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-Abstract- 

The role of non-neuronal brain cells, called astrocytes, is emerging as crucial in brain function and 

dysfunction, encompassing the neurocentric concept that was envisioning glia as passive components. 

Ion and water channels and calcium signalling, expressed in functional micro and nano domains, 

underpin astrocytes’ homeostatic function, synaptic transmission, neurovascular coupling acting 

either locally and globally. In this respect, a major issue arises on the mechanism through which 

astrocytes can control processes across scales. Finally, astrocytes can sense and react to extracellular 

stimuli such as chemical, physical, mechanical, electrical, photonic ones at the nanoscale. Given their 

emerging importance and their sensing properties, my PhD research program had the general goal to 

validate nanomaterials, interfaces and devices approaches that were developed ad-hoc to study 

astrocytes. The results achieved are reported in the form of collection of papers. Specifically, we 

demonstrated that i) electrospun nanofibers made of polycaprolactone and polyaniline conductive 

composites can shape primary astrocytes’ morphology, without affecting their function ii) gold coated 

silicon nanowires devices enable extracellular recording of unprecedented slow wave in primary 

differentiated astrocytes iii) colloidal hydrotalcites films allow to get insight in cell volume regulation 

process in differentiated astrocytes and to describe novel cytoskeletal actin dynamics iv) gold 

nanoclusters represent nanoprobe to trigger astrocytes structure and function v) nanopillars of 

photoexcitable organic polymer are potential tool to achieve nanoscale photostimulation of 

astrocytes. The results were achieved by a multidisciplinary team working with national and 

international collaborators that are listed and acknowledged in the text. 

Collectively, the results showed that astrocytes represent a novel opportunity and target for 

Nanoscience, and that Nanoglial interface might help to unveil clues on brain function or represent 

novel therapeutic approach to treat brain dysfunctions. 
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Introduction 

Nanoneuroscience: an emerging bridge between Nanotechnology and Neuroscience 

 
 

Nanoneuroscience has been defined as an emerging field that will bridge opportunities and challenges 

across Nanoscience and Neuroscience1. The focus of such cross disciplinary field is to reply to a major 

demand of tools needed to study the brain structure and function at the organ scale and, at the same 

time, to unravel the chemical communications and biomolecular interactions occurring at the 

nanoscale in the brain1
. In this respect, neurons have been for centuries, the focus of brain studies and 

related technological development. However, recent progress, sustained by empirical results 

demonstrated in humans, have provided a more holistic and articulated perspective on the central 

nervous system (CNS). The latter is indeed characterized by a sophisticated genetic and molecular 

and functional heterogeneity of its components: i) billions of neurons with their 100 trillion of 

synapses, ii) non neuronal cells called glial cells, numerically similar to neurons, with their signalling 

and complex dynamics that have consolidated regulatory function, and unexpected modulatory 

capabilities; and finally iii) the vascular system that is providing metabolic and regulatory support to 

the machine iv) the ependymal secreting intracerebral fluid. All the different components cooperate 

to the complex activity and fluctuations of the brain network, with dynamics occurring at many spatio-

temporal scale (i.e. from nanometers (nm) to meters (mt); from seconds (s) to hours (h)). The    function 

of the whole-network has been associated with behaviour, cognition and its dysfunction is considered 

as the neural basis alteration. However, fundamental questions remain to be answered: to  define 

mechanism beyond the cross-talk of different components and on the processes that allows integration 

of information at scales with multiple spatiotemporal resolution. In this view, there is a demand for 

Nanotechnologies that can selectively monitor and control major molecular and cellular targets of 

the differet brain components, avoiding loss of relevant information in transitions across 
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scales2. Such and high challenge demanded cross-fertilization between neuroscience, cell biology, 

chemistry, physics and engineering and material science, as well3. 

As a result, the late part of 20th century led to the development of nanoscale materials, devices and 

nanotools designed to interact with neural and non-neural cells, and provided notable opportunities in 

neuroscience fundamental investigations and applications. Despite the efforts and the major results 

achieved, applications of nanotechnology, in basic and clinical neuroscience, are still in an early- 

stages of development. At the same time the lack of knowledge of specific mechanisms that generate 

the complexity of the mammalian CNS and underline the brain functions and dysfunctions continue 

to attract Nanoscientists and to push Neuroscientists to contaminate each other promoting unexplored 

domains of their respective field4. In this respect, the past four decades highlighted the importance of 

glial cells in brain homeostasis, modulation of cognitive function and systemic functionalities. 

Frequently neglected or marginally considered as a barrier to be overcome between neural implants 

and neuronal target, glial cells, and in particular astrocytes, are increasingly considered as an active 

player in determination of the outcomes of device implantation. Consequently, the almost unexplored 

domain of  Nanoglial science is parallel emerging to feed the demand of tools the selective monitoring 

and control of glial cells. 

In this scenario, this PhD thesis analyzed the advantages to generate and explore nanointerfaces and 

devices to study brain glial cells and their contribution to processes underlying brain function or 

dysfunction. The introduction, reported as Chapter I, has the objective to provide an overview on 

the defined and emerging physiological and pathological role of astrocytes, then to critically 

discussing the most recent advances on nanoglial interfaces and devices that enabled to reach 

unprecedented insights into the role of astroglial cells in brain function and dysfunction. The research 

activities and methodologies implemented within my PhD, reported in Chapter IV and discussed in 

Chapter V had the general objective (Chapter II) to propose Nanoglial science and Nanoglial 

interfaces as multidisciplinary fields that will potentially i) increase
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the understanding of the mechanisms underlying the structure and function of astroglial cells ii) enable 

to extend our knowledge on the role of these cells in brain functions and/or in neuropathologies   as Epilepsy 

and Ischemia, Glioma or Alzheimer. All the activates were performed at CNR-ISOF, under the 

supervision of Dr. Benfenati and with the Co-supervision of Prof. Alberto Credi, University of Bologna, 

(UNIBO) and of the Prof. Marco Caprini, University of Bologna, (UNIBO). All the work presented was 

developed thanks to a multisciplinary collaborative interaction with colleagues at CNR-ISOF, CNR-

IPCB, CNR-IMM, IIT-CNST, University of Bologna, University of Bari, University of Maryland, Air 

Force Research Laboratory, Army Research Laboratory. All these interactions occurred through 

secondments and periods spent in different labs, enabling me to be exposed to a variety of approaches, 

techniques, background and human beings, truly enriching my professional experience. Nonetheless, the 

participation in a regional project, in collaboration with MISTER SMART INNOVATION helped me to 

understand the fundamental step of technology transfer and industrial research. The methodologies 

learned, adapted and developed to implement the research activities are reported in Chapter III. 

The results are reported in the form of collections of paper in Chapter IV. Specifically, I tested i) 

nanostructured materials interfaces made of organic polymers used electrospun nanofibers made of 

biopolymers and composites developed in collaboration with the group of  Prof. Luigi Ambrosio of 

CNR-IPCB, Naples; ii) gold silicon coated nanowires interfaces and devices developed collaboration 

with the group of Dr. Annalisa Convertino and Dr. Luca Maiolo of CNR-IMM, Rome; iii) colloidal 

hydrotalcites films in collaboration with Dr. Tamara Posati and Dr Roberto Zamboni at CNR-ISOF; 

iv) gold nano cluster tools in collaboration with Dr. P. Shashi Karna of Army Research Laboratory, 

Auberdeen, USA; v) semiconducting polymer interfaces based on polythiophene in form of nanopillars 

in collaboration with Dr. Maria Rosa Antognazza at Italian Institute of Technology, CNST, Milan. The 

biological, functional characterizations were performed in collaboration with Prof. Marco 
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Caprini, FABIT, UNIBO, Prof. Grazia Paola Nicchia, UNIBA, Prof. Wolgang Losert, University of 

Maryland. 

Collectively, as discussed in Chapter V, the results achieved demonstrate the ability of different 

nanomaterials and approaches to impact on astrocytes structure and function and the transformative 

potential of nanomaterials to contribute to the advance and in studying the human brain. The products 

of dissemination of results and the training activities performed abroad are reported in the Chapter 

VI. 

The Brain Structural and Functional components 

 
The brain appears as the most complex organ in humans, the systemic difficulty in appreciating and 

revealing profoundly its architecture, is due to 1) its structural organization, 2) the multitude 

physiological roles of all its constituents, 3) the complexity of the network and all the connectivity 

among all the cells needed to guarantee specific behavior. According, to the neurocentric view in 

neuroscience, the components the brain have been classified into: 1) neurons, also named excitable 

cells that can generate action potential, that is propagated across neurons through chemical synapses; 

2) glial cells, non-excitable cells, as they do not fire action potentials; 3) endothelial cells, forming 

the walls of the brain blood vessels and 4) ependymal forming the choroid plexus that regulate 

intracranial fluid in the 4th ventricle. The human brain contains about 100 billion neurons. The 

architecture of a single neuron is made to maximize the surface area to spread connections to other 

neurons through branches called dendrites. The elongation of dendrites that departs from the axon 

depends on the different levels of mammalian evolution. Neurons are embedded in an extracellular 

environment diffused in a volume of 1.5 lt and 200 trillion contacts enabling the genesis of a higher 

hierarchical dynamic organization called oscillation. In this regard, while the feature and the code of 

a single action potential (spike) has been almost fully understood, neuroscientists are still not able to 

unveil the mechanism at the basis of the complex and synchronized network connectivity forming 

brain oscillations 5-10. Neurons in the brain were supposed to be supported by a class of cells, called 
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glial cells. The term ‘‘glia” was introduced to recall the concept of ‘‘glue”, (Virchow, 1856) and it 

was thought that glial cells acted just as passive supporters “filling the space” between neurons. The 

first precise images of glial cells (‘‘round cells with quite long and very fine processes, many of which 

were directed towards blood vessels”) were drawn in 1870 by Camillo Golgi. His idea about glial 

cells being not just “connective tissue and passive actors'' of the brain was supported by Ramon´ y 

Cajal (1893); in 1891, both coined the ‘‘neuron doctrine” indicating in the white and grey matter 

composing the brain of star-shaped glial cells12. Glial cells are divided into other two classes: 

microglial and macroglial cells. Microglial cells are small, round, motile cells, present in all the CNS 

regions and mediating the “immune response” by phagocytosis of debris in the CNS and apoptotic 

cells against pathogens elements. Recently their role is emerging in the shaping of synapsis plasticity 

and in regulating neuronal survival as well5-12. Among macroglial cells are astrocytes, one of the four 

major types of glial cells in the central nervous system (CNS) along with the oligodendrocytes, 

microglia, and polydendrocytes/NG2 cells13. Oligodendrocytes are small cells endowed with 

processes that envelope axons in a structure of membrane called myelin rich in saturated lipids and 

proteins. Myelin insulates the neurons’ axons and allows to increase the propagation speed of the 

action conduction14-16. The myelin formation is the most important function of the oligodendrocytes; 

however, they secrete a series of molecules, called neurotrophin (neurotrophins -3) mediating the 

neural outgrowth. 
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Fig.1.1: Glia cells’ interaction with neurons and blood vessels. Astrocytes control the homeostasis of the central nervous system 

(CNS), astrocytes’ endfeet around synapses control and modulate the synapses function, while oligodendrocytes form the myelin 

sheaths around axons. Microglia induce the immune response in the CNS17. Permission from: Copyright © 2020 Wiley-VCH GmbH. 

 

 
The revolution in the definition of the morphology, the structure and the hypothesis on the role of 

both neurons and glial cells arose with the development of technologies, at the end of the 1970s and 

early 1980s. This happened, especially, in the microscopy field that offered a more accurate definition 

in terms of time and space and the possibility to identify alteration in case of brain disease. However, 

the first proof of astrocytes’ involvement in disease was given by Wilder Penfield and Pío del Río- 

Hortega in the 1920s, when they investigated the role of glial cells in response to injury; while in the 

early 1960s, the group of Stefen Kuffler (1964) demonstrated, performing patch-clamp experiments, 

that glial cells show properly biophysical properties. One year later, in 1965, it was described that 

astrocytes were involved in the uptake of extracellular potassium released by neurons after synapses. 

Similarly, electrical coupling between glial cells and neurons was first presented in 1966 leading to 

the hypothesis of potassium spatial buffering mediating synaptogenesis, which was not confirmed in 
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196918. The strong physical interaction between neurons and astrocytes functions leads to several 

studies focused on the role of glia in the brain network. Astrocytes cells are the most numerous cells 

of the CNS, about 10 times more in number with respect to 100 billion neurons are estimated in the 

human brain19. In particular, i) glia regulates synapse formation: after neurogenesis, neuronal 

migration, and axon elongation, neurons start to create synaptic connections; the glial signals induce 

synaptic stabilisation and maturation20; ii) glia modifies synaptic communication and plasticity: 

astrocytes regulate neurotransmitter uptake, via glutamate transporters, which is dynamically 

regulated, with glutamate transporters receptors for multiple neurotransmitters and neuromodulators. 

Glio-transmitters include adenosine-triphosphate (ATP), when converted to adenosine, act on 

presynaptic adenosine receptors to allow neurotransmitter release and short-term plasticity21-24; iii) 

glia regulates ion homeostasis and affects circuit function: glia can affect neuronal excitability by 

regulating ion homeostasis, for example by clearing potassium (K+) ions from the extracellular space, 

after neurons’ action potential25. The latter will be better explained in a dedicated paragraph of this 

chapter; iv) neuro-glial-vascular coupling provides metabolic support: brain health depends on 

the intimate contact of CNS blood vessels and glial cells. Specifically, it is called the astrocytes’ 

coupling. The blood vessels have specialised barrier properties, known as the blood-brain barrier 

(BBB), which limits the movement of substances between the blood and the brain. However, 

astrocytes can actively supply neurons with nutrients, thanks to their processes that contact both blood 

vessels and neurons26,27. For example, astrocytes are enriched in lipid synthesis pathways and provide 

lipids to neurons, including cholesterol, essential for maintaining presynaptic function28. Astrocytes 

are also enriched in glycolytic pathways and make glycogen, which can be converted into lactate and 

transferred to neighbouring neurons by mono-carboxylate transporters29(Fig.1.1). 
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Homeostatic Role of Astrocytes 
 

As a basic principle for cell physiology, it should be stated that the differences in ion concentrations 

across the plasma-membrane determine membrane potential of all the living cells. These differences 

are the driving force for the electrical activity of cells. In neurons, electrochemical gradients 

determining neurons’ membrane potential, set the so-called excitability properties of the cell at the 

resting state. The quantitative gap of the neurons’ membrane potential from the voltage threshold, 

defined as the voltage at which the action potential process is triggered, determines the ability of the 

neuron to be “excited”, i.e. its ability to generate and propagate action potential. 

Accordingly, unbalanced changes in the ions concentration could alter the neuronal excitability and 

the neuronal network capability to generate action potential and propagate communication signals 

through synapses31,32. The possible variations in ions concentration, essentially Na+, K+, Ca2+ and Cl- 

occur in a space called “Extracellular Space” (ECS) and that is the interstitial place between the 

different types of brain cells. This space represents 20% of the brain volume. In this environment, 

astrocytes are the cells responsible for the homeostatic regulation of ions and water 

concentration regulation, through the transmembrane fluxes allowed by specific ion channels and 

aquaporins and by specific neurotransmitter transportes and co-transporters33-34. Protein channels, 

receptors and transporters in astrocytes are localized in specific areas called “microdomains”, that are 

the major functional unit, where the homeostatic function of glial cells is exploited. The cytosolic ion 

concentrations are defined by respective membrane permeability and an equilibrium potential, (Erev): 

intra-astrocytic concentration of K+ between 140 mM, while K+ concentration in the extracellular 

compartments such the interstitial fluid (ISF) is ~4 mM, this sets ErevK+ at -98 mV (at 37°C). 

Concentration of cytosolic Na+ in astrocytes 10 mM, Na+ concentration in the CSF is ~140 mM, the 

corresponding ErevNa+ ranges between 55 and 60 mV. Concentration of ionised Ca2+ in the cytoplasm 

of astrocytes ranges between 100 nM, with the assumption of Ca2+ in CSF around 1.5 
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mM, the ErevCa2+ lies between –120, -140 mV, high concentration of Cl- 30-60 mM and CSF 120 

mM ions with ErevCl- being set around -35 mV35 (Tab.1.1). 

 
 

Intracellular Extracellular Erev 

[K+]i 140mM [K+]0 4mM -98 mV 

[Na+]i 10 mM [Na+]0 140 mM 60mV 

[Ca2+]i 100nM [Ca2+]0 1,5 mM 140mV 

[Cl-]i 30-60mM [Cl-]0 120 mM -35mV 

Table 1.1: Intracellular and extracellular major ions’ composition and Erev in CNS. 
 

 

Among different homeostatic processes, the most studied and widely recognized activity of astrocytes 

is the maintenance of the extracellular concentration of potassium ([K+]out), thought processes known 

as potassium-uptake and spatial K+ buffering36. 

[K+]out is indeed majorly involved in the depolarization of neuronal resting membrane potential and 

in the crucial mechanism of generation of neurons’ action potential. [K+]out continuously changes, 

because of K+ extrusion occurring after each action potential occurring at each synaptic domain. 

The imbalance of this ion leads to an over-excitation of the neuronal network and a series of cascading 

events, such as uncontrolled synaptic release of neurotransmitters, CNS compromise, damage to 

neuronal viability. The accumulation of K+ at the perisynaptic space makes the resting membrane 

potential of astrocytes negative respect to the Nernst equilibrium potential for K+ 37-40. How astrocytes 

are able to act in the activity of K+ regulator is explained by the functionality of a pump, known as 

the “Na+/K+ ATPase” pump. The correct activity of the pump is restoring the electro-neutrality by the 

efflux of cations: 3 sodium (Na+) and by the influx of 2 K+. The Na+/K+ ATPase is expressed both  in 

neurons and astrocytes, but it is stimulated by elevated [K+]o only in astrocytes65 (Fig.1.2 and Fig. 

1.3). 
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Fig. 1.2: Scheme of astroglial cells microdomains: pumps and transporters that contribute to the transmembrane movement of ions 

and aquaporins, involved in potassium buffering and volume homeostasis of the brain. Right panel represents zoomed-in view of 

distinct domains in contact with synapses and the glia-vasculature interface17. Permission from: Copyright © 2020 Wiley-VCH GmbH. 

 

The K+ uptake could be accompanied by water influx and swelling of the cells. After its uptake, the 

excess of K+ travels through the astroglial syncytium through gap junctions, and then it is released in 

the distal compartment of the ECS41 or to the closest blood vessel. This process, called potassium 

spatial buffering, allows for restoration and maintenance of [K+]out that is demanded after each action 

potential. 
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Fig. 1.3: Scheme representing astrocytes and distinct microdomains. A) Perysinaptic astrocytic domain implicated in chemical 

synapse activation, neurotransmitters and K+ released by neurons. B) The gliovascular astrocytic domain: the syncytium to reach the 

glia- vasculature interface17. Permission from: Copyright © 2020 Wiley-VCH GmbH. 

 

Ion channels in astrocytes 

Astrocytes express a variety of K+ channels expressed in their plasma membrane. The most abundant 

and functionally relevant in potassium homeostasis are the inward rectifying K+ channels (Kir). 

Structurally, Kir channels are divided into 7 families, they are organised into 2 transmembrane 

domains and 16 subtypes, whose voltage and gating properties are depending by the ErevK+42. Among 

them the Kir 4.1 is the most commonly expressed Kir in astrocytes in vivo. It localised in astrocytes 

endfeet that contact synapses and blood vessels to contribute to the control of brain homeostasis, 

contributing either to the uptake and to the release of potassium. Actually, Cs+ and Ba2+ are confirmed 

to inhibit Kir channels43-45 (Fig. 1.4). In addition to Kir, potassium channels that are members of 

Voltage-gated K+ channels (Kv)46,47, Calcium-dependent potassium channels (KCa) and 48,49 Two 

Pore-domain potassium channels (K2P), have been identified in astrocytes. As a general statement, 

potassium channels are involved in determine the membrane potential of astrocytes and in the 

homeostasis of potassium. However, as described above, such a massive potassium flux across the 

plasma-membrane might generate variations in the transmembrane potential in the microdomains, 

ttunfortunately they cannot be recorded with available technologies. As a consequence, the role of each 

channel in the brain function or cortical oscillations is far to be determined. Similarly, the role of the 

Voltage-gated Na+ channels (Nav) is still not well known in astrocytes. However, the sodium 

function is necessary for the activity of the of Na+/K+-ATPase, meaning for the K+ homeostasis in the 

CNS and their crucial role for the brain50,51. 

Chloride (Cl-) channels have been also identified in astrocytes. The Cl- balance is fundamental in 

the neuronal communication and the maintenance of electrical equilibrium. The CLC family of 

channels with its 9 members and 10 to 12 transmembrane domains, localized in the plasma membrane, 

especially in the hippocampal area and in intracellular organelles52,53. The ClC channels, such as ClC-
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1, ClC 2 and ClC-3 have been detected in astrocytes processes.  

