geometry of the patterns and their morphological properties at the nanoscale, recognize

their physiological shape and adhere or migrate towards it.

6.3 Integrated calcium intensity

As discussed in section 5.4, it is reasonable to expect that cell morphology and actin cy-

toskeletal architecture may impact on calcium activity in astrocytes. Therefore, calcium

imaging experiments were performed in order to investigate the calcium oscillation and

propagation activity in patterned astrocytic networks.

We measured Fluo-4 fluorescent intensity of cells cultivated on micrometric patterns

integrated over time and space. This quantity gives a measure of the average concentra-

tion of intracellular calcium in the astrocytes, without considering the complex dynamics
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of the spontaneous calcium elevations. As discussed in the introduction in section 2.2.4,

calcium activity in astrocytes can occur spontaneously, suggesting that these cells do

not just provide responses to the neuronal synaptic activity but can drive it, acting as

primary source [212]. A higher integrated calcium intensity may be related to a higher

predisposition of the cells to act as source of astrocytic/neuronal activity.

Figure 6.3: Calcium intensity traces (∆F/F ) of cells cultured on micropatterns as a function of
time. Different colors indicate the different location of the cells corresponding to the traces, as
also highlighted by the pattern schematic reported on top of the traces: blue, red and green traces
corresponds to cells on dots, black traces to cells on bridges. (a) Signals reported from cells plated
on a pattern consisting of a triplet of dots with diameter 100µm connected by a 20µm bridge. (b)
Signals of cells on a pattern consisting of a triplet of dots with diameter 100µm connected by a
50µm bridge.
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In Fig. 6.3 the calcium intensity traces of cells cultured on micropatterns are shown,

different colors indicate the different location of the cells corresponding to the traces.

As the schematics of the pattern reports, blue, red and green traces corresponds to cells

on dots, black traces to cells on bridges. Note that there are no green traces due to the

limited field of view of the camera used, which only allowed the experimenter to record

signals from a part of the pattern. In Fig. 6.3 (a), the signals reported are registered from

cells plated on a pattern consisting of 100µm dots connected by a 20µm bridge, whereas

in Fig. 6.3 (b), the pattern has a wider bridge of 50µm. It should be underlined that,

because (as explained in section 3.3.3) we were interested in the network properties of

the calcium activity and not in those of the single cell, the signal from a cell derives from

a circular ROI with a diameter of 25µm. This ROI coincides with the cell soma and does

not include the long astrocytic protrusions.

We calculated the time-integrated calcium intensity for every cell located on the pat-

terns, and then the average integrated intensity per cell over the different areas of the

patterns, i.e. bridges and dots. The result of this analysis is reported in the boxplot in 6.4

(a).

Figure 6.4: Integrated calcium intensities box plots for astrocytes on dots, 50µm- or 20µm-bridges.
(a) Time-integrated calcium intensity per cell. There is no statistical difference between the dif-
ferent portions of pattern. (b) Time- and space- integrated calcium intensity per mm2. Also, in
this case there is no statistical difference in the different topographies. Therefore, on average, the
amount of calcium influx per cell or per mm2 is comparable for all the cell seeded on the pattern.
Note that this average quantity does neither take into account the time nor the space dynamics of
the calcium influx, canceling out the complexity of this phenomenon.
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A Kruskal-Wallis test [299] showed no significant statistical difference for the cells

in the different locations and the integrated intensities per cell are comparable in the

three topographic configurations. A similar result was also obtained when a spatial

integration of the calcium intensity over the whole patterned area was performed, thus

taking into consideration not only the cell somas, but also the protrusions. In this case,

the integrated intensity was normalized over the patterned area. The result is reported

in the boxplot in 6.4 (b). This data shows that there is no difference in the integrated

calcium intensity of cells cultured on different areas of pattern. On average, the amount

of intracellular calcium per cell is uniform all over the pattern.

We may speculate that the integrated calcium intensity is not a good measure for

evaluating the calcium activity of astrocytic networks, as it does not account for the dy-

namics of calcium influx. In the following paragraphs we analyzed a different parameter

that includes the spatio-temporal features of calcium propagation.

6.4 Calcium waves in patterned astrocytes

A calcium wave event, as defined in section 2.2.4, is an increase in the intracellular cal-

cium concentration which is propagated to the neighboring cells.