The hypothesis about their role goes around 1) the GABAergic transmission by regulation of [Cl-] 

efflux in the synaptic space, 2) modulators of the resting potential by variations in cell volume Cl- 

release in response to cell swelling54,55.  Differently, the Volume-regulated anion channels (VRACs) 

need to be activated by a hypotonic stress. VRAC is crucial for RVD and its currents have been 

characterized in vitro52. In particular, in our lab, we showed that the leucine-rich repeat-containing 

protein 8 (LRRC8) forms hexameric complexes in the extracellular membrane of VRAC channels. Other 

authors demonstrated that VRAC  is implicated in the release of excitatory aminoacids like glutamate or 

taurine and aspartate, while carbenoxolone (CBX) can inhibit the VRAC activity. It has been observed, 

there are calcium activities dependent by K+ protein channels, evidence demonstrates that VRAC is 

involved in Ca2+ wave propagation as well, through ATP release56-61. Through microdomains, 

osmolytes, ions, water flux as response of physiological or triggering stimuli; astrocytes activate a 

mechanism called regulatory volume decrease (RVD) to recover the initial cell volume, while the 

opposite mechanism is called regulatory volume increase (RVI) and it is activated by astrocytes to 

compensate the cell swelling with cell shrinkage, activating a process of release of osmolytes (Fig. 5). 

 

 
Fig. 1.4: A) KIR4.1 is expressed in vivo as a homotetramer (four units of KIR4.1) (B) The protein contains two extracellular domains 

and two transmembrane regions. Kir4.1 channels localize on astrocytes at perisynaptic or perivascular processes, KIR4.1 channels are 

essential for potassium homeostasis in the brain by maintaining the ionic and osmotic environment in the extracellular space. Permission 

from: Creative Commons Attribution4.0 International, Int. J. Mol. Sci. 2020, 21(24), 963. 
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Ion channels and receptors mediating calcium signaling in astrocytes 

Astrocytes are not silent cells. They express a kind of “excitatory system” of communication with the 

other cells in the ECS. The signalling established by astrocytes is mediated by oscillations in the 

intracellular calcium concentration ([Ca2+]i). Calcium membrane dynamics processes in astrocytes 

several functions, in particular energetic delivery, vascular activity, role in regulating homeostatic 

signalling and water transport and distribution, facilitated by the cooperation with water channel 

AQP4. Dysfunction in calcium signalling in astrocytes leads to brain swelling, ischemia, epilepsy, 

and brain tumors62. 

Astrocytes can sense and respond to extracellular modification by oscillations [Ca2+]i. It has recently 

been highlighted that the dynamics of [Ca2+]i are spatio-temporally distinct depending on whether they 

occur at the soma, at their process in the so-called microdomains or through the astroglial syncytia, 

by means of gap junctional coupling, originating what are known as Ca2+ waves. Astroglial [Ca2+]i 

signalling occurs at astrocytic domains that enwrap the majority of pre- and post-synaptic cortical 

neurons in the tripartite synapse. Of note, the speed of [Ca2+]i propagation and waves increase with 

the evolution, further suggesting that astrocytic calcium signalling might have a role in computation. 

These findings led to the intriguing hypothesis that [Ca2+]i are involved in and can become a 

therapeutic target for the improvement of cognitive functions. The entry of extracellular Ca2+ or the 

efflux of the Ca2+ stored in the endoplasmic reticulum both contribute to [Ca2+]i oscillations and 

waves. Among different paths, extracellular Ca2+ can flow through the membrane of astrocytes via the 

ionotropic purinergic receptor P2X7 and through Transient Receptor Potential Vanilloid 4 (TRPV4) 

and TRP Ankirin 1 (TRPA1) and through Voltage-gated calcium channels (VGCCs)62. 

Voltage-gated calcium channels (VGCCs) are complex proteins of 4-5 subunits, encoded by several 

genes, with different properties and features. Ca2+ influx followed by membrane depolarization is the 



20  

consequence of their activation L-type current has been identified in cortical astrocytes, Cav 1.2 and 

Cav 1.3 channels, to be activated the L-type Ca2+ channels need a strong depolarization, the latter 

seems to happen during astrogliosis. Studies showed the upregulation of Cav 1.2 and how the deletion 

of these channels, by phenylalkylamines, dihydropyridines and benzothiazepines, avoided gliotic 

response63-65. N-type, P/Q-type, and R-type channels need a strong depolarization, and specific 

polypeptide toxins from snail and spider venoms can block them. T-type Ca2+ currents are transient 

and activated by weak depolarization. Any of the conventional molecules used as antagonists of the 

activity, can inhibit them66-67. 

The recent Nobel Prize for Physiology and Medicine (2021) to David Julius and Ardem Patapoutian 

for their discoveries of receptors for temperature and touch, highlights the role of a specific channel 

belonging to the superfamily of TRP channels. In human species there are about 27 members of TRP 

channels into 6 subfamilies. Structurally, they show 6 transmembrane domains and a TRP domain in 

the C-terminal region. The pore region is formed between the fifth and sixth transmembrane domains. 

Our ability to sense heat, cold and touch is essential for survival and underpins our interaction with 

the world. The discovery of TRP channels contributes to a rapid increase in our understanding of how 

our nervous system senses heat, cold, and mechanical stimuli. TRP acts on many different 

physiological functions (thermosensation, nociception, chemoreception and taste). TRP channels are 

diffuse in the CNS, in particular, vanilloid (TRPV), ankyrin (TRPA), mellastain (TRPM) and 

canonical (TRPC) family receptors, permeable to ions, such as sodium, calcium and potassium, too65- 

70. The discovery of TRPV1 by David Julius and Ardem Patapoutian was a major breakthrough 

leading the way to the unravelling of additional temperature-sensing receptors and how differences 

in temperature can induce electrical signals in the nervous system. Among the TRPV family, TRPV4 

has been detected in the cortical and hippocampal regions of astroglial cells in vitro and in situ, 

specifically TRPV4 localized in astrocytes’ end feet. The TRPV4 protein is made of 6 transmembrane 

domains that include the pore region, a cytosolic N-terminal and an intracellular C-terminal tail, as 
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all the components of the same family, The main trigger of TRPV4 activation in primary cortical 

astrocytes is the cell swelling with the result of an increase in [Ca2+]i. Molecules, such as RN-1471 

(RR), are specific inhibitors of the calcium signal mediated by TRPV4 in astrocytes in situ, while 4α- 

phorbol 12,13-didecanoate (4αPDD), is used as agonist of the activity of TRPV4 to increase the 

cationic currents in vitro and in situ. Interestingly, TRPV4 can act together with channels involved in 

the water transport, called aquaporin AQP4, to regulate the cell volume, though a mechanism called 

for the regulatory Volume Decrease, (RVD)73-77 (Fig. 1.5). 

 

 

 
Figure 1.5: Scheme representing astrocyte swelling and RVD based on the efflux of intracellular solutes that generate osmotic 

gradients accompanied by water. K+, Na+ and glutamate uptake occur causing an increase in osmolytes that produce water influx. Ca2+ 

elevation is involved in the sensing and transduction of volume and osmolyte changes (created by EdrawMax ®). 

 

 
TRPA1 is also expressed in astrocytes, and it is activated by noxious cold stimulus and pungent 

substances and pro-inflammatory agents65, 78,79. 

The demonstrated role of TRPA1 is to decrease the resting [Ca2+]i in order to reduce GABA uptake 

and to regulate inhibitory synapses80. Seven members of another family are the TRPC channels 

(TRPC1-7), which are expressed in astrocytes and activated by phospholipase C (PLC), 

diacylglycerol (DAG) and mechanical stimulation69. TRPCs probably activate Ca2+ signals mediated 

by purinergic, glutamatergic and mechanical stimulation111, although evidence on their role calcium 
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induced calcium release in astrocytes are still controversial. 

Aquaporins and Water Transport in astrocytes 

Three members of the aquaporin family are expressed in astrocytes, AQP1, AQP4 and AQP9, the 

dominant one is the AQP4 made of 8 transmembrane segments and 2 translation initiation sites called 

Met1 and Met23, localised in astrocytes’ endfeet and assembled in orthogonal arrays (OAPs) of 

particles, still undefined80-86(Fig. 1.6). AQP structure and plasma membrane organisation were 

described for the first time by Peter Agree, and its mysterious 28 kDa protein, AQP1 gave him the 

Nobel Prize 1991. Cloning the AQP4 homolog in brain by Jin Sup Jung led to a major new chapter 

in the recognition of water transporters at the blood-brain barrier by Søren Nielsen and Ole Petter 

Ottersen. The structural basis of AQP4 localization resulted from a pivotal observation by John Neely 

and led to the recognition by Mahmood Amiry-Moghaddam that AQP4 contributes detrimental to the 

onset of brain edema. The highest expression of AQP4 has been identified in the cerebellum, 

hippocampus, diencephalons, and cortex35. 

      

                            

 

 
Fig. 1.6: The structure and distribution of aquaporin-4 (AQP4). (A) AQP4 has six transmembrane domains (1–6) and five 

connecting loops (A–E). Loops B and E contain highly conserved " NPA " motifs (hemipores) that overlap midway creating a highly 

selective water pore. Permission from: Creative Commons Attribution (CC-BY) licence (http://creativecommons.org/licenses/by/4.0/). 

A, B) Schematic of OAP assembly from AQP4 M1/M23 heterotetramers. M23 and M1 AQP4 monomers. Projection from M23 

monomer denotes potential site of M23-M23 intertetrameric interaction. bottom) Six possible independent AQP4 M1/M23 

heterotetramers. Four-way rotational variants of each are possible as well. (B) low and high M23:M1 ratios OAPs88. Permission from: 

Creative Commons Attribution (CC-BY) licence (http://creativecommons.org/licenses/by/4.0/) and Elsevier. 

http://creativecommons.org/licenses/by/4.0/)
http://creativecommons.org/licenses/by/4.0/)
http://creativecommons.org/licenses/by/4.0/)
http://creativecommons.org/licenses/by/4.0/)


23  

Recently, M. A. Moghaddam et al., discovered the AQP4ex, a new isoform of AQP4 abundant in the 

perivascular astrocytic membrane domains near brain microvessels. His new data suggest that AQP4 

is implicated in scar formation87. The astrocytic endfeet have been identified as the area of co- 

localization of AQP4, and Kir 4.1, this means that both of them collaborate to the correct water flux, 

K+ movement and RVD process88. 

The volume regulation process involving astrocytes ion channels and aquaporin cooperation can be 

described as follows: 1) the mechanism of ion homeostasis induces ions’ flux by astrocytes at the 

synaptic site, 2) the latter increase in intracellular concentration of K+induces an increase in therm 

osmotic gradient that drives and calls water influx, 3) water flux through mainly AQP4 determine cell 

swelling, 4) cell swelling or alteration in the osmolyte concentration, or alteration in the cell volume 

is sensed by TRPV4, through an influx of Ca2+ that finally initiate the so-called RVD, 5) the activation 

of volume-regulated anion channels (VRACs) in response to hypotonic challenge, as well   +as during 

the cell's swelling89-90 majorly contributed to the extrusion of anions (inorganic and organic  osmolytes) 

while co-transportes are involved in the extrusion of cations. The protocol is to cause a hypotonic 

stress by exposing primary cell culture to extracellular hypotonic solution. The RVD process has been 

shown to be dependent on TRPV4 mediated [Ca2+]i increases. Nonetheless, the cooperation of 

astrocytic TRPV4 and AQP4, as well as of the function of VRAC are determinant to an efficient RVD 

process204. It is highlighted, however, that while the correlation between TRPV4 and AQP4 or the one 

between AQP4 and VRAC have been determined, the effect of the synergy among different key 

elements has never been demonstrated. In this respect, one of the key challenges is the lack of systems 

where to study cell volume regulation in a controlled manner. 

To reach the resolution required for studying dynamics of microdomains in two photon-imaging 

experiments in vivo, higher power exposure is required that can lead to phototoxicity. On the other 

hand, a major pitfall in the study of astroglial membrane channels involved in volume homeostasis in 
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vitro is that, in standard cell culture conditions, their expression pattern does not resemble that 

observed in vivo88,92. In a previous work, Posati et al., have demonstrated that plating astrocytes on a 

nano-structured interface, called hydrotalcite (HTlc), is an efficient method to obtain differentiated 

astrocytes in vitro, in terms of morphology differentiation and both molecular and functional features. 

In particular, HTlc astrocytes displayed highly branched morphology, accompanied with increased 

expression of Kir4.1 protein and conductance and overexpression of AQP4, that was paralleled with 

increased swelling-induced water permeability88. 

Given the peculiarity of this cell culture approach, which allows for the study of astrocytes in vitro in 

a way that recapitulates important features of astrocytes in vivo, we sought to study cell volume 

regulation mechanisms in these differentiated astrocytes. The results of this approach are reported in 

Chapter IV. 

Astrocytes as a functional syncytium 
 

Astrocytes are not single cells but they work as a functional syncytium. The connections between one 

astrocyte and the other are made by protein structures called connexons that form the so-called gap 

junction. Connexons are formed by 6 subunits known as connexins (Cx), 21 types of connexins with 

a molecular mass between 26 and 62 kDa. When connexins, forming connexons are not aligned, they 

may form pores known as hemichannels. The specific activity of gap junctions into a functional 

syncytium between the cytoplasm of two neighbouring cells, is to maintain the membrane potential 

of potassium, by two hemichannels or connexons, mediating electrical and metabolic coupling by 

allowing cytoplasmic exchange of ions (K+, Ca2+, Na+), second messengers (cAMP, IP3) and 

metabolic substrates and products; Connexins, where firstly described by the group of David Spray. 

They consist of a four α-helical transmembrane domain connected by 2 extracellular and 1 

intracellular loop and having both the C- and N-terminal in the cytosol.
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All of them present four transmembrane domains. Astrocytes’ homocellular gap junctions are formed 

mainly by Cx26, Cx30 and Cx43 of which the Cx43 is the most abundant91. Connection's pore diameter 

ranges between 6.5 and 15 Å allows the passage not only of ions but also of hydrophilic molecules up 

to 1kD92,93. On the contrary the panneconnexons are single pores in the CNS, Pannexin 1 (Panx 1) is 

present in neurons and glial cells in vivo and in vitro. Panx1 forms hemichannels implicated with ATP 

release after activation by membrane depolarization or P2X7 stimulation94. Panx1 can also form a 

complex with P2X7 receptor implicated as well in ATP-release mechanism that helps in the propagation 

of intercellular Ca2+ waves and D-serine release. Pannexins are proteins belonging to the integrin protein 

family13-95-97(Fig. 1.7). 

 
 

Figure 1.7: Scheme of the structure of connexin and pannexin-based channels. Connexins and pannexins present a similar membrane 

structure with 4 a-helical transmembrane domains connected by 2 extracellular loops and one cytoplasmic loop. The red balls are 

extracellular loop cysteines, and glycosylated asparagines (blue branches) are also shown. Hemichannels (also known as connexons) 

are formed by the oligomerization of 6 subunit connexins around a central pore. Pannexons are single membrane channels that are 

composed of 6 pannexin subunits. Hemichannels dock each other to form functional cell-to-cell channels termed gap junction channels 

(right panel)98. Permission from: Creative Commons Attribution 4.0 International. 

 
 

Gliotransmission and the concept of “Tripartite Synapsis” 

The term gliotransmission indicates the ability of astrocyte to release molecules, substrates and 

factors such as excitatory and inhibitory amino acids: glutamate (Glu-), adenosine, D-serine, or 𝛾- 

aminobutyric acid (GABA) lactate to neurons, nucleotides and nucleosides (purine nucleotides 

adenosine triphosphate, ATP), eicosanoids and other lipid mediators (prostaglandins), (neuropeptides 

(proenkephalin, angiotensinogen, endothelins), neurotrophins (nerve growth factor, neurotrophin-3, 

brain-derived neurotrophic factor), cytokines (interleukins (IL), interferons (IFN), tumour necrosis 

factors alpha (TNFα)), structurally associated chemokines and growth factors99,100,101,. Several 
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different mechanisms of release from cultured astroglia have been documented, including (1) volume- 

sensitive organic anion channels (2) hemichannels (3) P2X7 receptor channels (4) reversed operation 

of reuptake carriers (5) exchange via the cystine–glutamate antiporter (6) Ca2+-dependent mechanism. 

Astrocytes are endowed with secretory organelles: the small synaptic-like microvesicles (SLMV), the 

large dense-core granules (LDCGs) and lysosomes whith the function to “store and release”. The 

gliotransmission activity is related to other functions that astrocytes support and that have been 

mentioned such as the brain potassium “housekeeper”, neuron supporters, cerebral blood flow 

regulators. All of these processes occur at different timescale (micro and nano-scale) and different 

levels of involvement and organisation of single cluster or network of astrocytes, astrocytes-neurons, 

astrocytes-glia. Generally, the “old school” of studying neurotransmission considered the transfer of 

information in the brain as a process mediated between neurons alone. The most recent evidence of 

the last 15 years, demonstrated the presence of a bidirectional signalling between astrocytes and 

neurons, where the role of the gliotransmitters is fundamental to regulate neuronal excitability and 

synaptic transmission. These findings are precursors of a new concept of synaptic physiology, “the 

tripartite synapse,” in which astrocytes exchange information with the neuronal synaptic elements101. 

As a consequence, astrocytes can be considered an integral part of the synapses (Fig. 1.8). 

Glutamate is probably the best characterised gliotransmitter, able to modulate synaptic transmission. 

It is converted to glutamine by the enzyme glutamine synthetase (GS) before being passed back to 

synaptic terminals and back to glutamate. Cytoplasmic glutamate level is kept lower in astrocytes 

than in neurons, thus allowing its prompt uptake from astrocytes, when needed. 
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Fig. 1.8: The tripartite synapse. Astrocyte’ endfeet is the third component of the synapsis made of pre and postsynaptic terminals of 

2 neurons. The receptors can interact with the neurotransmitters released from the presynaptic terminal of the neuron. The process is 

responsible for the activating rises of calcium ions in astrocytes. Astrocytes release as a consequence diverse neurotransmitters and 

neuromodulators, such as ATP, glutamate17. Permission from: Copyright © 2020 Wiley-VCH GmbH. 

 

 
This complex activity is potentiated by the participation of other gliotransmitters, such as GABA, 

ATP, adenosine (a metabolic product of ATP), or d-serine, to evoke neurons’ response, while ATP 

has been observed to be released from astrocytes, in vitro, in situ and in vivo, by exocytosis and 

diffusion through membrane channels, GABA by specific transporter or by diffusion via anion 

channels, the release of the neuromodulator D-serine seems to occur after the conversion of L-serine 

by the enzyme serine racemase substrate35. Recent studies have also demonstrated the role of 

astrocytes in maintaining GABAergic neurotransmission through astroglial syncytium for Cl- 

homeostasis102. In conclusion, glutamate stimulates the astrocyte-to-neuron signalling through the 

elevation of Ca2+, as demonstrated in the hippocampus and cortex area of the brain101. Astroglial 

processes are a structural part of the tripartite synapse made of pre and postsynaptic neuronal 

terminals. The model demonstrates a bidirectional, glial-neuronal communication where 

neurotransmitters induce glial Ca2+ signalling causing the release of neurotransmitters from the 

astrocyte to the synaptic space. Astrocytes can control the initiation and shape of synaptic networks 
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by controlling ion and neurotransmitter homeostasis in the synaptic volume and contributing to 

synaptic pruning. 

Here, the more recent in vivo evidence, indicating the functions in which astrocytes are implicated at 

the systemic level, are reported; in particular, cognitive processes alteration such as memory and 

learning, information processing, food intake, chemo-sensing, energy balance17. 

Neuronal Oscillation in Cortical Network 

The cerebral cortex is a highly distributed system in which numerous cells operate in dynamic, 

through connections explicated from one to another coordinating center. This assumption raises two 

important questions: first, how is organized the architecture of connections that is assumed 

coordinating brains’ functions? and second, how dynamics can be regulated in the spatio-temporal 

area. Neurons in the cortex are functionally organised in a network to enable appropriate excitations 

and inhibitions in the brain. To balance the dynamic of the neuronal networks in the mammalian brain 

several oscillatory bands in different frequencies from approximately slow 0.05 Hz to fast 500 Hz 

have been distinguished30. Oscillations in neurons are classified based on power and frequency band, 

with different frequency bands being associated with specific behaviors and activity. Following 

Berger’s tradition, frequency bands were labelled with Greek letters and drawn (delta, 0.5–4 hertz; 

theta, 4–8 hertz; alpha, 8–12 hertz; beta, 12–30 hertz; gamma, > 30 hertz)30, (Fig. 1.9). The frequency 

of bands can belong to the same neuronal network, stimulating a specific function or it can be 

associated with different brain states104-107. Because of it, a constant alternation between different 

dynamic states of the brain has been identified; several functions, controlled by the cortex, have been 

associated with a “natural rhythm”. Cognitive functions represent the larger rhythmic pattern in the 

cortex. The nature of this rhythm is due to the voltage fluctuations emerging from the synchronization 

of individual neurons that are part of a neuronal network. The ordered and marked fluctuations are 

properties depending on the complex physical architecture of neuronal networks and on the limit of 

spreading the neuronal communication high in speed from the axons in the time and spatial scale34. 

The latter could cause chaotic oscillations and disruption of the network itself. Moreover, slow 
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rhythms synchronize large spatial domains and can spread higher frequency localised oscillations, for 

example sleeping is the result of multiple oscillations, but still poorly defined in its mechanism of 

development and spreading. Its state is determined by unperturbed multiple oscillations in the 

thalamus108. On the contrary higher frequency oscillation occurs in small neuronal network106. There 

is a correlation among the type of oscillation and the function that the brain is supporting103. Different 

mechanisms in different brain structures can oscillate the same band, but at least one distinct 

mechanism stimulates the oscillation network. 

 
 

Fig. 1.9: Cortical oscillations in human brain. A) Cortical oscillations classified into frequency bands; each of them contributes in a 

healthy brain to different functions and activities for human life. B) Graph showing linear progression of the frequency classes on their 

natural logarithmic scale3,103. Permission from: Copyright © Elsevier and Copyright Clearance Center and American Association for 

the Advancement of Science 2004. 

 

 
The best performance in cognitive function is determined by tonic increase in alpha but a decrease in 

theta power, it depends also on the type of memory demands. The alpha frequency is related to age 

and memory performance decreasing from childhood to adulthood. Modulating the power of alpha is 

controversial but can be a solution to different neurological disorders. In addition, the phenomena of 

transition from waking to sleeping is correlated to an alpha power decrease, whereas theta power 

increase109. 

Astrocytic Modulation of Cortical Oscillation in the Brain 

The mechanism behind the range of frequency in the cortical network needs to be regulated to a driven 

factor able to generate network oscillations, tuning different frequencies in time and space, coordinating 

neurons and activating intrinsic conductance by neuromodulators110, receptors cellular 
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excitability and the hyperpolarization of inward current110. The intrinsic increase of Potassium 

concentration ([K+]o) impacts the synaptic transmission and plasticity111,112. 

The increase in the accumulation leads to neuronal excitability and pathological conditions113,114. 

Sejnowski's group studied the impact of K+ activity on the excitation of neurons and neuronal 

networks115,116 by the formulation of a computational model. They found that possible modification of 

K+, because of changing in the conductance of neurons, can lead to altering fast and slow oscillatory 

firing. Nedergaard’s group showed the role of K+ in the release of neuromodulators in vivo, he 

demonstrated that K+ fluctuations could alter the synaptic activity117. 

K+ homeostasis appears to be the main protagonist of a complex network, however, it is still not well 

identified and implicated in all the brain functions. Buskila and Bellot-Saez demonstrated that alteration 

of [K+]o modulates network excitability, affecting both low and high-frequency oscillations, this could 

modify the membrane’s properties118. The study of A. Araque’s laboratory about astrocytes modulation 

of neuronal network activity introduces the idea of the quantification of  sensory-evoked astrocyte 

responsiveness and the impact on sensory-evoked cortical neuronal network activity. The data of its 

studies determine the relationship between sensory stimuli and cortical astrocyte-neuronal network 

responses and confirm that astrocytes are active in the processing of cortical sensory information119. 

Supporting the theory of the active involvement of astrocytic signaling in cognitive function, V.M. 

Sardinhia and J.F. Oliveira analysed through electrophysiology experiments the hippocampus–prefrontal 

cortex network, giving emphasis to the role of astrocyte-derived signaling in corticolimbic circuits and 

cognitive processing120. In conclusion, the state-of-the art hypothesis on the role of astrocytes in the 

modulation of brain oscillations are related to their homeostatic capability. Since astrocytes are pivotal in 

maintaining the  K+ homeostasis, the modulation of their quality in the potassium re-uptake from the 

extracellular milieu, is a potential mechanism to tune the neural oscillations and to preserve the network 

disruption  before the rising of impairments. Moreover, in a recent review about the understanding 
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of the regulation of rhythm behaviour, Drosophila and mice were compared to demonstrate the 

importance  of astrocyte-neuron communication in the regulation of circadian behaviour and sleep by 

astrocytes.   Both neurons and astrocytes contain circadian clocks that control rhythmic behaviour. In 

Drosophila, astrocytes are critical for normal behaviour, but it is unclear how astrocyte clocks participate 

in regulating circadian period. In contrast, mammalian astrocyte clocks determine behavioural rhythms 

including circadian period119,122. 

Potential Role of Astroglial Ion channels in Cognitive Functions 

 

Several studies established astroglial cells' active contribution to emotions, learning, memory, and 

generation of thoughts in humans, as regulators of the synaptic transmission and of the intrinsic neuronal 

excitability. The second factor that allows us to consider astrocytes related to cognitive functions is that 

astrocytes occupied 20-fold larger volume in the human brain than that in rodents. The influence on 

process information in specific ways by integrating and computing data and by participating in the 

mechanisms of memory formation and learning cannot still recognize a real link with the concept of 

human intelligence and astrocytes, never demonstrated. The information travels through the brain and 

passes through the connections of neurons. Astroglial cells take part as the third  fundamental member of 

the neuronal network; however, the mechanism that mediates this coupling is still not known50. 

Furthermore, pathophysiological data also support this hypothesis by demonstrating that the lack or the 

down or up-expression of astrocytic ion channels and water channels is observed in diseases characterised 

by cognitive impairment. In particular, KCNJ10, the gene encoding the potassium channel Kir4.1 or 

AQP4 dysfunctions, have been linked to autism and  neuroinflammation. Additionally, the numerous 

techniques used to study astrocytes in vitro and in vivo, are not able to address the question of whether 

astrocytes directly contribute to cognitive functions or allow cognitive functions. Some observations in 

vivo demonstrate that calcium increase and signalling, which is responsible for the glial complex 

gliotransmission process, is suppressed during the anaesthesia in animals. 

 One of the studies analysed the impairment of working memory induced by cannabinoid.
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Mice with conditional astrocytic deletion of CB1-cannabinoid receptors did   not display deficits in working 

memory in response to cannabinoid. In contrast, mice with conditional   deletion of CB1 receptors in 

glutamatergic or inhibitory neurons exhibited the expected detrimental effects of cannabinoid. Thus, 

excessive stimulation of astrocytic CB1 receptors may mediate cannabinoid-related impairment of 

cognitive function. The emergence of new experimental techniques offers exciting possibilities in 

studying the importance of neuroglia signalling in the absence of pathology in vivo during the cognitive 

and learning functions17,35,122. Of interest is the implication that astrocytes have in the regulation of 

rhythmic behaviour in vivo, such as the circadian  rhythms and in particular in sleeping. It is emerged that 

astrocytes are endowed with a “clock center” made of at least 396 genes localized in the suprachiasmatic 

nuclei in the anterior hypothalamus (CNS); 55 of them are responsible of wakefulness and sleep35. The 

endogenous clocks of astrocytes are suggested to be similar to those expressed in neurons and implicated 

in rhythmic behaviour. This observation leads to considering astrocytes and neurons part of an oscillatory 

and rhythmic network35.  In the plethora of hypotheses, our lab has pioneered the idea that astrocytes can 

actively contribute not only to the maintainance but also to the genesis of the brain rhythm. In particular, 

we believed that transmembrane ionic fluxes across the plasmamembrane occurring in such a minute 

space like the one of micrdomais can generate local current displacement that, on turn, might contribute to 

the genesis of oscillations or to tuning their balance by active ions uptake/secretion and bioelectrical signal. 

However, despite valuable data provided, the emerging problem on the difficulty to approach the 
 

question of the role of astrocytes in brain rhythm is the lack of specific ways and techniques or 
 

methods that can provide a unique and conclusive answer17,100. 
 

Thus, as demonstrated in Chapter IV we took advantage of nanostructured forest of electrodes to verify 

the occurrence of such spontaneous waves of voltages in vitro, and to set the scene to unveil a more 

deterministic role of astrocytes in cognitive function. 

 

 

Astrogliosis and Gliopathologies 

 

The brain, which is located in the skulls, can be exposed to different traumatic events; some insults affect 
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astrocytes’ structural and functional properties and can alter neurons or the surrounding parenchyma. The 

term used to indicate damage to glial cells is Gliosis. It refers to structural and functional changes of 

astrocytes and microglia, in response to chronic or acute insults of the CNS. The kind of alteration, and 

the degree of the type of pathology are variable, but the features that characterise the acute and chronic 

damages are similar; it includes hypertrophic cellular proliferation, upregulated expression of several 

proteins, including GFAP and vimentin in astrocytes, the presence of cytokines, chemokines, and growth 

factors and ultimately the formation of a persistent fibrous scar123-125. Biochemical signalling cascade, 

molecular paths, and structural changes of reactive  astrocytes, as significant alteration in ions expression 

occurs in astrogliosis. In particular, dramatic changes in the membrane expression of inwardly rectifying 

potassium channel Kir 4.1, excitatory amino acid transporter as (EAAT2), gap junction protein connexin 

43 (Cx43), calcium channel TRPV4 and of the water channel AQP4126-129. The uncontrolled proliferation 

of glial cells, as a consequence of the reactive gliosis, can cause a phenomenon of excessive neuro-

inflammation that leads to neuronal death and tissue damage. 

In this perspective, ion channels, water channels and other transporters present the target for engineering 

neural implants that aim to reduce the gliotic responses and to treat neuroinflammation. In this perspective 

designing and validating nanoglial interfaces materials and devices and aim to propose novel therapeutic 

opportunities for brain disorders where astrocytes structure and function are compromised17. 

It should be also noted that, the implant in vivo of a device in the brain is often accompanied by a gliotic 

response to electrodes. In these processes, microglia start secreting cytokines that, at the beginning, act 

as proinflammatory biomolecules. The final result of the gliotic cellular reaction is typically the 

formation of an encapsulation layer around the implant named gliotic scar126-129(Fig.1.10). The 

biomedical engineering progress helps in the approach with new methods to minimise the effects of 

gliosis, tuning the mechanical mismatch between the brain and the device material, the bio-

functionalization of the electrodes and the low-impedance nano-structure of the interface. However, the 

features of specific anti-gliotic devices are difficult to be established because of the extreme variability in 
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the human brain response; the thickness the ultra-flexibility, the stretchability and higher level of 

conformability can be a good strategy to minimise the impact of the implant on the CNS. Besides, also a 

chemical approach based on the choice of materials, or biomodification of the implant interface by 

immobilisation of bioactive peptides, is a strategy that allows advantages (i.e., aminogroups to impact on 

neuronal adhesion and neurite outgrowth, integrins binding peptides to anchor astrocytes to the implants 

while inhibiting their gliotic hypertrophic proliferation or RGD mimicking motifs). Other interesting 

strategies to reduce the inflammatory reaction of glial cells in the brain are the use of anti-inflammatory 

agents on inorganic electrodes or the coverage of implants with biomimetic and bioactive coatings to 

mitigate the neuroimmune inflammatory reaction 𝛼-Melanocyte-stimulating hormone (𝛼-MSH), a 

hormone usually secreted by pituitary cells, astrocytes, monocytes, and keratinocytes that have intrinsic 

functions inhibiting proinflammatory cytokines—or the local release of Dexamethasone, a synthetic 

glucocorticoid hormone)17,130. Glial fibrillary acidic protein (GFAP), the main constituent of astrocyte 

intermediate filaments, is used as a marker of reactive astrocytes in human pathologies. 

 
 

Fig. 1.10: Reactive astrocytes (right panel) show hypertrophy of their cellular processes marked with GFAP132. Permission from: 

Copyright © 2013 Wiley Periodicals, Inc. 

 

Immunohistochemical experiments of the brain, spinal cord, or retinal tissue upregulate GFAP other signs 

of astrocyte reactivity and reactive astrogliosis in a whole range of neuropathologies, such    as neurotrauma, 

focal brain ischemia, brain haemorrhage, perinatal asphyxia, acute, subacute, or chronic CNS infections, 

epilepsy, primary or secondary CNS’ tumours, retinal ischemia, diabetic retinopathy, Alzheimer’s disease 

(AD), Parkinson’s disease, multiple sclerosis, Batten disease (BD) or amyotrophic lateral sclerosis (ALS, 
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known also as Lou Gehrig’s disease)131. GFAP markers can reveal gliosis in vivo and in vitro systems 

both in single astrocytes culture and in co-cultures with other CNS cells. The study of gliosis, also 

induced by astrocytes/materials interface in reliable cell culture system allows the essential understanding 

of the function of healthy astrocytes, including their function in metabolism, neurotransmitter recycling, 

and calcium signalling and it allows to mimic various disease situations such as injury, hypoxia, or 

neurodegenerative diseases. However, 2D in vitro systems have several limitations, that include the highly 

reduced morphological complexity of astrocytes. This limitation can be overcome with the use of 3-D 

astrocyte cultures and the novel approach of technologies and methods to study astrocytes in vitro, 

mimicking the ECM (Fig. 1.11)131. 

 
 
Fig. 1.11: Astrocytes labelled with GFAP, in 2D and 3D cultures. The right panel shows the preservation of some of the complex 

morphological and biochemical features of in vivo astrocytes that are normally lost in culture, compared to the left panel133. Permission from: 

Copyright © 2013 Wiley Periodicals, Inc. 
 

Several neuropathologies are characterized by loss of homeostatic properties of astrocytes: epilepsy 

(among the others), brain edema (ischemia, ictus), or neurodegenerative diseases (Alzheimer’s Disease, 

Retinitis Pimentosa, Neuromielitis Optica). 

Cerebral edema is excess accumulation of fluid (edema) in the intracellular or extracellular spaces of the 

brain. The influx of ions and water results in cellular swelling and in generation of cytotoxic edema, that 

is a critical event following ischemia/hypoxia. Astroglial ion channels and AQP4 are the dominant 

contributor to the formation and clearance of cerebral edema. Thus, studying nanomaterials interfaces 

capable of the modulation of their expression and function might be of use to define novel therapeutic 

paths134-136. 
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Epilepsy is one of the most common neurological conditions, while it was thought that epileptic 

activity was generated by neurons, recent evidence showed an astrocytic basis for epilepsy. 

Specifically, the alteration of astroglial potassium homeostasis, with a critical role for Kir4,1 and 

impaired potassium clearance is now in the spotlight as a major therapeutic target of intervention136- 

138. 

 
Actually, Valproic acid, a common antiepileptic drug, seems to reduce the loss of astrocyte domain 

organisation in an animal model of epilepsy139-141. However, the development of nanomedicine and 

nanoglial tools might be useful for selective drug delivery to astrocytic microdomains devoted to 

potassium homeostasis or to monitor the activity of astrocytes in Epileptic patients. 

Brain Tumours are recognized as the most aggressive form of neoplasia, causing thousands of deaths. 

In particular, glioblastoma (GBM)141 is an aggressive tumour of adults in particular that consists of 

neoplastic astrocytes highly invasive and characterised by an angiogenesis process142-143. During the 

GBM progression there is an alteration of the entire ECM and of the proliferation of several stromal 

cells, including microglia, pericytes, fibroblasts, and endothelial cells144-146. Typically, the 

morphological observation of glioma patients tissue presents an overexpression of GFAP correlated 

with astrocytes and with tumour size, but not with the degree of malignancy. The role of water 

transport, AQP4 polarization, potassium impairment and RVD process have been clearly 

demonstrated147-150. It has been shown that these processes lead/participate to uncontrolled 

proliferation, to infiltration and aggressiveness of glioma. Thus, these processes and involved channels 

should be considered as target for nanomedicine and for the study in neuroscience using protein 

nanoglial interfaces (see Chapter IV, paper 4).
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Besides acute pathologies or brain tumor, alteration in astrocytes structure and function has been 

demonstrated in Alzheimer’s disease, Psychiatric disorders, Neurodegenerative processes such as 

Amyotrophic Lateral Sclerosis or Neurological conditions related to Diabetic Disorders. All these 

evidence calls for a scenario allowing for a broader use and interest in the development of Nanoglial 

interfaces. 

 

State-of-the-art techniques to study astroglial cells 

 
The physiology and pathology of glial cells need different methodologies and approaches to elucidate 

their roles and behaviour. Since they were considered as an active unit of the CNS, typical 

applications used for neurons such as electrophysiology, calcium imaging, in vivo and in vitro 

imaging, conditional knockout animals have been employed trying to catch the complexity of their 

biological responses. 

For what concerns the study of cells in vitro the culture systems in 2D were the first revolution in the 

understanding of the molecular and cellular pattern of brain cells, even though they represent a 

simplified model with respect to the in vivo brain network101,120. First models derived from primary 

rodent cultures of neuronal and glial immortalised cell lines in monocultures or co-cultures151,152. 

However, there is still a lack in studying glial cells, caused by the fact that most of the tools used in 

vivo and in vitro are dedicated to the exploration of neurons; recent new methodologies applied in 

vivo, especially in the optical imaging and in the development of genetically encoded sensors, 

transgenic mouse lines expressing fluorescent proteins, biosensors, opto/chemogenetic proteins, Cre 

recombinase, Cas9, represent an improvement in the knowledge about the glial role in the brain153,154. 

Among in vivo strategies, the genetic modification and manipulation of viral vectors are strategical 

to evaluate potential therapeutic approaches in brain disorders197. It is, usually, employed as a 
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technique to modulate the gene expression of neurons, but it can be applied to transduce glial cells in 

primary culture as well as gene silencing with small hairpin RNA (shRNA)154-157. The advent of 

mCRISPR technology could also be used to inactivate or modulate genes in glial cells. The most used 

technique to image brain cells, especially in vivo, through the two-photon method allows a more 

sophisticated dissection of the role of glial cells in the complex neuroglial networks, even with several 

limits emerging such as spatial and temporal precision. The two-photon microscopy combined with 

emission depletion (STED) microscopy is an optical tool used to detect calcium in astrocytes. There 

are many commercially available organic Ca2+ indicators to properly observe Ca2+ changes in 

astrocytes microdomains, but currently, the available methodologies are weak in vivo and in vitro. 

Although astrocytes are electrically silent cells as they cannot fire action potentials, calcium in 

astrocytes could be considered a kind of excitability158,159. Recently, optogenetics (a technique 

allowing genetically the control of membrane potential or intracellular signalling) defines cell 

populations by expressing opsins. Opsin acts on the membrane potential (light-sensitive proteins, ion 

pumps or ion channels) and stimulates the potential by light. The emission can be applied ex vivo via 

the microscope objective or in vivo through an optical fibre connected to a light source160. For 

example, optogenetic cation channels are perfect for neuronal activation, but not for astrocytic 

modulation. The aim is based on genetically encoded light-sensitive ion channels driven by rhodopsin 

isomerization to cause the opening of ion channels to allow the flow of certain cations or anions to 

alter the bioelectrical properties of the targeted cell; channelrhodopsin 2 (ChRs2) is a blue sensitive 

cation channel found in cyanobacteria, with light161-166. Experiments performed in astroglial cells in 

vivo showed that photoactivation of ChR2 induce gliotransmitter release while, in vitro experiments 

performed on mouse cortical astrocytes showed that activation of ChR2 triggered Ca2+ elevations, 

very slowly in a timescale of minutes167-170. In conclusion, specific tools capable of modulating 

astrocyte activity are necessary in order to properly understand astrocytes’ physiology and the 

interaction between neurons and astrocytes. 
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Smart glial engineering and interfaces for measuring and probing astrocytes 

 
This thesis disserts about new smart glial engineering interfaces for the correct measure of astrocytes; 

it presents innovative interfaces in terms of research tools and therapeutic approaches. As mentioned 

keywords in determining the lifetime of neural interfaces are: bio-materials, the mechanical mismatch 

between the brain and the device material, specific bio-functionalization of the surface, nano-coating 

and low impedance17. The aim is to validate gliointerface where all the “key features” in terms of 

sensing and probing astrocytes can be elucidated. The multidisciplinary approach and coordination 

of different fields such as engineering, biology, physics and chemistry leads to the definition of 

neuroscience combined with nanoscience and result in nanoneuroscience. For example, the use of 

nanomaterials rather than microstructures allows to detect and reveal low frequency, slow, and long- 

lasting voltage membrane variations typical of astrocytes. The evolution in the study of glial cells and 

the new approach of sensing brain cells probing them targeting ions and water transport or 

gliotrasmitters with mechanical, electrical, and photonic stimuli is a challenge in the field of the 

technologies and it is relevant to define an interface as smart biomaterials, potentially implantable 

and not dangerous for tissue. In engineering and material science, these interactions are usually 

referred to as biotic and abiotic processes171, meaning 1) control the cellular response to a foreign 

body and 2) control the impedance increase and the electrode corrosion. The biotic process leads to 

gliosis and includes hypertrophic cellular proliferation upregulated expression of several proteins, 

including GFAP and vimentin in astrocytes, presence of cytokines, chemokines, and growth factors, 

and ultimately the formation of a persistent fibrous scar, enabling the device123. All this evidence 

leads to a central question: which factors can be tuned to reduce the gliosis reaction in implants? 

Which are the major nanomaterials tunable for the glial cells probing and sensing? 

To answer these questions, the choice of a biomaterial is the first crucial stumbling block to overcome 

in the interaction with a biological system. Biomaterials can be part of electronic devices, electrodes, 

diodes, transistors, main surface or components of the devices. Once a device is in contact with the 
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brain, it is recognised as a foreign body and a response to the implant is activated by the cell's body 

(Fig. 1.12). 