An example of propagating calcium waves in astrocytes seeded on patterned sam-

ples is displayed in Fig. 6.5. The image shows different frames, taken every 7.2 s, of the

fluorescent signal of cells on a micrometric pattern. Here two dots with a diameter of

100µm are connected by a 20µm bridge. With the colormap chosen for this represen-

tation, the blue corresponds to the lowest fluorescence registered (i.e. lack of calcium),

yellow to the maximum (highest concentration of calcium). Thus, the area unoccupied

by cells is blue, cells with a physiological content of calcium have a low fluorescence

level that is mapped to green, whereas cells with a high calcium concentration are yel-

low. Starting from the second frame, there is an increase in the calcium concentration of

a few cells near the dot on the right, which then propagates to a few surrounding cells

in the following frames.

A quantification of the number of calcium wave events occurring in cells located on

bridges or dots on patterned substrates was carried out. The analysis was performed on

the cell calcium traces extracted from the fluorescence videos. For each cell, we extracted

the position coordinates and the times corresponding to the half-height of the calcium

elevation peaks. The details of the analysis are reported in chapter 3.3.5.
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Figure 6.5: Calcium fluorescence image of a calcium wave spreading among cells plated on a mi-
crometric pattern (dots of diameter 100µm with an interaxial distance of 500µm and a connecting
bridge wide 20µm). The 8 different images represent different time instants, separated by 7.2 s
long intervals. The colormap allows the reader to distinguish between areas with a higher calcium
concentration, reported in yellow, as the bar indicates . Areas with a low concentration of calcium
are reported in blue. Note that the color scale represents the Fluo-4 intensity as ∆F/F , therefore
it is in arbitrary units. Starting from the second frame, we can observe an increase in the calcium
concentration of a few cells near the dot on the right, which then propagates to a few surrounding
cells in the following frames.

Based on the current knowledge about intercellular calcium propagation, we made a

few assumptions to provide an analytical definition of a calcium wave. Experimentally

observed calcium waves in cultured astrocytes and slices have a velocity of propagation

between 15-27 µm/s and a maximal propagation range of 200-350 µm [295–298].

Here, a calcium wave event is defined as the subsequent calcium elevations occur-

ring in cells with a mutual distance < 350µm and within a time interval of 23 s, which

corresponds to the time needed to travel 350µm at the minimum velocity of 15 µm/s.

Calcium wave events that traveled at a velocity > 27 µm/s were excluded. The first

cell displaying a calcium elevation represented the source cell from which the calcium
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wave started. We made the assumption that the calcium wave could only travel radially

away from the source [222]. The subsequent cells responding were taken as secondary

sources which could propagate signals radially away from the primary source. Since cal-

cium waves can be propagated both intercellularly via exchange of molecules through

gap-junctions but also extracellularly by diffusion of ATP (see section 2.2.4), we assumed

that also the non-nearest neighbors could exchange signals. A schematic representation

of a few astrocytes propagating signals is reported in Fig. 6.6.

Figure 6.6: Schematics of a calcium wave propagation in neighboring astrocytes. The red cell is
the source which increases its calcium content at t0. Then the orange cells respond at t1 and t2.
We assumed that the cell responding at t1 cannot backpropagate the signal to the blue cell that
has a calcium elevation at t3. Instead, the orange cell responding at t2 can propagate its signal to
the blue cell responding at t4, as the signal travels forward, away from the primary source. In this
model, the blue cell with a calcium elevation at t4 can be stimulated by both the primary source
(red cell) or the secondary source (orange cell on the right).

The source cell is depicted in red and increases its calcium content at t0, then the two

orange cells respond at t1 and t2. The cell responding at t1 cannot propagate the signal to

the blue cell that has a calcium elevation at t3 as it would be a backpropagation towards

the main source, a process we assumed to be irrelevant for our analysis. Instead, the

orange cell responding at t2 can propagate its signal to the blue cell responding at t4,

as the signal travels forward, away from the primary source. In this model, the calcium

elevation occurring at t4 performed by the blue cell on the right can be elicited by both

the primary source (red cell) or the secondary source (orange cell on the right).