 

 
Fig.1.12: Scheme of the response of astrocytes to an implantable device recognized as a foreign body. Before implant (left), green 

viable and non reactive astrocytes, right after implant the acute inflammation phase starts and astrocyte (red) and microglia are active. 

In the chronic phase (right) takes place completely the glia reaction, the encapsulation of the implant, the inactivation of its function 

and the surrounding glial scar (created by Office PowerPoint ®). 

 

To guarantee the performance of a potential implantable device the constituent material must have 

specific chemical, physical, mechanical properties and overall, it must be biocompatible to inhibit the 

possibility to be encapsulated and embedded by the inflammatory reaction mediated by glial cells172. 

Evidence shows that more than one approach has been tested to help the overcoming of this problem. 

Specifically, 1) functionalization of the surface with anti-inflammatory molecules173-176, 2) softness and 

3) reduced dimension of the topography area interacting with cells 4) micro - and nanostructured materials 

can be helpful to promote an intimate contact of the device with the cells177. In particular, two dimensional 

(2D) nanomaterials have been widely used for interfacing with biological systems in vitro due to their 

diverse potential and unique physicochemical and morphological structures, but the 2D is still a limit, 

even if it represents a milestone in the brain understanding and glial interface science. 

 

Smart nanoglial interfaces 

Unlocking the secret circuits in the brain is a challenge of scientific technologies; equipments and tools 

aim to gain precision in time and scale revelation. The evolution of nanomaterials culminated in the 

employment of several agents and functionalized agents as novel diagnostic and therapeutic strategies, 
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including drug delivery or neuroprotection. To be considered a real functional therapy, itis important to 

discover the cause and the origin of pathologies, the latter represents a huge problem for scientists178. The 

understanding of the constituents of the nervous system: neurons and their functional circuits, glial cells, 

neurons’ plasticity, spatio temporal dynamic rearrangements, meets the needs of the potential applications 

of the emerging attention to nano-size materials and molecules179.  In this context, “Nanoneuroscience” 

employees’ nanomaterials and nano-size to interact with the organ tissues and membranes or with BBB, 

try to prevent insults to the brain180. For example, the use of nanoliposomes, micelles or nanogels is cited 

as examples to overcome the problem of passing the BBB181. The principle of those molecules is based 

on nanoparticles182(MNPs). Moreover, inflammatory or infectious processes represent another aspect that 

captured the attention of neuroscientists: it is fundamental to promote appropriate neural growth and 

electrical conductivity in a healthy brain. This issue requires materials, scaffolds and devices with 

exceptional properties183. In this context, ion channels are the basic elements in the transmission of signals, 

in neurons firing and glial cells communication184. Alterations of their activities are responsible for the 

mutation of genes expressing ligand- and voltage-gated ion channels, known as channelopathies185 and 

detected by molecular-based technology and electrophysiology. The ion flow in the neuronal circuit pays 

attention to the recent development of nanoscale sensors or nanoprobes186 to investigate the ion 

measurement of Na+, involved in neural transmission. Another promising model is modelling an optical 

sensor to visualise ion flow in the nervous system by the application of an optical sensor that transforms 

the captured light into an electrical signal that can be read by the instrument. Ion channels can be controlled 

also by the magnetic field, inducing heating NPs187 to activate temperature-sensitive ion channels in cells 

such as temperature-sensitive transient receptor potential channels (TRPV1)188. HTlc are colloidal 

aqueous dispersions of ZnAl-HTlc having the formula [Zn0.72Al0.28(OH)2] Br0.28 0.69 H2O and 

prepared by the double-microemulsion technique. The chemical composition of the ZnAl-HTlc allows 

the following clays nanoparticles to be used in different configurations from nanoparticles to micro 

sheets88,92. Moreover, taking advantage of sucessful results obtained in terms
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of morphological and functional differentiation of astrocytes that the same interfaces were prepared 

and investigated focusing on the functional interplays occurring between ion channels and AQP4 rely 

in the astrocytes microdomains and their role as regulator of cell volume and homeostasis in cells. 

The last chapter of this thesis presents and discuss on going results and approach of specific category 

of nanotools we are studying in collaboration with ARL Laboratory of Aberdeen of the Prof. S. P. 

Karna. Nanoprobes, called nanoclusters (NCs): NCs-conjugated with Gold (Au), have never been 

explored with brain cells. They are small clusters of gold (Au) atoms ranging from 5 to 25 atoms189- 

192. P:NC exhibits several photo-physical properties such as tunable fluorescence and high 

photostability. The possibility to modify their chemistry makes the AuNC fluorescence available for 

the functionalization with proteins, stimulating the enzymatic activity, the cells metabolism, the cells 

morphology, or properties. A major hypothesis leads to the idea that NCs functionalized with bio- 

proteins increase their potential biocompatibility. However, the mechanism of biosynthesized AuNCs 

remains under investigation. Previous studies suggested that metal ions such as Au (III), Ag(II), 

Pt(IV), or Zn(II) diffuse through the cellular membrane and are reduced at specific sites in 

intracellular proteins and stabilised193-196(Fig. 1.14). Wang et al. in 2013 demonstrated for the first 

time the in situ synthesis of green-fluorescent P:AuNCs in tumour cells, however still any studies 

have been presented on their application with brain disease197. In this context, atomic nanoclusters 

and biological sensing applications in the brain can represent a new frontier of investigation. For 

example, they could be part of thin-film polymers’ devices and sensors, expoiting the unique 

opportunity to develop low-power, high-sensitivity, multifunctional future sensors technologies, 

where nanomaterials preserve their electronic and optical properties. 

More generally, NCs exhibit unique properties at nanometer scale that are different from the atomic 

scale and can respond to external electrical, optical, magnetic, chemical, and biological stimuli. 

Au possesses unique and tuneable plasmon resonance properties, unique magnetic properties, high 

signal-to-noise ratio; besides, it exhibits intense photoluminescence and high stability. The gold- 
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nanoclusters (AuNCs) offer considerable advantages in several applications of studying cell biology 

such as imaging applications thanks to fluorescence, versatility in nano-size, surface and hydrophilic 

or lipophilic characteristics. In addition, protein-synthesis fAuNCs in vitro, such as bovine serum 

albumin protein (BSA, fAuNCs/BSA) have been already shown to internalise into cervical, kidney, 

and fibroblast cell lines without negatively impacting cell viability198. 

Summarizing, the advantages of using AuNCs as nanoglial interfaces might be: 1) the intrinsic 

fluorescence that could allow to identifying cells’ specific targets, 2) the intrinsic ultrasmall 

dimension, 3) the functionalization with proteins that allow AuNCs to be pharmacological vehicle; 

4) the possible tunability of astrocytes properties by the modulation of time exposition and 

concentration of AuNCs with cells solution. 

However, the identification of the mechanism that the NCs employ to interact with cells is still under 

investigation. 

 

 

 
Fig. 1.14: Scanning transmission electron microscopy of human microglial cells exposed to AuNCs. (A) Gold was visible as bright 

white against the dark background (red arrow). (B–D) Gold verified through EDX analysis198. 

 
 

Thus, a dedicated section of this thesis discusses the possible application of f-AuNCs impact on 

astrocytes growth, functional and structural properties. 

 

Bioelectronic, optoelectronic and photonic glial interfaces 
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It is becoming evident that driving and controlling the gliotic inflammatory reaction is central for the 

success of therapeutic approaches; new studies on glial cells are needed to understand and control the 

impact of neural interfaces considering the long cell viability, growth, proliferation, and functional 

properties. It is important to underline that silicon and metal neural interfaces may manifest 

technological and mechanical defects in terms of spatio-temporal resolution, selectivity, mechanical 

tissue mismatch, and long-term biocompatibility. Organic bioelectronic polymers, on the contrary, 

show a variant of intrinsic properties, such as electrical conductivity, biocompatibility, mechanical 

flexibility that offer advantages if compared to inorganic materials17,199,200. As a biocompatible 

organic interface, several materials have been investigated interacting with neurons and later with 

glial cells, in vitro and in vivo with the aim to collect ion current and to capture their specific signals. 

For example, (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), polypyrrole 

(PPy), and polyaniline (PANI)201,202. The study was focused on the increase of the conductive 

properties supported by increasing concentration of Ethylene glycol (EG), with a final conclusion that 

neurons’ growth and survival were higher than astrocytes and the collected signals were opposite to 

that observed in primary astrocytes. Organic materials-based bioelectronics offer promising tools for 

the study of the physiology of astroglial cells. They are biocompatible, optically transparent in the 

visible range, iono-electronic transport promoters with light adsorbing and emitting properties. One 

of the most important questions about astrocytes and cell communication that remains is the astrocytic 

activity is independent from the neuronal activity. To address this issue, devices eliciting biochemical 

and electrical signals in astrocytes are needed, overcoming the limits of neural devices caused by 

biological instability, high electrical noise, tissue inflammation, primate studies and human clinical 

trials203. To solve this issue, Benfenati, Antognazza et al., exploits photoexcitation of a thin film 

polymer photovoltaic blend made of poly(3-hexylthiophene) with phenyl- C61-butyric-acid-methyl 

ester (P3HT:PCBM), previously used to excite hippocampal neurons, and later for neuronal firing in 

vitro of blinding retina204-207. The work demonstrated that P3HT:PCBM supports the growth of pure 
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primary cultured rat neocortical astrocytes; 543 laser light emission excite the whole-cell membrane 

conductance of astrocytes and depolarized the membrane potentials, suggesting that the ClC-2 protein 

channels are triggered. For the first time they demonstrated the effect of P3HT:PCBM blended 

photostimulation in vitro as a gliophotonic interface. On this basis in this thesis in Chapter IV, we 

described the results achieved in collaboration with Dr. Antognazza, IIT-CNST, Milan, on the use of 

nanopillars of P3HT:PCBM blend. Given the the importance to reveal intracellular calcium 

concentration ([Ca2+]i) in primary rat astrocytes as fundamental in cells’ signalling, Borrachero et al., 

used transparent organic cell-stimulating and sensing transistor (O-CST) made of perylene-diimide- 

derivative N, N'-ditridecyl perylene-3,4,9,10- tetracarboxylic diimide (P13), already validated to 

stimulate and record neurons, to explore the possibility to elicit calcium signalling in astrocytes. The 

work showed that an extracellular electrical stimulation given by a slow ramp of voltage spanned at 

the gauge electrode of the OCST induces a slow and persistent increase in [Ca2+]I by TRPV4 and 

TRPA1208,209. Thus, both organic bioelectronic and optoelectronic approaches are suitable as 

promising glia interfaces. Another important carbon-based material is graphene and its derivatives, 

with tunable electrical conductivity and mechanical flexibility. Graphene represents a potentially 

suitable material for neuronal interface. The properties of graphene include large surface area (2630 

m2 g−1), strong mechanical strengths (Young's modulus∼1100 GPa, fracture strength ∼ 125 GPa) 

and high thermal conductivity (5000 W m−1 K−1)210,211. Furthermore, its all-carbon backbone 

structure can be easily functionalized via standard organic chemistry or electrochemistry212,213. The 

outstanding mechanical properties of graphene allow high tensile stiffness and strength and 

flexibility, which make graphene ideal electrodes to contact brain cells214. The family of graphene 

nanomaterials can be classified according to the number of layers, chemical modification of the 

surface, purity, lateral dimensions, the density of defects and composition215. A general nomenclature 

of graphene-related materials (GRMs) has been introduced by the EU project Graphene Flagship 

guidelines to discriminate single- and few-layered G (1–10 layers; GR), G oxide (single layer, 1[thin 
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space (1/6-em)]:[thin space (1/6-em)]1 C/O ratio; GO), reduced G oxide (rGO), graphite nano- and 

micro-platelets (more than 10 layers, but <100 nm thickness and average lateral size in the order of 

the nm and μm, respectively), G and G oxide quantum dots (GQDs and GOQDs, respectively) and a 

variety of hybridised G nanocomposites216. 

Chiacchiaretta et al., also observed that treatment with GO flakes induces a significant alteration of 

K+ currents along with an increase in outward rectifying currents217. 

Additionally, they found that astrocytes treated with GO flakes had enhanced Na+-dependent 

glutamate uptake capabilities as well as displayed alterations in calcium signalling218. 

In collaboration with the group of V. Palermo and Manuela Melucci at ISOF CNR in Bologna, we 

aim to improve the interaction with astrocytes exploiting the biomimetic approaches, and 

functionalization with (bio)molecules composed of a bilayer of phospholipids219. To this end, a 

phospholipid (PL) was linked on graphene oxide (GO) sheets and the resulting substrate was used as 

a bidimensional scaffold for growing primary rat cortical astrocytes. The adhesion of primary rat 

cortical astrocytes on GO-PL substrates was increased compared to standard systems (e.g., poly-D- 

lysine, PDL) and compared to that on non-functionalized GO. Primary rat cortical astrocytes grown 

on GO-PL showed no significant gliotic reactivity. GO films with a nanometric thickness can be 

easily fabricated via spin coating or filtering of aqueous solutions at different concentrations. 

Although GO is non-conductive, it can be transformed to highly conductive and reduced graphene 

oxide (rGO) via thermal, chemical, and electrochemical treatments220. 

Bioelectronic deals with all the electronic devices capable of interacting between biological signals 

and electronic systems. This means that in the study of brain cells, the ability to record extracellular 

signals is crucial. The development of MEAs based on more functional electrodes is promising both 

in vivo and in vitro; however, the present limit shows that the simultaneous recording of voltage 

changes in a big population of cells by several electrodes without causing damage to the plasma 

membrane and able to discern the neurons from the glial cells’ signals, is still complicated221,222. 
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Nonetheless astrocytes are considered electrically silent, although the basis for consistent 

transmembrane potential discharge is possible. Given the fact that most of these transmembrane ions 

dynamics occurs in the microdomains, nanostructured electrodes needed to be developed to allow 

efficient electrical coupling at the nanoscale. 

Examples of successful results for neuronal cells recording have been achieved by an intracellular 

electrode platform of vertical metal-coated silicon nanowires for the intracellular recordings of 

neurons’ activity. The same was obtained with a non-invasive gold-mushroom-shaped microelectrode 

and the reduction of the signal-to-noise223,224. In astrocytes Mestre et al., demonstrated that a similar 

approach can efficiently record voltage variations in primary non differentiated astrocytes225-227. On 

this basis during my PhD in collaboration with Annalisa Convertino and Luca Maiolo at CNR-IMM, 

we tested a gold coated silicon nanowire forest to grow astrocytes primary culture and to exploit the 

possibility to use the platform to record astrocytes. The results are reported in Chapter IV. 

Nanoglial Interfaces based on polymeric materials 

Polymers are materials made of long, repeating chains of molecules. The materials have unique 

properties, depending on the type of molecules being bonded and how they are bonded. Several 

medical applications have been recognized in polymers. Body proteins are natural polymers and 

consist of amino acids and the nucleic acids (DNA and RNA) are polymers of nucleotides228. In 

chemistry, the process of combining molecules, called monomers into a chain with different bonds is 

called polymerization. This term as the word macromolecules, guaranteed the Nobel Prize in 

Chemistry in 1953 to H. Staudinger, a professor of organic chemistry at the Eidgenössische 

Technische Hochschule (University of Applied Sciences) in Zurich for the first manipulation of 

natural and synthetic polymers. The American Chemical Society recognizes him as the “father of 

modern polymer development”. Polymers have several advantages with respect to previous 

materials229. The synthetic ones are easy to use, ready to obtain by fabrication, tunable and low cost. 

The natural ones have the huge advantage of being biocompatible, biodegradable, reducing the gliotic 
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reaction and being long term available230. Among natural polymers, silk fibroin (SF) obtained by 

Bombyx mori cocoon, has been deeply investigated by our group, in interfacing with neural cells and 

glial cells. The versatility of the water SF solution called regenerated silk fibroin (RSF) can be 

processed in various forms (i.e., films, gels, fibres, porous scaffolds, and sponges) with the possibility 

to modulate the chemo physical properties (thickness, mechanical properties, time-controlled 

biodegradation, blending and functionalization) and to modulate its pharmacological and therapeutic 

properties231-235. Interestingly, primary astrocytes and primary neurons show different responses 

interfacing with SF, depending on the modulation of its quality such as the hydrophobic properties, 

that seem to contribute to the support of neurons attachment and astrocytes, respect to the neurite 

outgrowth that increase in hydrophilic conditions. Benfenati et al. was the first investigating on SF 

films and primary astrocytes’ showing their ability to grow up to 3 weeks in vitro, without occurrence 

of any gliotic reaction264,265. In addition, the same study demonstrated the delivery of trophic 

compounds, such as the purine guanosine, which induced a large inward rectifying potassium 

conductance and parallel increase of Kir4.1 protein channel expression. In vivo investigations of SF 

were obtained by integration of the natural polymer into organic optoelectronic polymeric devices 

based on P3HT/PCBM206,236, or as silk fibroin dielectric. Moreover, studies support the idea of the 

employment of natural polymers, used in bone surgery; more recently in the brain, thanks to the 

formulations based on Matrigel, hyaluronic acid derivatives, collagenous proteins, polysaccharides, 

self-assembling peptides proteins and alginates. For example, hyaluronic acid-based hydrogels with 

different molecular weights or with different peptides (i.e., RGD, YIGSR, IKVAV, and RDG 

adhesive peptides) respond to pluripotent stem cell-derived neural progenitor (hiPS–NPCs) in terms 

of spreading and cell attachment237. Several works have demonstrated that Collagen, the more 

diffused ECM protein in the adult nervous system, is a promising element in 3D remodelling brain 

tissue during regeneration238,239. The recent increase in the use of synthetic polymers for the generation 

of scaffolds is due to the complexity of the brain environment from which astrocytes and 



49  

other glial cells originate241. In particular, in glial science, the astrocytic adhesion, morphology, 

proliferation, migration, and gene and protein expression lead to the study of new polymers for the 

fabrication of 3D scaffolds that may fit well with the ECM and that allow being a guide in case of 

disease, where these features need to be modified and correct by engineering implantable long-term 

interface. The following new “smart” polymeric interface is first validated as a 2D system in vitro 

before being processed in 3D scaffolds and our lab is focusing on the validation of several materials 

where synthetic polymers properties such as stiffness, surface topography, porosity, and molecular 

transport, play important roles in determining the in vitro responses of astrocytes to the materials241. 

Current technological approaches for the fabrication of brain biodegradable or non-biodegradable, 

micro and nano-interfaces are generally based on innovative processes such as electrospinning, nano- 

emulsion239. Among them, FDA approved polymers are: polyesters of lactic and glycolic acid (PLA 

or PGA) or their co-polymers (PLGA), PLA:PGA, the chemistry of PLGA copolymers seem to 

improve the transport of therapeutic agents (i.e., antitumor drugs, glial derived neurotrophic factor) 

across the BBB in the treatment of neurodegenerative diseases2423,243. Polymeric synthetic materials 

can increase the level of expression of the cytoskeletal marker, GFAP, interfacing with astrocytes, 

we demonstrated that polycaprolactone (PCL) nanofibres, fabricated via electrospinning to mimic the 

ECM, are able to generate an architecture to regulate proliferation, cell shape, and motility of 

astrocytes244,245, without inducing GFAP over-expression. Lau et al. demonstrated as first, that there 

was a role of random or aligned organisation of PCL fibres on the in vitro response of mouse 

astrocytes, via gene and protein expression studies, confirming the ability of PCL oriented nanofibres 

to down-regulate GFAP protein expression, while the actin, vinculin and chemokines, neurotrophic 

factors, antioxidants (glutathione S-transferase 𝛼1) and the glutamate transporter were upregulated in 

astrocytes on PCL random nanofibres. Also, the results obtained with PCL electrospun nanofibers 

are described in the Chapter IV of the thesis. Moreover, PCL, as well as other polymers, can be 

chemically modified during synthesis to include different copolymers with properties suitable for the 
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CNS, for example with polymethyl methacrylate246. Besides, polymers endowed with electrical and 

conductive properties, (i.e., polythiophenes, polyanilines-PANI, etc.) are designed as smart bio- 

interfaces supporting neurite regeneration247-249. Our previous study about the role of PCL combined 

or not with natural protein such as gelatin, has been implemented with evidence regarding the 

copolymerization with PANI nanoneedles embedded in the random and aligned electrospun fibre247- 

249. Results are reported in Chapter IV. 

 

Surprising results about no difference in the electrophysiological properties of astrocytes have been 

obtained,  the increasing adhesion and growth properties were confirmed. This conclusion allows us 

to consider such polymers as a useful platform for neuroregenerative scaffold as well as for the 

understanding of how astrocytes behave in case of disease where the “signals network” and the cell 

communication between astrocytes and neurons or other glial cells is compromised. 

Soft hydrogels are recently studied as non-biodegradable 3D implant for the brain; Among these 

polymers, PEG–dimethacrylate (DMA), poly(N, N-dimethylacrylamide) (PDMAA), poly(2- 

ethyloxazoline) (PEtOx), and poly([2-methacryloyloxy)ethyl] trimethyl ammoniumchlorid) (PMTA) 

are recognized as biocompatible for brain cells250-251. Our lab is now validating, in collaboration with 

ISTEC of CNR of Faenza a new approach based on the combination of different aspects presented 

here such as the copolymerization of conductive polymers based on PEDOT:PSS with proteins able 

to generate soft hydrogels to be useful in tissue regeneration. Our approach is based on interfacing 

with primary astrocytes in vitro and the understanding of morphological rearrangement induced by 

the 3D scaffold with the cells. Future perspectives will guide to suggest that conductivity of substrate 

can be an essential factor for differentiation and determination of cell fate in astrocytes in 3D 

hydrogels, on the base of neuronal differentiation and electrochemical currents mediated by 

conductive electrically cross-linked polymers substrate253,254. 

Nanoglial Optical Stimulations 
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Light has the potential to be considered a tool for neuromodulation in the brain, the sources to emit 

light can be differently modulated and can differently target the cells composing the brain. First 

approaches were obtained using Argon ion laser at a wavelength of 488 nm. Effects induced on 

tissueand on neurostimulation depend not only on the wavelengths but obviously on other parameters 

such as distance, time, space and biological targets. All these parameters are very tunable and 

approach the “Photostimulation” as depending on the request of investigation. Evidence of application 

of lasers to the study of the glia-neuron network seems to be more suitable for the research  application 

rather than in the therapeutic approach where light techniques are validated in human tissue and 

therapy, such as the light emission in cancer therapy, the photodynamic therapy254,255. One  of the major 

problems is the excessive stimulation of reactive oxygen, which causes tissue damages. Optogenetics, 

for example, even though used in rodents since 2005, is still lacking relevant results in  primates and 

in humans because it is far from being safe. Generally light therapy (710 nm) in the brain showed 

neuroprotection in rat experimental stroke models256. While the use of low-level light therapy mostly 

involves red and near-infrared light. Alternatively, low-power light- emitting diodes (LED) using 

visible light are attractive because LEDs are safe on tissue. Nevertheless, in the application of light 

therapy, longer red/near infrared wavelengths are better to penetrate tissue than blue/green LED-

wavelengths; pulsed infrared (IR) stimulation has been shown to be a clinical alternative to stimulate 

neural activity, as a label-free technique that does not require genetic manipulation257. Low-level laser 

light (800 nm) improves cognitive deficits and modulates neuroinflammation after traumatic brain 

injury258,259. Additionally, it presents several advantages over electrical stimulation demonstrated in 

rat sciatic nerve using a free electron laser. The mechanism of IR localised heating by the absorption 

of light by water molecules guarantee a high spatial precision. Zao et al., shows that an 800-nm near 

infrared (NIR) femtosecond laser induces Ca2+ waves in astrocytes260. 
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Our recent study showed for the first time, by means of calcium imaging experiments, the INS 

application in astrocytes in vitro. Using live-cell fluorescence imaging, pharmacology, 

electrophysiology, and genetic manipulation, we showed that INS can modulate astrocyte function 

through changes in intracellular Ca2+ and water dynamics (Fig. 1.15). Interestingly, we were able to 

modulate the INS impact on standard in vitro systems, as well on nanostructured materials such as 

the mentioned HTlc, where glial cells resemble an in vivo-like phenotype. The hypothesis is to 

consider the water transport activated through the involvement of IP3R, TRPA1, TRPV4, and 

AQP4261. Moreover, nanostructured organic biomaterials endowed with photoactive propertires based 

on poly(3-hexylthiophene-2,5-diyl) with phenyl-C61-butyric-acid-methyl ester (rr- P3HT:PCBM) 

coated with PLL was used to plate primary neurons and astrocytes. Visible light and any applied 

electric field was used204,207. The advent of photostimulation as tool of investigation for the 

stimulation of astrocytes functional properties has been exploited also in our lab with polythiopene-

based interfaces. In collaboration with Dr. Antognazza, we are exploting the structural and functional 

impact of semiconducting polymer interface based on polythiophene (rr- P3HT-pillars), responsive 

to visible light and endowed with a particular 3D micro and nano- topography made of pillars 

on the top surface of the substrate. These studies, whose results are reported in Chapter IV, are based 

on previous evidence reported by Dr. Antognazza group. They observed that seeded neurons were not 

negatively affected in their adhesion and growth on the top of rr-P3HT substrates; however, it was 

shown a decrease in dendritic arborisation and cell membrane thinning. The rr-P3HT pillars interface 

has the potential to doubly exploit the nanostructure of the pillars with the conductive and photoactive 

elements of the materials and become a promettent tool of investigation and application on 

photomechanical, photochemical, and photoelectrical modulation of cell activity, thus, our though was 

to investigate them as nano glia photonic interface262. 
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Fig. 1.15: Scheme representing two different approaches based on astrocytes photostimulation. A) Panel shows the experimental set- 

up for stimulation of astrocytes with INS (excitation wavelength source λ=1875 nm), B) Scheme of the fibre placement is in proximity 

of cells during the performed experiments of electrophysiology or calcium imaging267. 

 

Aim of the Thesis 

On the Basis of all the studies described above, about the role of astrocytes in the brain, they are 

definitely players in the physiological activity and the pathology of the brain. 

The idea of astrocytes as “glue” in the brain tissue is completely overpassed, and their activity in the 

complex network of neurons is totally confirmed. Even though the excitability of neurons and the 

property of firing is still central in the study of several brain dysfunctions, the excitability system 

based on calcium signalling is still rising as a pioneer of the gliotransmission and diffusion of 

information. Information passes through temporal and spatial scales according to neurons' action 

potentials, synapse plasticity process and neurotransmitters2,6,17. At the same time, ion channels and 

water channels might play an unexplored key role in connectivity and cognitive functions. 

Nonetheless, the design of long term biocompatible implants demands permissive, non gliotic, 

nanoglial materials interfaces. Taking advantage of the ability of astrocytes to sense and react to 

extracellular chemophysical stimuli, in vitro studies demonstrated the selective ability of these cells 

to respond to different stimulation protocols (chemical, physical, mechanical, electrical or photonic 

stimuli). 
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However, probing glial cells, like astrocytes, needs the integration and the manufacture of specific 

innovative technologies into electronic devices to discriminate between the different nature of neuronal 

and astrocytic signalling. In this respect, Dr Benfenati’s lab proposes glial engineering, glial interfaces, and 

gliophotonics as emerging fields of investigation of the brain17. 

The vision relies on results achieved by a long-lasting work of multidisciplinary and fruitful 

collaborations. In such exciting and fertilizing environment, we put together the basis for the scope, the 

experimental design and the implementation of this thesis. 

Accordingly, the rationale of the research work beyond my PhD thesis, was to define new insight into the 

role of astrocytes in brain function, through the exploration and exploitation of new multifunctional 

nanoscale materials, interfaces and devices. 

In order to characterize the impact of different materials and devices on astrocytes functionality we used 

in vitro primary astrocytes, a validate model where to study astrocytes in a controlled although simplified 

manner. On these cells we performed experiments combining materials, interfaces and devices with 

validated protocols, technologies and systems of electrophysiological investigation, such as the patch-

clamp or extracellular recording by micro-electrode-array. The molecular analyses included western blot 

and immunofluorescence with confocal microscopy, while dynamics of actin or calcium were analyzed 

with fluorescent microscopy. Specifically, we tested nanostructured material interfaces made of 1) organic 

polymers based, electrospun nanofibers made of biopolymers and composites developed in collaboration 

with Vincenzo Guarino and the group of Prof. Luigi Ambrosio of CNR-IPCB and 2) gold silicon coated 

nanowires interfaces and devices developed in collaboration with the group of Dr. Annalisa Convertino 

and Luca Maiolo of CNR-IMM, 3) colloidal hydrotalcites films in collaboration with Dr. Tamara Posati 

and Roberto Zamboni at CNR-ISOF, 4) gold nano cluster tools tested in collaboration with Dr. P. Shashi 

Karna of Army Research Laboratory, 5) semiconducting polymer interfaces based on polythiophene in 

form of nanopillars in collaboration with Dr. Maria Rosa Antognazza at Italian Institute of Technology 

(Figure 2.1).
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Finally, in collaboration with the group of Marco Capini at UNIBO FABIT, Grazia Paola Nicchia of 

the University of Bary and with the group of Prof Wolfgang Losert, at University of Maryland, we 

also exploit the use of nanostructured surfaces made of hydrotalcite, to evaluate the dynamics of 

water, cell volume in differentiated astrocytes and to describe for the first time the dynamics of 

cytoskeletal actin proteins and their difference in polygonal and differentiated astrocytes. As a 

mission, the long term goals to which these studies are devoted, is demonstrating the role of astrocytic 

dynamics in brain function and dysfunction by a novel cross-disciplinary and contaminated approach 

among Nanoscience and brain Science. 
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Fig. 2.1: A schematic representation of a key new class of interfaces here reported and enabling the investigation on astrocyte properties 

(created by Office PowerPoint®). 
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Experimental Section 
 

 

Astroglial cells preparation, maintenance and plating 
Primary astroglial cultures were prepared at the Department of Pharmacy and Biotechnology of the University 

of Bologna, in agreement with the Italian and European law of protection of laboratory animals and the approval 

of the local ethical committee for animal experimentation (ethical Italian protocol number ID 1338/2020 PR, 

valid for 5 years). Every effort was taken to reduce the number of animals and their suffering. The procedure 

for astrocytes preparation is, briefly, reported in this paragraph and in the experimental section of each paper 

presented in Chapter IV. Neonatal rats p0-p2 (Sprague Dawley) were sacrificed to avoid the astrocytes cell 

culture preparations. Astrocytes culture were prepared from the most superficial layer of both cortical 

hemispheres and transferred into 1/2 ml of tissue culture medium containing 15% FBS (Table 1, media 

composition). The final step consisted of transferring the tissue cortex into a 25 cm2 tissue culture flask and 

incubating at 37°C, 5% CO2. Two days after preparation, the medium was carefully changed to remove the 

debris from preparation. Into two days from the cells preparation, the debris from cells preparation was 

eliminated by rinsing astrocytes flasks with pure Dulbecco’s Modified Eagle Medium (DMEM). The 

“washing”, accompanied by shaking the flasks, were repeated every two days to remove debris and undesired 

cell types. Reaching the confluence, astrocytes were maintained in culture medium containing 10% FBS; 2 

weeks later astrocytes can be re-plated a (at specific concentration) onto the respective substrates, the re-plating 

of astrocytes is mediated by enzymatical dispersion with 0.25% trypsine-EDTA to detach cells from the 

flask17,61,62,88,91,92,93. 

15 % FBS 10 % FBS 

 

DMEM 84 ml 89, 5 ml 

FBS 15 ml 10 ml 

PenStrep* 1%*penicillin-streptomycin 
(100U/mL and 100 mg/ml respectively) 

1 ml 0, 5 ml 

 
 

Table 4.1: Composition of the 15% FBS media preparation and 10% FBS media maintenance of primary astrocytes. Values are reported for 

100 ml total of media solutions. 
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Biocompatibility Assays 

Fluorescein diacetate assay 

The Fluorescein diacetate (FDA) Assay was used as the first approach to test the cell viability. FDA is a 

non-fluorescent fluorescein analogue, that could be hydrolysed to a fluorescent fluorescein analogue in 

living cells, by the enzyme activity of a cellular esterase. The enzyme works by cleaving off the acetate 

groups when the molecule is incubated with living cells. The preparation of the stock solution (5 mg/ml) 

consists of a stock solution diluted in acetone, secondary 3.3 µl of the stock solution was diluted in 1 ml 

of phosphate buffered saline (PBS, Invitrogen). After 5 min at room temperature (RT), the cells seeded on 

the substrates and devices were washed with PBS and they could be observed by fluorescence or confocal 

microscopy (Nikon eclipse 80i fluorescence inverted microscope equipped with a 20X or 40X air 

magnification, Nikon TE 2000 inverted confocal microscope equipped with a 40X magnification and a 

400 nm diode, 488 nm Ar+ and 543 nm He–Ne lasers as exciting sources, Crisel Instruments- Olympus 

BX-63 confocal time-lapse microscope equipped with a 40X, 60 X immersion and 100X oil magnification 

and 6 LED (390, 440, 475, 510, 555, 575 nm) e 2 NIR lasers (637, 748 nm) exciting sources). Living cells 

were counted by Imagej software and the number of cells/area was calculated at desired time points. 

ProLong Diamond Antifade Mounting (DAPI) blue staining was usually used in order to stain the cells’ 

nuclei201,88,225,234,248,249. 

Alamar blue Assay 

Astrocytes viability on different substrates and interfaces was analysed via Alamar Blue Assay (AB, Life 

Technologies), according to the Interchim technical sheet (66941P) and protocols in a microplate reader, 

(Thermo Scientifict Varioskan Flash Multimode Reader). AB Assay provides a time course of astrocytic 

viability by quantitatively measuring the cell number and the proliferation rate of living cells on the 

substrates per time. The proliferation rate was calculated as the increase in fluorescence, which is 

proportional to the number of cells and it was expressed as a percentage. Besides, AB Assay relies on the 

enzymatic activity related to aerobic cells respiration and REDOX reaction in the cytoplasm of living cells, 

given also information on the cell metabolism activity. Data were collected at least from three separate 
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experiments performed in triplicate and are expressed as means ±SE of the percentage 

of reduced225,234,248,249,252
. 

 

Morphological characterization of astroglial cells 

Image processing and analysis 

The evaluation of the morphology of astrocytes, grown on different substrates, was performed by FDA 

analysis usually after 1 day in vitro (1 div), (3/4 div), (7 div) from the re-plating of cells seeded on different 

substrates. Data were collected at least from three separate experiments. A sequence of images (10 to 15 

different fields for each sample) was taken using fluorescent or confocal microscopy. Images were 

analysed by ImageJ software. The morphological criterion, used to measure the cell differentiation, 

induced by growth of astrocytes on different substrates and interface, consists in: distinguishing between 

elongated and star-like astrocytes or polygonal undifferentiated astrocytes. The differentiation of cells can 

be defined as “elongation” when the vertical Y axis for each cell was at least two times longer than the 

horizontal X axis, and “star-like” when a cell displays more than 2 branches88. Data are reported as means 

±SE. 

Characterization of molecular properties of astrocytes 

Immunostaining for fluorescence and confocal microscopy 

To perform immunofluorescence and confocal microscopy, cultured astrocytes plated on coverslips, substrates 

and films were fixed in 4% paraformaldehyde (PFA), washed in phosphate buffered saline (PBS); the 

nonspecific sites were blocked with 3% Bovine Serum Albumine (BSA) in PBS and permeabilized with 0.3% 

Triton X-100 in PBS. After the blocking of nonspecific sites with BSA, cells were incubated with primary 

antibodies for 2h at RT, washed in PBS and incubated for 1h at RT with Alexa conjugated secondary 

antibodies. Finally, samples were mounted on slides, using ProLong Diamond Antifade Mounting with DAPI 

or the mounting medium (50% Glycerol, 0.01% N-Propil-Gallate in PBS) and images were taken. Primary 

antibodies used were: mouse anti- GFAP (Sigma Aldrich, Milan, Italy, dilution 1:300 in 3%BSA and 0.1% 

Triton X-100 in PBS) rabbit anti-Kir 4.1 (Alomone, Jerusalem, Israel, dilution 1:300), goat anti-AQP4 
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polyclonal (Santa Cruz Biotechnology, Santa Cruz, CA, dilution 1:200) and rabbit anti-Vinculin (Life 

Technologies, Monza, Italy, dilution 1:200). To stain F-actin fi-actinng ATTO 647N-Phalloidin (Fluka 

Analytical, St Louis, MO, dilution 1:200) and Phalloidin- FITC (Sigma Aldrich, Milan, Italy, dilution 1:200) 

were used. The common used secondary antibodies were: donkey anti-mouse CY3 (Jackson Labs), 

Alexa488-conjugated donkey anti-rabbit or goat anti-mouse and Alexa594-conjugated donkey anti-goat 

(Molecular Probes, Eugene, OR) at a dilution of    1:1000
88,92,225,234,248,249

. 
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Monitoring of Actin dynamics 

Transduction of cells with actin- Cell Light 

To visualise actin dynamics, astrocytes were transduced with CellLight Actin-GFP, BacMam 2.0 

(ThermoFisher Scientific, MA, USA) at a concentration of 100 particles per cell. At 48h prior to live 

imaging, 5-10 µL (depending on the plating cells density) of the reagent was added to the cell culture media. 

A full media change was performed 16-20h after transduction, and imaging was performed 24h after the 

full media change. Transduced astrocytes were identified by a positive signal in the 488 laser channel of 

confocal imaging. A consistent z-plane was assured with Perfect Focus (Nikon PFS). Live imaging 

timelapses were acquired at the University of Maryland CMNS Imaging Core using a PerkinElmer 

spinning disk confocal microscope with an oil immersion 40X objective (1.30 NA; 0.36 μm/pixel) and 

temperature and humidity control. The microscope was equipped with a Hamamatsu ImagEM X2 EM-

CCD camera (C9100-23B), which recorded 16-bit images. Data acquisition was performed with Perkin 

Elmer’s Volocity software (version 6.4.0). 

Synthesis fabrication and functional characterization of smart glial engineering and interfaces 

This thesis reports a review on engineered technologies and innovative tools based on biomaterial 

interfaces and devices able to induce a response in astrocytes. It is highlighted that, while I have been 

performing every single experiment related to the characterization, all the process of synthesis preparation 

and characterization of the materials and substres were performed by respective partners as indicated 

below. 

Stable polymers such as polycaprolactone (PCL) have been used successful in form of PCL nanofibers, 

obtained through electrospinning at CNR-IPCB in the group of Prof Ambrosio, by Dr Vincenzo Guarino 

and Anna Boriello. The idea to use electrospinning as a method of fibres’ preparation was to mimic the 

specific extracellular matrix (ECM) of the brain to obtain a fibrous architecture of the substrates that can 

promote astrocytes’ cytoskeleton rearrangement. All the experiments were performed at natural 
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environmental conditions (T = 18/21 °C, RH = 40–50%). In collaboration with Prof. Luigi Ambrosio and 

Dr. Vincenzo Guarino of IPCB-CNR electrospun fibres were processed by Poly-Ɛ-caprolactone (PCL, 

Mn 45 kDa), bovine gelatin type B (Gel, ~225 bloom) in powder form, chloroform (CHCl3, 0.33 g/ml) and 

1,1, 1, 3, 3, 3, hexafluoro-2-propanol (HFP), (Sigma Aldrich, Italy), moreover PCL/Gelatin solution was 

obtained by dissolving PCL and Gelatin separately in HFP for 24 h to obtain the final polymer concentration 

of 0.1 g/ml (polymers ratio 1:1). Electrospun fibres were processed using commercialised electrospinning 

equipment (Nanon01 Mecc, Japan) optimised for the fibres deposition by vertical configuration. All the 

parameters (i.e., flow rate, voltage, electrodes distances, rotation speed) have been optimised; 

morphological analysis, fibres’ mean diameter was calculated, fibres anisotropy and the spatial 

organisation of fibres, wettability are reported in the section of Chapter IV dedicated to PCL248. 

Moreover, the last decade focused on the use of biocompatible polymers with electrically conductive 

properties, which can promote cell adhesion. In this context, the use of electroactive polymers (EAPs) is 

emerging as a class of organic materials with intrinsic conductive properties and with different applicative 

uses (i.e., molecular targeting, biosensors, biocompatible scaffolds). The electrically conductive 

nanocomposite platforms have been investigated in this thesis as a promising platform potentially applied 

to stimulate and record astrocytes for the recovery of neuronal structure and function. For this purpose, by 

embedding electro conductive PANi into electrospun fibres, PCL-based substrates with Gelatin and 

Polyaniline (in form of nano-needles) have been fabricated as it follows248 in IPCB-CNR labs. For the 

synthesis of PnNs, aniline, ammonium peroxydisulfate (APS), camphor sulphonic acid (CSA), and 

emeraldine base polyaniline (EB, Mw 10 kDa), (Sigma Aldrich, Italy) were used. The morphology of the 

PnNs, the mean diameter of the fibres and fibres characterization have been analysed and reported in a 

dedicated section of Chapter IV248. As control, electrospun fibres without PnNs were fabricated under 

the same processing conditions. 

Electrospinning technique 

Polymeric materials are dissolved in a suitable solvent to become a solution that is placed in a syringe pump. 

An electrostatic repulsion forced by the application of charges of the same sign on the surface where 
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the drops of polymers will be delivered. When these forces are such as to overcome the tension surface 

of the drop, a polymer jet is formed, due to the electric field. The jet is stretched and it allows the formation 

of the nanostructures. (Fig. 4.1). 
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Fig.4.1: Scheme of the electrospinning technique (created by Office PowerPoint ®). 

 

Silicon Nanowires (AuSiNWs) covered by gold represent a class of interface were produced by plasma 

enhanced chemical vapour deposition in collaboration with Dr. Annalisa Convertino and Dr. Luca 

Maiolo, from CNR-IMM in Rome. Technical details and the characterization of the substrates are reported 

in a dedicated section of Chapter IV. 

Vapor-liquid-solid (VLS) mechanism of nanowires growth. 