With this definition of calcium waves, we could single out the calcium wave events

taking place at cells occupying the micrometric patterns. This procedure was carried out

with a custom MATLAB script. Then a classification of the calcium waves events with

respect to the specific locations (dots or bridges) at which they took place was performed

manually. We analyzed the astrocyte calcium traces extracted from several videos (at

least 4 per topography type) recorded from 3 independent samples.
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In Fig. 6.7 we report a graph with a series of traces extracted from cells on dots

connected by 20µm-bridges, where the different colors indicate different locations on

the pattern. The gray bars highlight the time intervals in which calcium waves take

place, which can be recognized as the groups of intensity peaks on different cell traces.

Figure 6.7: Calcium intensity traces (∆F/F ) of cells cultured on micropatterns as a function of
time. Different colors indicate the different location of the cells corresponding to the traces. Here
the pattern consists of a triplet of dots with diameter 100µm connected by a 20µm bridge. The
gray bars highlight the calcium wave events, which can be recognized as the groups of intensity
peaks on different cell traces. The calcium elevations that are not highlighted by the gray bars are
calcium oscillations which remained confined in a single cell, without spreading.

We can see that calcium elevations occurring on isolated traces are not considered

calcium waves as they take place at the single cell. Some cells display also repetitive

calcium elevations at frequencies of the order of tens of mHz, which can be classified

as intracellular calcium oscillations, and they are not comprised in the calcium wave

classification.

The density of calcium wave events per cell on dots, 50µm- and 20µm-bridges was
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defined as

de =

Ne∑
i=0

ni

N
(6.1)

where Ne is the total number of events registered on the part of the pattern taken into

consideration, N the total number of cells occupying it and ni is the number of cells

involved in the i-th calcium wave event. This definition allows to account for a high

number of calcium events or an elevated number of cells participating in events, thus

we can say that a high de corresponds to more active cells, apt to the propagation of

calcium. de was calculated for every video analyzed. The results of the analysis are

reported in the boxplot in Fig. 6.8.

Figure 6.8: Density of calcium events as defined in the main text, for cells located on different
areas of the patterned substrates, consisting of dots of 100µm diameter connected by bridges with
a width of either 50µm or 20µm. A Kruskal-Wallis test [299] revealed that there is a statistically
significant difference between the density of events per cell in the different pattern locations. Cells
on 20µm-bridges conduct on average more calcium waves than cells on dots, with a significance
level p < 0.1 (calculated with a multiple comparison exploiting Bonferroni’s method [300]). In
contrast, cells on bridges of different width do not display significant differences in the dynamics
of calcium elevations.

A Kruskal-Wallis test [299] revealed that there is a statistically significant difference

between the density of events per cell in the different pattern locations. In particular,

cells on 20µm-bridges conduct on average more calcium waves than cells on dots, with a

significance level p < 0.1 (calculated with a multiple comparison exploiting Bonferroni’s

method, [300]). In contrast, cells on 50µm-bridges do not display significant differences
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in the dynamics of calcium elevations, compared to cells on 20µm-bridges or dots. Once

again, these cells have an intermediate behavior between cells on dots and on thinner

bridges. We may speculate that a difference in the calcium activity, and in particular

the ability to propagate calcium waves may be related to the astrocytic network level of

gap-junctional coupling determined by different topologies. A map of how astrocytes

are connected by gap-junctions has not yet been reconstructed. There is evidence that

astrocytic networks are organized in a complex manner, with a controlled and variable

number of connections, depending on the particular brain region [326]. In certain brain

structures characterized by particular anatomo-functional compartments, the shape of

astrocytic circuits is dictated by functional units of neurons (such as in the somatosen-

sory cortex [327] or the olfactory bulb [328]). Elsewhere, such as in the cortex or the hip-

pocampus [233], it is the pattern of expression of connexins which determines the shape.