The following mechanism of nanowires growth occurs when an alloy droplet, formed from a solid substrate 

and metal catalyst, becomes supersaturated with a material coming from a gaseous reactant. As a second 

step, the material precipitates (from the solid-liquid interface) to form a nanowire. The liquid droplet must 

be stable and form an alloy or a eutectic mix at the right pressure and temperature. One of the downsides 

to this technique is that the metal catalyst dopes and creates impurities throughout the nanowire. In the 

case of Au, the eutectic temperature (the lowest temperature before solidifying) is at 363˚C degrees. 

The Plasma-Enhanced Chemical Vapour Deposition (PECVD) 

PECVD is a variant of conventional CVD, in which the deposition process is not governed by the 

thermodynamic characteristics but by the kinetic ones. In fact, the dissociation reactions of the gaseous 

precursors are induced by electrical excitation within a plasma. Plasma is a rarefied gas of ionised 
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molecules and atoms, electrons and neutral species that emits a characteristic discharge, plasma is made 

up of both positive and negative ions and overall it is neutral. It can be generated in different ways 

depending on the type of apparatus, in our case by means of an electrical signal alternating in radio 

frequency (RF) between two electrodes. In fact, this signal is able, under low-pressure conditions, to make 

the electrons acquire sufficient energy to trigger ionisation and dissociation processes of the gases present, 

with the formation of highly reactive radicals. The substrate is positioned on the positive electrode (anode) 

and when the radicals reach it by diffusion they react with the catalyst. The growth continues as long as 

the radiofrequency signal on the negative electrode (cathode) is finished225.  

The implementation of inorganic nanostructures, such as Hydrotalcite-like compounds (HTlc) synthesis 

and films preparation HTlc substrates were formulated, synthesised by Dr. Tamara Posati, CNR-ISOF as 

described previously. The drop casting technique consists in depositing a drop of solution on a substrate. 

Then, the evaporation of the solvent used and the film densification are expected. This process is easy to 

carry out and does not require specific instrumentation. However, drop casting cannot be applied to large 

surfaces. It is hardly possible to obtain homogeneous and reproducible films88,92 (Fig. 4.2). 
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Fig. 4.2: Scheme of the drop casting solution on substrate (created by Office PowerPoint ®). 

 

Gold Nanocluster Preparation and Characterization 

fAuNCs solutions were prepared according to the ARL Laboratory of Aberdeen of Prof. S. P. Karna: 0,004 

g of gold salt clusters were dispersed in PBS and dissolve after 30-60 sec. of sonication in 10% cell media, 

in order to obtain [1mM] solution. The same procedure was used to prepare [1mM] fAuNCs solution with 

any amount of BSA-blended. Cells were treated with the following solutions after 1 div from the re-plating; 

they were left for 24h of treatment in incubator 37°C and 5% of CO2, later rinsed with PBS before 

performing single experiments. 
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rr-P3HT pillars Preparation and Characterization 

rr-P3HT nanopillars have been processed by IIT according to the following protocol. Rr-P3HT (purity 

99.995%, molecular weight 15000−45000), were purchased from Sigma Aldrich. PDMS elastomer 

(Sylgard 184) was purchased from DowCorning. Glass/ITO substrates (15 Ω/sq) were purchased from 

Xin Yan Technology. PDMS precursor was mixed with the curing agent (10:1volume ratio) and left in 

vacuum for 30 min in order to remove air bubbles formed during the mixing process. P3HT was dissolved 

in o- dichlorobenzene (20 g L−1) and stirred for one night at 50 °C. A 1 μL drop of the rr-P3HT solution 

was pushed onto the cleaned glass/ITO surface using the micropatterned PDMS mold. After a thermal 

treatment at 90 °C for 2 min, the mold was gently removed ending up with a 4 × 5 mm2 rr-P3HT pillar 

array surrounded by a flat rr-P3HT region deposited on top of glass/ITO substrates. Flat Glass/ITO/P3HT 

were prepared by spincoating and used as control for studying the structural and functional impact of 

astrocytes with the nanosized polymer pillars262 (Fig. 4.3). 
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Fig. 4.3: Device fabrication and morphology. A) rr-P3HT micropillar fabrication process. B) SEM- Photograph of the rr-P3HT-pillar-based 

device, taken at the end of the fabrication process. Scale bar: 10 μm. Permission from: Copyright © 2019 American Chemical Society. 

Readapted from262. 
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Analysis of the Functional properties of brain cells: 

Electrophysiology: The Patch Clamp Technique 

The origin of the patch clamp can be found in the 1660s, when Dutch and Swammerdam prepared a 

neuromuscular dissection from a frog leg. The aim was to stimulate the frog’s nerve and observe what a 

trigger could cause in the muscle contraction. After the first successful results, they perfected the 

preliminary preparation, by attaching needles to each of the muscles to analyse, in order to monitor the 

muscle contraction. Slowly, Swammerdam started to understand the nature of signal propagation between 

nerves, but it was Isaac Newton, who first mentioned the electrical nature of nerve signals.The story of 

ion channels, which are the main protagonist of the bioelectrical activity and properties studied in this 

thesis began in 1791, when Luigi Galvani published his fundamental work: “De Viribus Electricitatis in 

Motu Musculari Commentarius on animal electricity” as accurate work of 10 years of observations on 

contraction of isolated frog nerve–muscle preparations, which Galvani performed with his wife, Lucia 

Galeazzi, and his nephew, Giovanni Aldini. Galvani's prophecy allows the identification of the electrical 

excitation of the nerve–muscle preparation and the relationship between stimulus intensity and muscle 

contraction. He also described the refractory phenomenon due to the contractions, which can be restored 

after a period of rest. It was only in 1797 that Galvani settled the crucial experiment to demonstrate the 

action potential propagation and developed the theory of electrical excitation. Aldini, after the death of 

Galvani in 1798, continued to investigate animal electricity. He was the first to apply electrical currents 

to a mammalian brain. However, in the XIX century, the spread of “Galvanism theory” was so intensive 

in the word that it inspired, in 1817, writers such as Mary Shelly with “Frankenstein, or the Modern 

Prometheus”; the novel, addressed for the first time, the problem of the ethical responsibility of a 

scientist.In the development of the theory of electrical excitation, Matteucci succeeded Aldini, he 

measured the resting current between the intact and cut surface of a muscle, and only later Emile du Bois-

Reymond was able to measure the electrical events accompanying the excitation of nerve and muscle. In 

1850–1852, Hermann von Helmholtz was able to determine the delay between electrical stimulation of 

the nerve and muscle contraction. Finally, Bernstein made the first true recordings of resting and action 
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potentials, estimating that at rest, the nerve interior is about 60 Mv. In 1896, he applied the electrolytic 

theory of Walther Nernst to a biological system and he raised the theory of K+ selectivity through the 

“lipoidal membrane” model of the plasmalemma. The bilayer structure of the cellular membrane was 

confirmed in 1925 by Gorter and Grendel. This theory was further developed by Danielli and Dawson 

who introduced the concept of the “bilayer lipid membrane” including numerous proteins (i.e. ion 

channels). In 1939, Kenneth Cole and Howard Curtis performed the first impedance measurements, Cole 

and Curtis and Alan Hodgkin and Andrew Huxley developed the idea of an intracellular electrode, which 

could be inserted into the axon of a neuron. They were pioneers of the first direct recordings of action 

potentials. In 1949, the voltage-clamp technique was designed by Cole and Marmont, and almost 

immediately, employed by Hodgkin and Huxley to produce the ionic theory of membrane excitation. 

However, several problems arose such as the fact that excitation required recordings not only from axons; 

the need to control both the extra- and intracellular environments to precisely separate single ion currents 

and the understanding of the mechanisms of ion regulation. All these technical challenges were analysed 

and solved by several groups of dedicated electrophysiologists that contributed to the development of the 

patch-clamp technique, here will be mentioned the most important novelties: the introduction of 

microelectrodes pulled from glass pipettes, suitable for low-traumatising penetrations of individual cells, 

developed in 1949 by Gilbert Ling and Ralf Gerard. In 1969, Erwin Neher and Hans Dieter Lux developed 

a conceptually similar technique to monitor membrane currents by pulling micropipettes to obtain an 

opening of about 100–150 μm in diameter; they applied a gentle suction (2–10 mmHg) which helped the 

approach to the neuronal membrane in the ganglia (normally covered by glial cells) and improved the 

interaction with the intracellular part of the membrane. In 1961 Peter Baker, Alan Hodgkin and Trevor 

Shaw introduced the double perfusion of intracellular and extracellular space. Even, the important 

progress and magnificent evolution in the patch-clamp history, all these techniques suffered from a 

leakage       
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resistance between the membrane surface and the recording pipette, which caused low-noise recordings. 

In a single cell, the difficulty was to detect single-channel currents in the presence of background electrical 

noise. Neher and Sakmann pressing a smooth electrode tip on the surface of an isolated skeletal muscle 

fibre, were able to isolate a patch of the cell membrane and to record a signal with an intrinsic noise decrease. 

The lower noise levels allow recording picoampere (pA) currents flowing through single ion channels. 

The discovery of the1980 was called high resistance (giga-ohm) seal: the giga-seal, (cell-attached 

configuration). Actually, the patch-clamp technique exploits the same principle: all ions pass through this 

membrane patch flow into the pipette and can be recorded by a chlorinated silver electrode connected to 

an electronic amplifier, while a grounded bath electrode is used to set the zero level. Thanks to this basilar 

mechanism, the complex biophysical properties of different ion channels can be studied deeper thanks to 

patch clamp setup (Fig. 4.4). However, a major limitation is due to the recording of single cells, neither 

suitable for high-throughput screening nor in more complex brain networks of neurons and glial cells. 

The historical events of patch clamp discovery have been reported in this thesis because I found really 

fascinating the story of the evolution of this technique. Although, the invention of the patch clamp 

technique has been motivated by the desire to understand the function of the electrically excitable nerve 

and muscle cells. In 1982 the technique born for muscles and nerves was applied also to record single-

ion-channel currents from non-excitable cells (not firing pancreatic acinar cells). In conclusion, this big 

invention in 1991 revealed its importance to the world with the Nobel Prize won by Neher and Sakmann. 
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Fig. 4.4: Patch Clamp setup: electrical circuit exemplification (created by Office PowerPoint ®). 
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The electrophysiological experiments of single cell patch clamp, presented in this thesis, were performed 

following the voltage clamp mode, whole-cell configuration, after 24-72 h after cells re-plating; time 

depended on the relative experiment and by the substrates to be tested with the seeded primary cortical 

astrocytes. All the experiments were performed in the same setup at ISOF, CNR Bologna, equipped with 

a Nikon Eclipse Ti-S microscope at RT using patch pipettes (2-4 M tip-resistance) pulled from thin-walled 

borosilicate glass capillaries. Responses were amplified (Multiclamp 700B, Axon Instruments), digitized 

(Digidata 1440A, Axon Instruments), (Fig. 4.5). 

Capacitive transients were compensated by the nulling circuit of the recording amplifier. Because of the 

large current amplitude, the access resistance (below 10 MΩ) was corrected 70-90%. 

 

 

Fig. 4.5: Patch Clamp setup located in the Faraday cage and settled at the CNR of Bologna where all the functional experiments have been 

performed. All the components needed for the electrophysiological recording are equipped. 
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Analysis was performed off-line using pClamp 10 (Axon Instruments) and Origin 10 (OriginLab 

Corporation). Passive properties of astrocytes were calculated as shown below263(see paragraph 9. 

Statistical Analysis). Moreover, according to the concept of “Gliophotonic” defined by Dr Benfenati and 

implemented in the ASTROTECH Project Team, Maiolo et al., explores the role of light photo-stimulation 

as a tool of neuromodulation coupled with electrophysiology recording. Generally, optical tools can 

provide precise, fast, label-free control of ions, and water dynamics to study the cellular and molecular 

mechanisms of astrocytes function and to potentially treat dysfunction. In particular, we define a protocol, 

never explored before, of pulsed infrared light on astrocytes to understand the mechanisms by which 

astrocytes may be modulated. Laser light emitted from a fiber can be coupled to an inverted 

epifluorescence microscope and attached to a micromanipulator (Sutter Inc), close to the plated cells62. 

Similar approaches are actually under investigations and aim to define new optical label-free tools able 

to stimulate glial cells (Fig. 4.6). 

 

 

 

Fig.4.6: Scheme representing astrocytes photostimulation by means of pulsed infrared light (INS) to stimulate calcium imaging in cultured 

astrocytes. The experimental setup is setted to be performed togheter with an electrophysiological record. A) Panel shows the experimental 

set- up for stimulation of astrocytes with INS light by means of an optical fiber. B) Panel shows the fibre placement in proximity of cells 

during the experiments. Light photostimulation can be delivered according to a specific protocol to astrocytes by application of fixed or 

pulsed LED illumination mediated by a source to the inverted microscope62. Permission from: © 2020 Federation of American Societies for 

Experimental Biology. 
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Calcium Imaging 

Calcium microfluorimetry 

The variation in free intracellular and extracellular calcium concentration ([Ca2+ ]i/e) was monitored by 

calcium microfluorimetry using the indicator Fluo4-AM or X-RHOD 1 AM (Life Technologies, Milan, 

Italy), respectively in green or red single-wavelength fluorescent for Ca2+dynamics. The protocol 

allowing the Ca2+ dynamics measurements was provided by the plating of a high number of astrocytes 

seeded on PDL or different substrates or pre-treated with specific treatment. Cells were loaded with 10 

μM Fluo-4 AM/X-RHOD, dissolved in standard bath solution for 30 min to 45 min at room temperature 

(RT). Samples were next rinsed with standard bath solution. Measurements of [Ca2+] were performed by 

using a fluorescence microscope (Crisel Instruments- Olympus BX-63 confocal time lapse) equipped with 

long- distance dry objective (40X) and appropriate filters. The excitation/emission of Ca2+ bound form 

wavelength was 494/506 nm and 580/602 nm with a light pulse duration of 200 ms and a sampling rate of 

1.5 Hz. Data acquisition was controlled by MetaMorph software62,92. 
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Solutions and chemicals 

All saline solutions for patch-clamp experiments were prepared with salts of the highest purity grade 

(Sigma-Aldrich) and deionized and sterilised water. pH-adjustments were obtained with the respective 

acid or base, the osmolarity as well was adjusted by adding mannitol (Sigma-Aldrich). Solution 

composition are here reported: 

 
 

1) Standard solution for astrocytes 

 

NaCl 140 mM 

 

MgCl2 2 mM 

 

KCl 4 mM 

 

CaCl2 2 mM 

 

HEPES 10 mM 

 

Glucose 5 mM 

Mannitol 20mM 

pH 7.4 with 1N NaOH, osmolarity ̴ 315 mOsm 
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2) Internal Standard solution for astrocytes 

KCl 144 mM 

MgCl2 2 mM 

 

EGTA 5 mM 

 

HEPES 10 mM 

 

pH 7.2 with 1N KOH, osmolarity ̴ 295 mOsm 

 

 

3) External Cesium standard solution for astrocytes 

CsCl 140 mM 

MgCl2 2 mM 

 

CaCl2 2 mM 

 

TES 10 mM 

 

Glucose 5 mM 

 

pH 7.4 with 1N CsOH, osmolarity ̴ 315 mOsm 

 

 

4) Internal CsCl-solution for astrocytes 

CsCl 126 mM 

MgCl2 2 mM 

 

EGTA 1 mM 

 

TES 10 mM 

 

pH 7.2 with 1N CsOH, osmolarity ̴ 295 mOsm 

 

 

5) Internal CsGluconate solution for astrocytes 

CsCl 22 mM 
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CaCl2 2 mM 

 

MgCl2 2 mM 

 

TES 10 mM 

 

Glucose 5 mM 

Gluconic acid 100 mM 

pH 7.2 with 1N CsOH, osmolarity ̴ 295 mOsm 

 

 

6) High K+ [40-100 mm] solution for astrocytes 

106 NaCl mM 

40 KCl mM 

 

2 MgCl2 mM 
 

2 CaCl2 mM 
 

10 HEPES 

 

5 glucose 

 

pH 7.4 with 1N NaOH, osmolarity 315 mOsm 

 

 
The Ca2+ free extracellular saline was prepared by omitting CaCl2 salt and adding a calcium-chelating agent 

(EGTA 0.5 mM). The hypotonic saline (260 mOsm) was prepared without adding mannitol. 

 
The different salines containing pharmacological agents were applied with a gravity-driven, local perfusion 

system at a flow rate of ≈200 µL min−1 positioned within ≈100 µm of the recorded cell 62,88,92,93, 

221,225,234,248,249. 

 
Statistical Analysis 

 

1) Analyses and statistics were performed with Imagej, Clampfit 10, Origin 8.5.1 programs to perform 

morphological and molecular imaging characterization, electrophysiology and calcium imaging analysis. 
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2) Calculation of astrocytic electrophysiological passive properties was obtained as follow a) the cell 

capacitance, b) resting membrane potential, c) reversal potential, d) maximal current density e) specific 

conductance (SG), f) input resistance (IR): 

a) The capacitance of the cell membrane is proportional to the surface area of about 1µF/cm264.The value 

of cell capacitance was taken directly before recording, using the cell capacitance compensation of the 

Multiclamp program of amplifiers. 

b) The resting membrane potential (at 0 current potential) is calculated by setting the current in the amplifier 

value to zero. 

c) The reversal potential was obtained by plotting the current vs the set voltage in the recorded ramp current 

trace. 

d) The maximal current density (I max) was calculated by normalising the obtained current value (I) at a 

specific voltage (for the inward current density -120 mV, for the outward current density +60 mV) for the 

cell capacitance, (Cp): Imax = I/ Cp 

e) The specific conductance (SG) was obtained from the reciprocal of the input resistance (IR), normalised 

by the cell capacitance (Cp): 

SG =(1/IR) *Cp 

 

f) The input resistance (IR) was obtained from recorded current traces, where the given stimulation was a 

voltage step (ΔV, from VH= -60 mV to -120 mV for astrocytes). The change in current (ΔI) was then used 

to calculate the input resistance: 

IR =ΔV/ΔI 
 

3) In the calcium imaging experiments, the ratio of the fluorescence intensity at each time point (Ft) and the 

initial fluorescence (Ft0), that directly correlates with variation in [Ca2+]I265 was continuously recorded 

during the experiment. The percentage (%) of inhibition of fluorescence was calculated as follows 

[(Ftcontrol/Ft0control-Ftblocker/Ft0blocker)/Ftcontrol/Ft0control]x100, where Ftcontrol/Ft0control was 

the fluorescence ratio Ft/Ft0 recorded at the end of stimulation and 50 s after the end of the stimulation 
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when we used standard bath solution containing Ca2+. Data were compared by one-way ANOVA with 

Bonferroni post-test. A statistically significant difference was reported if p≤0.05. The data was derived from 

at least 3 independent experiments performed at least in triplicate. Data are reported as the mean _ Standard 

Error (SE). 

 

*Note: Every modification to materials and methods with respect to the standard protocols, applied in the 

performed experiments, are discussed in Chapter IV and Chapter V dedicated to the presentation and 

discussion of the Results of each topic of this PhD thesis. 
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Results 

 
This chapter is dedicated to a collection (papers’ review) of the paper related to the main focus of this 

PhD thesis, selected among those published, on the basis of major contributions I gave and alliance with 

the scope of the PhD program.  

The papers’ review reports the journal publications in PDF format, following both the chronological order 

of publication and the flow of the evolution of our studies. 

Each paragraph is dedicated to a single paper and it will be introduced by a brief description of the aim 

of every single work. 

The editor’s policy has been verified for each journal where papers have been published and that are here 

reported; the guideline for publication follows the rules indicated in the database: SHERPA/ROMEO 

(http://www.sherpa.ac.uk/romeo/), as suggested by the ALMAMATER-University of Bologna for the 

final submission of “PhD thesis”.

http://www.sherpa.ac.uk/romeo/
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In this thesis results are reported on nanomaterials that i) provide advance in knowledge on mechanisms 

beyond the whole brain function and especially by providing new discoveries on astrocytes ii) provided 

a nanoscale interaction with astrocytes able to be used as topographical nanostructure for the design of 

brain device iii) contribute to unraveling the astrocytes-neurons communication. To this end, nanoscale 

materials are tested with astrocytes to understand first their impact on astrocytes viability and growth and 

mainly to address their impact on astrocytes' structure and function. The vision is to demonstrate the 

potential of astrocytes as a “dynamic system”, overthrowing the idea of astrocytes as silent cells. Moreover, 

the concept of astrocytes as a “dynamic system” has been exploited by demonstrating specific active 

regions, where astrocytes show active oscillations and generate a “natural rhythm”. In this context, our 

lab is a pioneer of studying the interaction of astrocytes with inorganic nanostructures made of clay and 

named Hydrotalcite- like compounds. Specific chemical aspects of the material, build of positively 

charged layers and exchangeable interlayer anions allow the adhesion of astrocytes and their 

morphological differentiation by inducing cytoskeleton rearrangement, as large inward conductance with 

biophysical features of Kir4.1 and AQP488. Based on the previous observations, we explored the 

functional relationship at microdomain level of differentiated HTlc-astrocytes between AQP4 and calcium 

and chloride channels. The biophysical properties have been chronically investigated impacting on the 

extracellular environment with hypotonic alteration. Data confirmed the up- regulation of AQP4 

expression in the membrane of differentiated astrocytes and showed an intracellular calcium response, 

typically mediated by TRPV4, as well as an activation of VRAC current as a consequence of hypotonic 

application. Our data allow us to observe that differentiated astrocytes might respond to osmotic changes, 

and guide the RVD and RVI process. However, the overexpression of AQP4 channels in astrocytes 

responds to cell volume changes and restorative effects and it is tangible in the cell membrane of astrocytes 

on the contrary of TRPV4 and VRAC expression92. These findings are also confirmed by the 

implementation of other inorganic nanostructures based on silicon 



83  

nanowire. Recently, our lab demonstrated the efficacy of gold-coated silicon nanowire devices 

(Au/SiNWs) in recording extracellular currents from primary astrocytes in vitro. The signal detected has 

an amplitude from 17 to 132 μV and duration from 60 to 730 ms with an interval between two distinct 

events occurring in a range from 0.2 to 26s. Details will be explained better in a dedicated section of this 

thesis225. AuSiNWs were first fabricated as an interface, once they were tested, AuSiNWs device -MEA, 

were fabricated in collaboration with Dr. A. Convertino and Dr. L. Maiolo of Institute for Microelectronic 

and Microsystems IMM, CNR of Rome. The goal was to record the extracellular activity of such “silent” 

cells with respect to neurons. Results demonstrate that the random distribution of nanowires influence the 

astrocytes morphology and adhesion; nanowires induce an in vivo-like differentiation of the cell body 

without the need of any biochemical functionalization of the surface. Accordingly, the obtained astrocytes 

phenotype on the nanowires was more hyperpolarized and displayed a higher resting permeability and 

capacitance, as well as increased expression and function of the potassium channels Kir4.1. We suppose 

that such functional properties of the cells are due to the disordered topology of inorganic nanostructured 

materials that resemble the neural and glial networks of the brain. Until our discovery, inorganic metal-

based devices were used to interact with other kinds of cells, such as cancer cells in vitro226. Our findings 

add new milestones to the results suggested by Mestre et al.; he was the first to perform extracellular 

recording in primary astrocytes using micro-structured mushroom interface, and observing spontaneous 

burst in astrocytes, comprised of quasiperiodic signals, with a frequency of ≈0.1 Hz and with a broad 

distribution in amplitudes from 10 to 60 μV, preceded by an increase on the average noise fluctuations227. 

In conclusion, both inorganic materials HTlc and AuSiNWs are here reported as valid glial nano interfaces 

to provide an alternative path to study astrocytes in a more in vivo like state, useful to learn more about 

brain physiology, neuron-glia interaction, neuron-astrocyte crosstalk, and networks. As a natural 

consequence of this plan, we are working on the in vitro validation of protocols to study astrocyte-neuron 

co-cultures in order to discriminate between different signals. Future results will be helpful in the 

knowledge of numerous neuropathological states in which astroglial cells are crucial such as epilepsy, 

AD, depression, cognitive deficit17. 
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1.1 Introduction to Paper 1 

“Structural and Functional Properties of Astrocytes on PCL based electrospun fibres” by 

 

Emanuela Saracino, Valentina Cirillo, Marica Marrese, Vincenzo Guarino, Valentina Benfenati, 

Roberto Zamboni, Luigi Ambrosio has been published as Open Access publishing on Materials Science 

& Engineering C 118 (2021) 111363, contents lists available at ScienceDirect Materials Science 

(www.elsevier.com), DOI: https://doi.org/10.1016/j.msec.2020.111363. 

 

 

Supplementary information accompanies this paper at: 

https://www.sciencedirect.com/science/article/pii/S0928493120332811?via%3Dihub. 

 

 

Licence CC BY 4.0 and CC BY-NC-ND 4.0; acknowledgement: © The Author(s) 2020, the Material 

Science and Engineering C by Elsevier. 

 
 

The design and engineering of biomaterials, that can drive the structural and functional properties of 

astrocytes, are of growing interest for neuro-regenerative medicine and for the treatment of brain 

dysfunctions. In particular, non neuronal cells, such as astrocytes, show their change in cytoskeleton and 

ion channels’ function coincide with neuronal damage in acute neurological conditions or chronic disease. 

Poly-ɛ-caprolactone (PCL), is an FDA-approved, biodegradable and non-toxic semi-crystalline linear 

resorbable aliphatic polyester having excellent mechanical and chemical properties, that can be tailored, as 

its topography too, to obtain neural implants for regenerative purposes. Specifically, aligned electrospun 

fibres of PCL (−GEL) and blending of PCL and Gelatin protein (+GEL). are investigated as a tuneable 

interface to selectively alter astrocytes structural components (cytoskeleton and focal adhesion points), 

while preserving astrocytes function. In conclusion, the aligned nanostructure of PCL interface can be 

proposed as a validated easy to use and low-cost glial interface, where the astrocytes network can reinforce, 

guide and promote the outgrowth of neurons during a stroke. 

https://doi.org/10.1016/j.msec.2020.111363
https://www.sciencedirect.com/science/article/pii/S0928493120332811?via%3Dihub
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1.2 Introduction to Paper 2 

 

“Polyaniline nano-needles into electrospun bio active fibres support in vitro astrocyte response” by 

Emanuela Saracino,* Simona Zuppolini, Vincenzo Guarino,* Valentina Benfenati, Anna Borriello,* 

Roberto Zambonia Luigi Ambrosio, has been published as Open Access publishing on RSC Advances 

Journal, 2021, 11, 11347, DOI: 10.1039/d1ra00596k. 

 

 

https://pubs.rsc.org/en/content/articlelanding/2021/RA/D1RA00596K. 
 

 

 

Supplementary information accompanies this paper at: 

https://www.rsc.org/suppdata/d1/ra/d1ra00596k/d1ra00596k1.pdf?_ga=2.65611501.2583609.1639495321 

-97415880.1639495320 
 

 

 

Licence CC BY and CC BY-NC-ND; acknowledgement: © The Author(s) 2020, RSC Advances Journal by 

Royal Society of Chemistry. 

 
 

The bioelectrical response of glial cells represents a key of interest in the neuroregenerative study. Taking 

advantage of the previous results published in the work presented in the paragraph 1.1, Chapter IV, here 

electrospun nanofibres based on PCL: PCL (−GEL) and blending of PCL and Gelatin protein (+GEL). 

are embedded with the nanostructure of a conductive polymer, polyaniline (PANi), synthesised in the 

form of nano-needles (PnNs), where peculiar is the fibre nanoscale size and alignement. The final scaffold 

is an electrically conductive interface able to support the growth and elongation of astrocytes’ body 

without affecting an inflammatory reaction, accordingly the functional properties of astrocytes are 

measured by patch clamp. experiments reveal that PnNs do not alter the bioelectrical properties of resting 

astrocytes. Both the electrospun PnNs substrates result as biocompatible and not toxic for glial cells even 

at long time 

http://xlink.rsc.org/?DOI=d1ra00596k
https://pubs.rsc.org/en/content/articlelanding/2021/RA/D1RA00596K
https://www.rsc.org/suppdata/d1/ra/d1ra00596k/d1ra00596k1.pdf?_ga=2.65611501.2583609.1639495321-97415880.1639495320
https://www.rsc.org/suppdata/d1/ra/d1ra00596k/d1ra00596k1.pdf?_ga=2.65611501.2583609.1639495321-97415880.1639495320
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points of investigation. The following substrate opens the way to a new perspective of investigation on the 

biophysical properties of astrocytes, by the use of a specific and tuneable glia interface that can be potentially 

used to stimulate and possibly record astrocytes, aiming at the recovery of neuronal structure and function. 
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1.3 Introduction to Paper 3 

 

“A glial-silicon nanowire electrode junction enabling differentiation and non-invasive recording of slow 

oscillations from astrocytes” by 

Emanuela Saracino, Luca Maiolo, Davide Polese, M. Semprini, Ana Isabel Borrachero-Conejo, 

Jacopo Gasparetto, Stefano Murtagh, Margherita Sola, Lorenzo Tomasi, Francesco Valle, Luca 

Pazzini, Francesco Formaggio, Michela Chiappalone, Saber Hussain, Marco Caprini, Michele 

Muccini, Luigi Ambrosio, Guglielmo Fortunato, Roberto Zamboni, Annalisa Convertino,* and 

Valentina Benfenati* has been published on Advance Biosystems (www.adv-biosys.com), DOI: 

https://doi.org/10.1002/adbi.202070044. 
 

 

 

https://onlinelibrary.wiley.com/doi/10.1002/adbi.202070044. 
 

 

 

Supplementary information accompanies this paper at: 

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fadbi.201900264&file=adbi 

201900264-sup-0001-SuppMat.pdf. 
 

 

 

Licence CC BY; acknowledgement: © The Author(s) 2020, Advanced Biosystems by Wiley. 

 

 

Astrocytes guide the human brain function. Studying non neuronal cells such as glial cells and their 

connection with neurons network is fundamental to unravel specific pathways of the complexity of the brain. 

In particular, biomedical engineering aims to develop reliable approach to study the role of astrocytes   

function in brain physiology and pathologies. However, bioelectrical properties of glial cells, and 

specifically of astrocytes in vitro are not close to those displayed in vivo; this feature was already mentioned  

and largely explored in paragraph 1.3, Chapter IV, dedicated to the conductive polymers interface. 

http://www.adv-biosys.com/
https://doi.org/10.1002/adbi.202070044
https://onlinelibrary.wiley.com/doi/10.1002/adbi.202070044
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fadbi.201900264&file=adbi201900264-sup-0001-SuppMat.pdf
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fadbi.201900264&file=adbi201900264-sup-0001-SuppMat.pdf
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In this regard, the in vitro non-invasive electrophysiological recording of astrocytes remains challenging for 

biomedical engineering. Here, primary astrocytes are grown on a device formed by a forest of randomly 

oriented gold coated-silicon nanowires (AuNWs), resembling the complex structural and functional 

phenotype expressed by astrocytes in vivo. The device enables non-invasive extracellular recording of the 

slow-frequency oscillations generated by differentiated astrocytes as a new approach to study the role of 

astrocytes function in brain physiology and pathologies. 
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1.4 Introduction to Paper 4 

 

“Cell Volume Regulation Mechanisms in Differentiated Astrocytes” by 

 

Maria Grazia Mola, Emanuela Saracino, Francesco Formaggio, Arcangela Gabriella Amerotti, 

Barbara Barile, Tamara Posati, Antonio Cibelli, Antonio Frigeri, Claudia Palazzo, Roberto Zamboni, 

Marco Caprini, Grazia Paola Nicchia, Valentina Benfenati has been published as Open Access 

publishing on Cell Physiol Biochem. 2021 Nov 5;55(S1):196-212. DOI: 10.33594/000000469 

(https://www.cellphysiolbiochem.com/Articles/000469/). 

 

Supplementary information accompanies this paper at: 

https://www.cellphysiolbiochem.com/Articles/000469/SM/SM_1033594000000469.pdf. 

 

Licence CC BY 4.0; acknowledgement: © The Author(s) 2021 Cell Physiology and Biochemistry Journal, 

Press GmbH&Co. KG. 

 

In a previous study conducted in Benfenati lab, (Posati T., et al., A Nanoscale Interface Promoting 

Molecular and Functional Differentiation of Neural Cells, Scientific Reports J., 2016 

(www.nature.com/scientificreports, https://www.nature.com/articles/srep31226)), it was demonstrated that 

nanostructured interfaces are potential tools to generate reliable models to study astrocytes in vitro. In the 

specific hydrotalcite-like compounds (HTlc) were interfaced with cortical rat primary astrocytes, showing 

that HTlc were layered nanostructured materials that promote astrocytes differentiation, molecular and 

functional up-regulation of inward rectifying potassium channel Kir 4.1 and AQP4. At the astrocytic 

microdomain Here, taking advantage of the same substrates (HTlc), it is reported the mechanism 

underpinning astrocytic cell volume regulation, critical for brain function and pathology. The ability of 

astrocytes to control extracellular volume homeostasis (RVD) and its correlation with the expression and 

function of AQP4 as well as with Transient Receptor Potential Vanilloid 4 (TRPV4) and Volume Regulated 

https://www.cellphysiolbiochem.com/Articles/000469/
https://www.cellphysiolbiochem.com/Articles/000469/SM/SM_1033594000000469.pdf
http://www.nature.com/scientificreports
http://www.nature.com/scientificreports
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Anion Channel (VRAC), together with Kir 4.1 are here investigated. The main hypothesis is that there is a 

functional interaction between AQP4 and each of these anion and cation channels, mainly expressed in the 

microdomains of astrocytes in vivo. In conclusion, HTlc represent a valid guide to structural and molecular 

investigation of astrocytes role in the brain and they can be useful in identifying novel therapeutic targets 

for neurological conditions, such as those characterized by imbalances to hydro saline challenges (i.e. 

edema) or by altered cell volume regulation (i.e in glioma). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



126  

 

PDF -FORMATO PAPERS\Mola MG., Saracino E.,et al., Cellular Phisiology and Biochemistry 
 

PDF 4.4.pdf 



127  

 



128  

 



129  

 



130  

 

 



131  

 



132  

 

 



133  

 

 



134  

 

 



135  

 

 



136  

 

 



137  

 

 



138  

 

 



139  

 

 



140  

 

 



141  

 

 



142  

 

 



143  

 

 



144  

 

EMBARGO REQUEST- data not yet published 

 

 

Overview on ongoing activities and unpublished results 

1.1 Introduction to Paper 1 

 

“Decoding natural astrocyte rhythms: dynamic actin waves result from environmental sensing by 

primary rodent astrocytes” by 

Kate M. O’Neill, Emanuela Saracino, Barbara Barile, Nicholas J. Mennona, Maria Grazia 

Mola, Spandan Pathak, Tamara Posati, Roberto Zamboni, Grazia P. Nicchia, Valentina 

Benfenati, Wolfgang Losert has been published as pre print on bioRxiv 2021.09.13.460152; DOI: 

https://doi.org/10.1101/2021.09.13.460152.This article is a preprint and has not been certified by peer 

review. (https://www.biorxiv.org/content/10.1101/2021.09.13.460152v1 ). 
 

 

The copyright holder for this preprint is the author/funder, who has granted bioRxiv a license to 

display the preprint in perpetuity. All rights reserved. In a previous study conducted is widely 

recognized that astrocytes, once defined as passive glue cells, play an active role in determining 

excitability in the brain. Astrocytes are key regulators of brain homeostasis in the extracellular milieu 

of the brain and it is essential for the cognitive function. In particular, in the CNS, the homeostasis of 

K+ is critical in the extracellular space and it is maintained by homeostatic process at 4 mM in 

physiological condition. Alterations in membrane properties including the decrease of IR, 

depolarization of the resting membrane potential could result in disorders such as epilepsy, or 

syndromes that affect behavioural tasks, such as sleep, learning, and attention266,267. Our study 

introduces actin dynamics in astrocytes as a potential carrier of information and actuator of the 

astrocytic response to changes in the local environment; actually, the role of cytoskeletal dynamics in 

this critical regulatory process is still unknown, although the importance that actin behave as an 

excitable system is increasing. The following work focuses on the dynamics of actin in specific 

https://doi.org/10.1101/2021.09.13.460152
https://www.biorxiv.org/content/10.1101/2021.09.13.460152v1
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subcellular regions, near the cell boundary, called “hotspot” regions that selectively respond to certain 

chemo-physical stimuli. The induced stimuli, we applied, are targeted to simulate homeostatic 

challenges of ion or water concentration increases. This hypothesis has been validated through 

astrocytes actin-GFP transduction, optical flow algorithms and shape analysis212,213. Images were 

performed by means of live time-lapse confocal microscopy. The same approach was performed on 

HTlc-substrate topography. The role that HTlc nanostructured topography can have on astrocytes 

homeostasis properties have been reported in the dedicated paragraph 1.4 of  Chapter IV. Here, taking 

advantage of the previous results, we define actin dynamics also on the following system where 

differentiated astrocytes grow. These rhythmic behaviours are associated with the transition between 

distinctive network oscillation frequencies of discrete neural networks, which are associated with 

different oscillation frequencies in neurons, as a reaction to the ever-changing environment. 

Here it is reported a preprint version of our manuscript. 
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EMBARGO REQUEST- data not yet published 

 

 
 

Gold Nanocluster impact on astrocytes structure and function 

Evidences over the past 40 years have indicated that astrocytes have a critical role in sensing chemo- 

physical changes occurring in the brain extracellular environment. Crucial in maintaining the homeostatic 

balance of the central nervous system (CNS) in vivo are the expression of ion channels and aquaporins at 

nano-microdomains of astrocytes end-feet. However, how astrocytes modulate their response to different 

chemo-physical stimuli are still unknown. Herein, we propose ultrasmall size (1-4 nm) metal nanoclusters 

(NCs) as a new class of nanoprobes useful in understanding the complex chemistry and physics of 

biological systems. We investigate the effect of gold nanoclusters  (AuNCs) on primary rat cortical 

astrocytes structure and function in vitro. 

By means of viability assay, time lapse imaging and confocal immunofluorescence, we found that 

treatment with AuNCs are not toxic for astrocytes and induce a formidable morphological differentiation 

in astrocytes. The tremendous cytoskeleton rearrangement demonstrates a huge cortical expression of 

actin in treated cells; data were followed by stimulated emission depletion microscopy (STED) imaging 

to qualitatively reveal the expression of inward rectifier potassium channels (KIR 4.1) and aquaporin 4 

(AQP4), also revealed by western blot (WB) experiments. Moreover, scanning electron microscopy 

(SEM) was performed to reveal the possible localization of the cluster inside the astrocytes. Patch-clamp 

experiments indicated that differentiation was accompanied by the expression of potassium (K+) currents 

increase in the whole-cell membrane currents upon photo-stimulation. Calcium Imaging was measured 

in order to collect Ca2+ fluxes across the cell membrane in response to trigger selective activation of 

transmembrane receptors and channels in treated cells. 

Specifically, a category of NCs: NCs-conjugated with Gold (AuNCs), in addition with protein- 

synthesised bovine serum albumin (BSA, fAuNCs/BSA)198, endowed with unique and tunable plasmon 

resonance properties, unique magnetic properties, high signal-to-noise ratio, intense 
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photoluminescence and high stability, have been analysed in ISOF Laboratories and in collaboration with 

ARL Laboratories of Aberdeen by Dr. Shashi Karna, in the context of ASTROGOLD Project (US CCRL-

ROP-L Neurophysiology of Cognition Army Research Laboratory W911NF-21-2-0074). Versatility in 

nano-size, surface and hydrophilic or lipophilic characteristics of fAuNCs in vitro allows already the 

internalisation into cervical, kidney, and fibroblast cell lines without a negative impact on the cell 

viability; however, the effect of fAuNCs has never been evaluated on brain cells. Here, the effects of 24h 

treatment of fAuNCs and fAuNCs/BSA on the astrocytes viability, biophysics properties, cytoskeleton re-

organization and morphology and ion and water channels expressions, are reported. These findings suggest 

that AuNCs/BSA offer 1) a powerful biocompatible, nanoscale tool to probe and sense astroglial 

bioelectrical properties and 2) a transformative approach to study astrocytic homeostatic regulation and 

the glial/neural network involvement in diseased brain physiology. 

AuNCs induce astrocytes morphological differentiation 

In order to determine the impact of fAuNCs on astroglial cell growth, pure rat neocortical astroglial cells 

were re-plated on glass coverslips coated with poly-D-Lysine (PDL). Single plane fluorescein diacetate 

(FDA) imaging and morphological observations after 3 div from the re-plating are reported in Fig. 5.1, 

revealed viable not treated (NT) and fAuNCs/BSA or fAuNCS treated astrocytes [1 Mm]. Polygonal flat 

shapes, (Fig. 5.1C), resembling the typical phenotype of in vitro primary astrocytes grown on polystyrene 

Petri dishes, were observed in NT cells268-270, while astrocytes treated for 24h with fAuNCs/BSA 

displayed a differentiated phenotype, characterised by processes departing from the cell body and 

projecting their end-feet on distal cells (Fig. 5.1D). To verify astrocyte adhesion and proliferation, images 

of cells stained with DAPI were taken after 1 div from the fAuNCs/BSA treatment and the cell nuclei in 

each image were counted. In agreement with the cell viability assay, the histogram plot reports the 

number/area of DAPI stained cell nuclei, calculated for different fAuNCs/BSA concentrations (Fig. 

5.1B). It should be noted that, the survival of astrocytes is not severely compromised by the increasing 

fAuNCs/BSA concentration, while the morphology of strocytes is strongly influenced by
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 the higher concentration of fAuNCs/BSA [1mM] treatment, indicating that the cell body size is 

bigger and that cells look more differentiated when NT or low [fAuNCs/BSA] treated. 

 
Fig. 5.1: Analyses of the effect of AuNCs on astrocytes viability and morphology properties. A) Scheme representing the AuNCs/BSA 

approach to treat astrocytes. B) Histogram shows the number of live cells/area for each conditions captured after 24h the treatment, C- 

E) Single plane confocal images of FDA/HOESCHT stained astrocytes: NT cells (C), AuNCs/BSA [1 mM] (D) and AuNCs [1 mM] 

(E). Scale Bar is 40 μm. 