So far, the functional relevance of this complex connectivity patterns or how it could im-

pact on calcium activity has not been clarified [329]. In this framework, computational

approaches revealed a direct impact of network topology and calcium wave propaga-

tion, in the context of simulated astrocyte ensembles. Dokukina et al. [330] simulated a

simple system of less than five cells in 2D, with the main communicating mechanism of

IP3 diffusion through gap-junctions. They showed that in these cell networks, the varia-

tion in the spatial configuration of astrocytes determines different calcium responses. In

particular, they identified as main parameters the number of gap-junction per cell and

the number on nearest neighbors. Consistent results were also found in 3D simulated as-

trocytic networks by Lallouette et al. [331], whose predictions hinted that calcium wave

propagation is favored in circuits that are sparsely coupled by gap-junctions and when

cell coupling at short distances are favored. An experimental element in favor of this

findings is that intracellular calcium waves were far more frequently observed in cell-

cultures than in slices or in vivo experiments [222]. In fact, a bidimensional geometry

imposes necessarily a lower cell-cell coupling compared to 3D cultures.

Our results agree with these computational models. In fact, the micropatterned sub-

strates used in this work effectively impose limitations in the number of nearest neigh-

bors a cell can have. Astrocytes on bridges, in particular the thinner ones, will statisti-

cally connect to fewer cells than astrocytes organized on larger pattern features, such as

dots.

Another hypothesis is that cell morphology represents a further factor that may con-

tribute the increased calcium wave propagation events in cells on thin bridges. Recent

evidence from Wu et al. [312] shows that spontaneous calcium events appear more fre-

quently in distal astrocytic processes, where the surface-to-volume ratio of the cells is

higher. In fact, these spontaneous events are initiated by a stochastic entry of Ca2+
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through the plasma membrane, so areas of cells where a limited volume of cytosol is

exposed to a larger surface of membrane are more likely to undergo calcium waves. In

this work, astrocytes on bridges have an elongated shape as they can only expand in

the direction parallel to the bridges, therefore they present a higher surface-to-volume

ratio compared to the astrocytes that can spread isotropically. This may have an impact

in increasing the probability of initiation of a calcium event in cells on bridges. Also,

as discussed in section 5.4, there is evidence that the organization of an intact actin cy-

toskeleton is necessary for calcium propagation in astrocytes [308]. We have shown that

in cells on patterns and specifically on microbridges, the actin fibers orientate parallel to

the direction of the bridge. It would be interesting to further investigate if this architec-

ture may create a favorable setting for calcium propagation, and whether not only the

number and distribution of actin fibers impacts on calcium signaling, see [308], but also

their spatial and geometric configurations.

6.5 Summary

The micropattern used in this work allow an investigation of astrocytic properties in an

in vivo-like environment, both from the point of view of the nanoscopic morphology and

that of the micrometric geometrical architecture. The results discussed in this chapter

highlight numerous interesting features that astrocytic networks acquire on nanostruc-

tured micropatterned substrates.

We observed that the astrocytes populate bridges with a higher density and that the

morphology of the cells and their actin cytoskeleton organization depend on the geo-

metric shape of the pattern underlying them. In particular cells on bridges have an elon-

gated shape with actin fibers parallel to the bridge, whereas cells on dots have a more

isotropic morphology, with no preferential orientation of the actin fibers. In addition,

the astrocytic networks, here defined as groups of 5 cells, have a completely different

shape depending on their position on the patterns: networks on bridges have a much

lower eccentricity compared to those on dots. We know from the literature that all these

morphological and spatial attributes may play a crucial role in determining the commu-

nication properties of the astrocytic networks.

Here, Ca2+ wave signaling in astrocytic networks has been shown to be influenced

by the spatial organization of cells thanks to a comparison of the activity of cells on dots

or bridges. Indeed, our observations suggest that cells on bridges may be more likely to

propagate calcium waves compared to those on dots. Further work would be required to

investigate how varying the pattern shape may impact on Ca2+ signaling. This could be

easily achieved thanks to the versatility of the stencil-assisted fabrication technique that

was exploited in this thesis. By changing the stencil masks, we can in principle reproduce



any design that mimics the anatomy of interest (within the technically possible resolu-

tion). Moreover, a robust technique for the selective stimulation of astrocytes should be

adopted, in order to characterize the propagation of stimulated calcium waves, and not

only the spontaneous activity. In fact, the possibility to create astrocytic hubs of different

dimensions and shapes may lead to the experimental determination of how Ca2+ activ-

ity in an isolated cell influences neighboring cells and how these interactions scale to the

ensemble Ca2+ activity in an astrocyte network

Altogether, our findings hint that micropatterned substrates with nanostructured fea-