 
 

The 24h treatment of astrocytes with no BSA fAuNCs is not toxic for cells, however the quenching of 

fluorescent, due to the metal, does not allow to properly observe the cell body of astrocytes. The kind of 

differentiation caused only by fAuNCs seem to have a different impact on the astrocytes morphology 

treated with fAuNCs/BSA (Fig. 5.1E). In conclusion, fAuNCs are not toxic for the cells after 24h 

treatment, even the role exercised by BSA protein could be fundamental to increase the biocompatibility 

of gold nanoclusters, to allow a more in vivo-like morphological differentiation, and to be employed as a 

useful tool for the study of glial cells. The results suggest that, in general the fAuNCs promote 

morphological phenotype of astrocytes; astroglial cell viability is severely 
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compromised over the long term when astrocytes are treated with fAuNCs (Fig. 5.1E), demonstrating once 

more, the importance of BSA protein blending with fAuNCs in the adhesion and healthy differentiation 

of cells. 

Functional properties of astrocytes treated with AuNCs 

One of the main goals of this study was to verify the effects of fAuNCs on astroglial ion channels’ 

functions, involved in the physiology and pathophysiology of CNS in vivo. To this end, whole-cell patch-

clamp measurements were performed 3 days after re-plating, on NT, fAuNCs/BSA and fAuNCs treated 

astrocytes at low density, (Fig. 5.2), Moreover, the following study is the first reporting the demonstration 

of functional regulation of ion channels by metal NCs application in vitro in astrocytes, without the need of 

either patterning or chemical functionalization of the plating surface (i.e. glass and cover glasses), in 

contrast to previous models where different methods have been reported to promote astrocytic functional 

differentiation via the addition of chemicals to the bath media. Cells were voltage clamped at a holding 

potential (Vh) of −60 mV, a slow ramp from −120 to 60 mV inset in Fig. 5.2A) with intracellular and 

extracellular saline controls, to evoke whole-cell currents. The current amplitude was recorded and passive 

membrane properties were calculated as an additional indication that fAuNCs modify astroglial cell 

morphology, size and cell phenotype (Table 5.1) The resting membrane potentials (Vmem) of NT seeded 

cells were -30,5 ± 5,1 mV, which is comparable with values previously reported for primary astrocytes 

grown in vitro on different substrates88,92. Vmem was more hyperpolarized -22,4 ± 11,3 mV in 

fAuNCs/BSA treated cells. Accordingly, a significant decrease was observed in the input resistance values 

(355 ± 47 MΩ in NT- astrocytes, 44 ± 6MΩ in fAuNCs/BSA cells) while the specific conductance (0,14 

± 0,01 ns/pF for NT cells; 1,2 ± 0,2 ns/pF fAuNCs/BSA cells) recorded at −60 mV. The capacitance was 

not significantly different between NT and fAuNCs/BSA treated cells (25 ± 2,7 pF for NT astrocytes; 24 

± 2,4 for fAuNCs/BSA treated cells). The ramp current traces in AuNCs/BSA [1mM] cells (Fig. 5.2B) 

displayed a strong inward and outward rectification, compared to currents recorded on the same days in 

NT-plated cells. Importantly, the huge current density recorded at −120 mV and +60 mV was 
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significantly higher for fAuNCs/BSA compared to NT-plated cells (--6,2± 0,9 pA/pF at −120 mV and 37,7± 

17,6 at +60 mV for NT; -112 ± 23 pA/pF at −120 mV and 82± 16 at +60 mV for fAuNCs/BSA- treated 

cells). 

 
 

 
 

 

 

 
Table 5.1: Electrophysiological properties of astrocytes NT and treated with AuNCs/BSA and AuNCs. Cp, membrane capacitance; 

Vmem, resting membrane potential; SG, mean specific conductance; IR, input resistance; I, current density. 
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Furthermore, in astrocytes differentiated in vitro and in situ, the potassium Kir 4.1 up-regulation is known 

to be responsible for a significant increase in cell conductance and modulate the biophysical properties of 

cells88,92,268,269. 

 

 

 
Fig. 5.2: Effects of AuNCs/BSA on astrocytes bioelectrical properties. A-C) Current traces recorded stimulating astrocytes with a 

voltage ramp protocol (inset A) from Vh -120 to +60 mV (500 ms), in NT astrocytes (A) and treated AuNCs/BSA [1 mM], (B), and 

AuNCs [1 mM], (C). Data are expressed as mean±SE. 

 

 
In conclusion, the effects of fAuNCs on astrocytes bioelectrical properties seem to be extremely 

dependent on the presence of BSA protein blended to AuNCs. Indeed, potassium was omitted by 

intracellular solution to verify the influence of anions on the astrocytes functionality; it was replaced with 

cesium (CsCl) to eliminate influence of the K+ currents. As shown in Fig. 5.3A, B, the potassium seems to 

be inhibited. Accordingly, astrocytes were clamped at the holding potential (Vh) of 0 mV, next to the 

astrocyte zero-current potential under our experimental conditions and stimulated with voltage ramps 

from -80 to 80 mV. Whole-cell membrane conductance was recorded in extracellular saline for both NT 

and fAuNCs/BS conditions. In order to analyse whether fAuNCs/BSA treatment affects biophysical 

properties of chloride current, the voltage chloride ramp was analysed in NT and 

fAuNCs/BSA treated astrocytes (Fig. 5.3C, D). The averaged ratio value for peak current densities 
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(pA/pF) at -80 mV and +80 mV in NT astrocytes (left panel) and fAuNCs/BSA-[1mM] treated cells (right 

panel) is reported in the histogram (Fig. 5.3E). Results lead to the conclusion that Au nanoclusters 

compared to semiconductor quantum-dot emitters for their ultrasmall size, high stability, and nontoxicity 

of fAuNCs exhibited a high efficiency to be further engineered i.e. in the devices targeting brain disease. 

 

 

Fig. 5.3: Effects of AuNCs/BSA on astrocytes bioelectrical properties when potassium currents were inhibited with internal CsCl 

solution. A, B) Current traces recorded stimulating astrocytes with a voltage ramp protocol (inset A) from Vh -80 to +80 mV (500 ms), 

in NT astrocytes (A) and treated AuNCs/BSA [1 mM (B)]. C, D) Representative current traces of activated current recorded in 

astrocytes plated on PDL (C) and AuNCs/BSA (D) astrocytes in response to family of voltage steps protocol (inset, C). Astrocytes 

were voltage clamped at the holding potential (Vh) of 0 mV, and families of voltage steps of 20 mV increments were delivered from - 

80 mV to +80 mV. E) Histogram reports the averaged value for peak current density at -80 mV and +80 mV in NT and AuNCs/BSA 

treated astrocytes (n=12 for NT, n=9 for AuNCs/BSA [1 mM]). Data are expressed as mean±SE. 
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In order to investigate the mechanisms underpinning astrocytes and fAuNCs interaction, we performed 

F-actin staining to mark cytoskeletal fibres. As shown in Fig. 5.4, randomly interweaved F-actin fibres 

were observed on NT cells (Fig. 5.4A, B). A more ordinary and cortical pattern of actin fibres expression 

was observed in fAuNCs/BSA treated cells (Fig. 5.4C, D), evident pronounced expression of actin is 

expressed on lateral endfeet. Collectively these data support the tenet that fAuNCs/BSA treatment induces 

differentiation in astrocytes by promoting cytoskeleton rearrangement. 

 

 

Fig. 5.4: Single plane confocal images of primary cortical astrocytes stained with Rhodamine Phalloidin/DAPI in not treated (NT) and 

AuNCs/BSA treated cells. The graphs show the response of astrocytes morphology and cytoskeleton to AuNCs-24 h treatment: NT cells (A, 

B) and AuNCs/BSA [1mM] (C, D), treated cells. Scale Bar is 40 μm (A, C) and 100 μm (B, D). 

 

Since morphological alteration occurs upon gliosis, we next evaluated the distribution and expression level 

of GFAP, a well-known marker of astrogliotic cells in vivo and in vitro. 
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Immunoblotting confirmed that the expression levels of GFAP were not different in NT and fAuNCs/BSA 

treated astrocytes, thereby it indicates that AuNCs do not promote any gliotic reactions in vitro. Western 

blot analyses and relative quantification (Fig. 5.5) revealed that the expression levels of AQP4 (Fig. 5.5A, 

B) were not significantly higher in AuNCs/BSA treated cells271,272. 

 

Fig. 5.5: A) inset shows the representative western blot analysis of AQP4 and GFAP expression in primary astroglial cultures after 24h of 

treatment with AuNCs. The immunoblotting and quantification of the expression level of GFAP are used as control for signal normalisation. 

Note that the expression level of GFAP was not significantly different between NT and AuNCs/BSA treated astrocytes, indicating that AuNCs 

does not promote gliotic reactions in vitro. B) Summary of the densitometric analysis of AQP4 corresponding signals normalised to the No-

Stain™ Protein Labelling Reagent-stained membrane. 

 

All the collected results open the way to postulate use of nano-molecules as nanoglial interfaces and future 

sensor technology to catch unknown mechanisms behind the biophysical properties of astrocytes. 

 

Organic semiconducting polymer pillars for studying structural and functional properties of astroglial 

cells 

In recent years, it has been investigated on the fabrication of 3D-polymer structures and electrodes 

interfacing with living cells, expoting specific geometries, such as nanowires, nanopillars, mushrooms. 

Taking advantage from the use of nanostructured semiconductive polymers that, Tullii et al., fabricated 

interface made of polythiophene (rr-P3HT), a well-known semiconductive polymer and distinctive 
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optoelectronic features and biocompatibility processing them in form of nanostructured pillars in the top 

of the surface. The pillar structure was obtained by pushcoating technique. Tulii et al, demonstrated 

that interfacing rr-P3HT nanopillars with neurons determined an enhancement of the cell membrane 

capacitance of neurons, due to the cell membrane thinning in correspondence to the pillars’ top. Despite 

this, any negative effect was identified in the cell proliferation rate of neurons; similar results were 

obtained with other cell lines (i.e. HEK 293). With the perspective of use rr-P3HT pillars as soft interface 

and taking advantage of conductivity of rr- P3HT, we investigated, in collaboration with the group of Dr. 

Antognazza, IIT-CNST, on the morphological impact of the architectured pillars of P3HT with 

astrocytes262. Morevorer, ongoing electrophysiological results are defining the functional signal of 

differentiated astrocytes on rr-P3HT nanopillars interface compared to rr-P3HT FLAT (control, no pillars) 

interface. Future goal is to establish the role of light-sensitive properties of specific polymers, such as the 

rr-P3HT and how light could be a triggered tool to modulate the functionality of astrocytes. 
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Nanopillars Topography of organic semiconducting P3HT polymer allows the differentiation of 

astrocytes 

As first approach, we evaluated astrocytes cell biocompatibility, growth and proliferation on rr-P3HT 

pillars and FLAT substrates, used as control (CTRL). The long-lasting biocompatibility was measured by 

performing bright field imaging at different time points (data not shown) and fluorescent imaging at 5 div 

from the cells re-plating. The results showed a different response of the cells on different substrates, 

specifically the morphology of the cells on the flat substrate was more polygonal, while the morphology on 

the pillar was differentiated. Fig. 5.1.1 shows GFAP immunostaining of astrocytes at 5 div. The GFAP 

marker was used to evaluate both the morphology and the biocompatibility of the material with cells and 

no overexpression has been detected, demonstrating that plating cells without the use of standard coating 

(i.e. PDL) allows the long biocompatibility of the polymer’s nanostructure with the astrocytes. The 

substantial difference of the two system FLAT and P3HT pillars is due to the structured region formed by 

the hierarchical organization of pillars, that we supposed to be responsible of the response of astrocytes 

in adhesion and growth. Besides, the    health of the cells seeded on the top of the two substrates, 

fluorescent imaging clearly shows the significant difference in the morphology of cells according to 

the two different substrates. Both express a phenotype different from PDL standard system, because 

astrocytes look no polygonal, but the topography of rr-P3HT pillars leads to a more elongated morphology 

of the cell body compared to FLAT CTRL. The architecture of FLAT substrate was similar to a 2D system 

rather than a 3D system as the nanopillars conferred to the rr-P3HT interface. Moreover, fluorescent 

imaging was able to quantitatively demonstrate the previous observation by the counting of differentiated 

and elongated astrocytes seeded on the top-view surface area of the two substrates. Data (not shown) define 

a significant increase on rr-P3HT pillars of differentiated phenotype of cells on pillar substrates. The same 

was confirmed by AB assay and by the determination of proliferation rate. (data not shown). On the basis 

of the following observation, we speculate that, the topography of the interface remodels astrocytes cell 

body expoiting the structure conferred by nanopillars to rr-P3HT interfaces. 
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Fig. 5.1.1: Analyses of the effect of rr-P3HT nanopillars on astrocytes viability and morphology properties. A) Fluorescent-GFAP 

image representing the astrocytes phenotype on FLAT substrate B) Fluorescent-GFAP image representing the differentiated astrocytes 

phenotype on P3HT PILLARS substrate. Scale Bar is 25 μm. 

 

 
According to these findings, we are investigating the functionality of differentiated astrocytes seeded on 

the rr-P3HT substrates. In particular, the focus is on the modulation of astrocytes electrophysiological 

properties exploiting the semiconducting qualities of rr- P3HT (data not shown). Once the role of specific 

ion channels and mechanisms underpinning the morphological differentiation conferred to astrocytes 

by the nanostructure has been defined and characterized, we will investigate on the potential of use light 

(through low-LED stimulation) as possible optical tools to modulate astrocytes functionality. The light 

sensitivity of rr-P3HT makes it favourable to integrate in implantable devices with the aim to become a 

potential therapeutic approach in case of brain disorders. 
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Conclusions and Perspectives 

There is an increased demand in Nanoneuroscience for advanced biomedical tools, enabling real-time 

recording and manipulation of dynamic communication processes between neural cells. In particular, 

spreading knowledge on the mechanisms underlying brain function are an open issue for neuroscientists, 

since the advent of neural engineering, when the study of neurons was the main target; however, studies over 

the past four decades have revealed that astrocytes, which are non-excitable glial cells of the CNS, have a 

molecular, functional and cellular role in brain physiology. Nonetheless, their role is critical in the 

homeostasis of the brain, in the synaptogenesis and in the design of the neuronal network and cognitive 

functions, too. In addition, dysfunctions of astrocytes affect acute and chronic neuropathologies, some of 

them known as channelopathies. Based on the following assumptions, it is determinant to unravel 

molecular and cellular mechanisms of astrocytes, targeting selectively specific molecular, functional 

players expressed by astrocytes (i.e. ion channels, Ca2+ signalling, aquaporins) by means of advanced 

neural interfaces that provide bi-directional communication between electronic devices and neural tissues. 

The interest of biomaterial science engineering and bioelectronics moved to the “other brain” to overcome 

the past 50 years’ studies in bioelectronics interface targeted the bioelectrical activity of neurons. It 

revolutionized our understanding of the brain physiology and it introduced innovative procedures for 

treating pathologies such as AD, Parkinson’s disease, epilepsy, depression and psychiatric disorders. 
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This thesis illustrates how novel approaches can be addressed specifically to target astrocytes’ 

functional, structural and biological mechanisms by proposing glialinterfaces and glioenginnering as an 

emerging revolution of glioscience. Nanostructured scaffolds have been developed by collaborators 

to investigate the astrocytes' complexity at multilevel scale. Several types of nanostructured materials 

(inorganic, organic and polymers) were tested to show their suitability for bioelectronic probing and 

sensing of astrocytes morphological, structural molecular and functional properties. The approach of the 

thesis was to study these materials as active nanoglial interfaces; it     was achieved by results showing the 

ability of the different approaches to promoting the structural differentiation of astrocytes accompanied 

by a mature functional phenotype in in vivo-like models. Specifically, the major results are the following: 

 

● Substrates based on electrospun aligned PCL polymers and combined with gelatin allow the 

adhesion, growth and differentiation of glial cells. The substrates modify astrocytes’ structure not 

affecting their electrophysiological properties. 

● The same electrospun PCL interface, enriched with a conductive polymer (PANi), processed in 

form of nanoneedles, do not significantly impact on astrocytes’ biophysical properties, thus 

revealing that PCL electrospun fibers are promising platform for potential electrical stimulation 

of astrocytes with resolution at the nanoscale. 

● Au/SiNws promote a favourable nanomaterial-astrocytes interaction over long-term and 

represent a valid system to obtain in vitro a cell culture model of astrocytes with features 

comparable in terms of molecular morphological differentiation similar to the one expressed in 

vivo. Moreover, it allows insight into astrocytes' function, by unprecedented recording of their 

bioelectrical slow wave properties. The results set bases for ongoing studies on brain 

communication and processes through bioelectronics devices that can actively dialogue with 

astrocytes to record and stimulate their function during disorders that are on the way within the 

framework of EU-funded. 
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● Taking advantage from previous results achieved in Benfenati’s lab, a nanoscale interface based 

on hydrotalcite-like compounds was used to study the dynamics underpinning the cellular 

localization and functionality of channel proteins belonging to astrocytic microdomains. The work 

done during my PhD demonstrated that the differentiation of astrocytes is associated also with an 

increased AQP4. Its upregulation influences the sensitivity of the cell to osmotic changes and 

impact on the RVD and RVI processes. Both TRPV4 and VRAC ion channels are engaged, even 

though the total protein level of expression is unaltered. 

● As it has been hyhothesized, advanced technologies to probe astrocytes sensing suggest astroglial 

cells are equipped with  their own oscillation and excitability “rhythm” that make them not silent 

cells. we investigate the physiological response of astrocytes to extracellular environment 

modifications (increase in ion concentrations or change in nanomechanical features). The results 

address the role of astrocytes as modulators and targets  of the signalling processes in the brain. 

Advanced tools such as nano-label-free NCs are investigated to modulate astrocytes signalling, 

revealing a potential as nanoscale sensors or nanoprobes in the neuronal circuit. NCs are able to 

affect the astroglial cells in vitro in an in vivo-like phenotype after 24h of exposition and to impact 

on the functional properties of differentiated astrocytes. 

● 3D architectures based on semiconducting rr-P3HT interfaces, endowed with nanosized pillars on 

the top of the surface and endowed with responsivity to visible light are able to impact on the 

structural differentiation of astrocytes in vitro, resulting in star like phenotype and cell body 

elongation. The effect is supposed to be dependent on the topography rather than on the chemistry 

(comparing data with a flat rr-P3HT substrate). Besides, the intrinsic conductivity of the material 

allows the stimulation of the functional properties of astrocytes. Additionally, the intrinsic 

responsiveness to light represents novelty and the potential of the rr-P3HT interface as photoactive 

elements for the modulation of cell activity sensing. 
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All the properties of nanoglial interfaces were considered as “glio-interfacial keys” to drive the design and 

development of new materials and devices and technologies to define the role of astrocytes in brain 

function and to clarify the implication of astrocytes in neuropathology. 

The impact and the role of astroglia keys players were investigated in organic and hybrid conductive 

polymers and organic semiconductor materials that provided recent advances in traditional technologies, 

such as long-term biocompatibility, mechanical flexibility, stiffness, functionalization, and low-cost 

fabrication. Instead, natural polymers result in more tuneable and dynamic mechanical properties, 

flexibility, in addition to intrinsic biocompatibility, biodegradability, and easy processability in different 

formats (i.e. flat platforms, films, hydrogels, sponges). Materials such as inorganics, metals, metal alloys, 

employed as semiconductors in bioelectronics devices targeting neurons, show limits in interfacing with 

living systems, that call for the development and detailed study in the interaction of those materials with 

glial cells. The first rising problem in facing such devices with brain tissues is biocompatibility. The 

potential material, recognized as “foreigner body” generates an uncontrollable inflammatory reaction, 

known as gliosis. Gliosis event is mediated by astrocytes and leads to the hyperproliferation of astrocytes 

surrounding electrodes and implants and compromise its applicability. It demonstrates, that it is obvious, 

astrocytes can sense material surface properties; however, the molecular mechanisms behind this 

observation are still unclear. We found that astrocytes sense biomaterials and nanostructured interfaces, 

influencing water and ion transport, the actin cytoskeleton rearrangement. In addition, we consider new 

insights regarding the ability of astrocytes to respond directly to electric and photonic stimuli. 

In the context of this PhD thesis work, major studies are ongoing in 3D-in vitro models through high-

resolution dynamic imaging and electrophysiology (Patch-clamp, MEA). 

Future outlooks are also targeted to integrate tools, such as drugs, molecules and optical/photonic neural 

probes into bioelectronic and optoelectronic devices, able to selectively switch “on and off” the 

functionality of the astrocytes’ targets. 

In conclusion “Nanoglial Science” could help either to define new clues in neuroscience but also might 
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represent a revolutionary approach in designing therapies clinical and advanced diagnostics  for brain 

disorders (fig. 6.1). 

 

 

 

 

 
Fig. 6.1: Schematic illustration of the relationship between Nanoscience and Neuroscience. The emerging field of crosslinking between 

these two disciplines aims to improve the knowledge about brain functions at different levels and to address different questions (created 

by Office PowerPoint ®). 
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