tures represent an invaluable tool for the analysis of astrocytes. The possibility to repro-

duce in vitro networks with anatomically realistic shapes while providing an ECM-like

substrate that allows cells to develop a more physiological or pathological phenotype,

depending on the choice of the experimenter, opens the route to a variety of experiments

for the understanding of the role of astroglia in brain functioning or disease, starting

from the mechanisms underlying multiscale communication in networks of astrocytes

and astrocytes and neurons e.g. in the context of the tripartite synapse. These could

furthermore be used to better understand the role of mechanotransductive processes in

healthy and pathological astrocytes





CHAPTER 7

Conclusions

The challenges in creating cultures with controlled topology and in which cells maintain

their in vivo-like phenotype are manifold. Engineering physiologically relevant brain

cell networks requires the precise placement of cell bodies in an organized manner while

providing the appropriate biophysical cues typical of the native ECM.

In this work, I employed an additive nanofabrication and micropatterning technique

to produce substrates for cell culture aiming at this goal. The films were produced with

SCBD by assembling micropatterns of zirconia clusters on glass substrates, previously

treated to be cell repulsive [332]. The cluster-assembled films have a surface morphol-

ogy that mimics the nanoscale features of the ECM [61], with a roughness that can be

tailored to provide different topographic signals, according to the experimental require-

ments. The strength of this approach resides in the fact that the control on the nanoscale

properties of the films can be combined with the possibility to limit cell adhesion to pre-

determined substrate areas arranged in micrometric patterns. This enabled the repro-

duction of in vitro cell networks with anatomically or functionally relevant geometrical

shapes.

In spite of the technical difficulties, solid fabrication protocols were developed to ob-

tain patterns with controlled topographic features both at the nanoscale (surface root

mean squared (RMS) roughness) and at the microscale (micrometric patterns). We an-

alyzed the limiting factors of the procedures, proposing practical solutions to achieve

the resolution and micropattern topologies needed. Up to now, micrometric features as

small as few tens of micrometers can be obtained, but, with simple hardware modifica-

tions, the resolution can be further improved.

Starting from the findings of previous studies on the mechanotransductive effects of

the nanostructure on neuronal cell development [55, 59, 60, 135–137], we used cluster-

assembled substrates to perform functional studies on astrocytes. These are a particular

type of brain cells that have been lately recognized as active players in brain signaling,

with direct implications in neural activity and the development of cognitive functions.
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Astrocytes are highly adhesive and adaptive cells [21, 181, 333] that perceive the bio-

physical cues of the microenvironment surrounding them via mechanotrasductive pro-

cesses and participate in tissue remodeling in the physiological or pathological context

[175].

Astrocytes were cultured on zirconia cluster-assembled micropatterned substrates,

and different effects of the interaction between astrocytes and nano- and microscale to-

pography were analyzed, including proliferation, cell morphology, cytoskeletal architec-

ture and calcium activity. We showed that nanostructured substrates favor the develop-

ment of astrocytes with morphological features similar to those found in vivo, compared

to cells grown on flat substrates. At a different length scale, also the micrometric archi-

tecture of the cultures was shown to impact on cell morphology and behavior. Calcium

wave signaling was demonstrated to be more effective in cells forming elongated clusters

with dimension in the same range of blood vessels or axon fibers. This result was argued

to be coherent with the observed morphological and cytoskeletal variations. Altogether,

the findings of this multiscale analysis constitute a consistent whole and provide novel

insights on the mechanosensitivity of astrocytes to the nano- and micro-topographic cues

of the cellular microenvironment, while highlighting the crucial role of the biophysical

properties of the growth scaffolds to direct brain cell behavior.

Nanostructured micropatterned substrates have proven to be powerful tool for the

investigation of the relation between the electrical or chemical signaling among brain

cells. A natural continuation of this work would be to perform similar experiments with

neurons or even combined networks of neurons and astrocytes. The capability to pre-

determine a priori the network topology and engineer circuits of cells that behave sim-

ilarly to the in vivo situation paves the way to the realization of in vitro alternative and

complementary options to animal models and brain slices, for studying the crosstalk be-

tween different brain cells in a pathological or physiological context. A wealth of knowl-

edge could be drawn from the investigation of fundamental spatiotemporal properties

of neuro-glial communication carried out with a bottom-up approach in a controlled en-

vironment, without being hindered by the surrounding noise of dense cellular tissues.

To conclude, I want to highlight that this thesis is an example of how the contam-

ination between nano- and microfabrication techniques with neurobiology can have a

positive impact on scientific research on many levels, from fundamental studies to med-

ical applications. The possible outcomes of this fruitful collaboration are manifold and

versatile. This work contributes in setting the foundation for future applications, ranging

from the engineering of smart prosthetic materials, to the development of brain-on-chip

devices or neural drug testing platform and interfaces [9, 35, 179, 180].



Acronyms

PMCS pulsed microplasma cluster source

MEMS micro-electromechanical systems

SAP stencil-assisted patterning

PRL photo-resist lithography

AFM atomic force microscope

CIMaINa Interdisciplinary Centre for Nanostructured Materials and Interfaces

RMS root mean squared

YAP yes-associated protein

ECM extra-cellular matrix

GFAP glial fibrillary acidic protein

CNS central nervous system

CSPG chondroitin sulfate proteoglycan

ROI regions of interest

DIV days in vitro

SCBD supersonic cluster beam deposition

CSI cell shape index

IAC integrin adhesion complexes

CPU central processing units

SEM scanning electron microscopy
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Layer Interaction at the Surface of Rough Cluster-Assembled Films: The Case of
Nanostructured Zirconia. Langmuir 34, 10230–10242 (2018).

150. Belicchi, M. et al. Ex vivo expansion of human circulating myogenic progenitors
on cluster-assembled nanostructured TiO2. Biomaterials 31, 5385–5396 (2010).

151. Astis, S. D. et al. Nanostructured TiO2 surfaces promote polarized activation of mi-
croglia, but not astrocytes, toward a proinflammatory profile. Nanoscale 5, 10963–
10974 (2013).

152. Changede, R. & Sheetz, M. Integrin and cadherin clusters: A robust way to orga-
nize adhesions for cell mechanics. BioEssays: News and Reviews in Molecular, Cellular
and Developmental Biology 39, 1–12 (2017).

153. Stukel, J. M. & Willits, R. K. Mechanotransduction of Neural Cells Through Cell–Substrate
Interactions. Tissue Engineering Part B: Reviews 22, 173–182 (2016).

154. Park, Y. K. & Goda, Y. Integrins in synapse regulation. Nature Reviews Neuroscience
17, 745–756 (2016).

155. Lilja, J. & Ivaska, J. Integrin activity in neuronal connectivity. Journal of Cell Science
131 (2018).

156. Kotov, N. A. et al. Nanomaterials for Neural Interfaces. Advanced Materials 21,
3970–4004 (2009).

157. Fattahi, P., Yang, G., Kim, G. & Abidian, M. R. A Review of Organic and Inorganic
Biomaterials for Neural Interfaces. Advanced Materials 26, 1846–1885 (2014).

158. Sandoe, J. & Eggan, K. Opportunities and challenges of pluripotent stem cell neu-
rodegenerative disease models. Nature Neuroscience 16, 780–789 (2013).



108 Bibliography

159. Abematsu, M. et al. Neurons derived from transplanted neural stem cells restore
disrupted neuronal circuitry in a mouse model of spinal cord injury. The Journal of
Clinical Investigation 120, 3255–3266 (2010).

160. Lu, P. et al. Long-Distance Growth and Connectivity of Neural Stem Cells after
Severe Spinal Cord Injury. Cell 150, 1264–1273 (2012).

161. Tong, Z. et al. Application of biomaterials to advance induced pluripotent stem
cell research and therapy. The EMBO journal 34, 987–1008 (2015).

162. Brunetti, V. et al. Neurons sense nanoscale roughness with nanometer sensitivity.
Proceedings of the National Academy of Sciences 107, 6264–6269 (2010).

163. Tamplenizza, M. et al. Nitric oxide synthase mediates PC12 differentiation induced
by the surface topography of nanostructured TiO2. Journal of Nanobiotechnology 11,
35 (2013).

164. Raineteau, O., Rietschin, L., Gradwohl, G., Guillemot, F. & Gähwiler, B. H. Neuro-
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