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Glial Interfaces: Advanced Materials and Devices to
Uncover the Role of Astroglial Cells in Brain Function and
Dysfunction
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Research over the past four decades has highlighted the importance of certain
brain cells, called glial cells, and has moved the neurocentric vision of
structure, function, and pathology of the nervous system toward a more
holistic perspective. In this view, the demand for technologies that are able to
target and both selectively monitor and control glial cells is emerging as a
challenge across neuroscience, engineering, chemistry, and material science.
Frequently neglected or marginally considered as a barrier to be overcome
between neural implants and neuronal targets, glial cells, and in particular
astrocytes, are increasingly considered as active players in determining the
outcomes of device implantation. This review provides a concise overview not
only of the previously established but also of the emerging physiological and
pathological roles of astrocytes. It also critically discusses the most recent
advances in biomaterial interfaces and devices that interact with glial cells
and thus have enabled scientists to reach unprecedented insights into the role
of astroglial cells in brain function and dysfunction. This work proposes glial
interfaces and glial engineering as multidisciplinary fields that have the
potential to enable significant advancement of knowledge surrounding
cognitive function and acute and chronic neuropathologies.

Dr. L. Maiolo, A. Convertino
Consiglio Nazionale delle Ricerche
Istituto per la Microelettronica e i Microsistemi
Via del Fosso del Cavaliere n.100, Roma 00133, Italy
Dr. V. Guarino, Prof. L. Ambrosio
Consiglio Nazionale delle Ricerche
Istituto per i Polimeri
Compositi e Biomateriali
Viale J.F. Kennedy 54, Mostra d’Oltremare, Pad 20 Napoli 80125, Italy
Dr. E. Saracino, Dr. M. Melucci, Dr. R. Zamboni, Dr. V. Benfenati
Consiglio Nazionale delle Ricerche
Istituto per la Sintesi Organica e la Fotoreattività
via P. Gobetti 101 Bologna 40129, Italy
E-mail: valentina.benfenati@isof.cnr.it
Dr. M. Muccini
Consiglio Nazionale delle Ricerche
Istituto per la Studio dei Materiali Nanostrutturati
via P. Gobetti 101 Bologna 40129, Italy

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adhm.202001268

DOI: 10.1002/adhm.202001268

1. Introduction

The classical neurocentric view of brain
function states that only neurons are re-
sponsible for information processing in
the brain by generation and propagation
of action potentials, electrical signals that
propagate throughout the neuronal net-
work through chemical synapses. However,
the human brain includes several types
of nonexcitable, glial cells, that are inca-
pable of firing action potentials.[1–4] Glial
cells were once considered to only pro-
vide trophic and mechanical support to
the neuronal network. Over the past four
decades though, the relevance of glia has
been proven in vitro and in vivo, shifting the
neurocentric vision of the structure, func-
tion, and pathology of the nervous system
to a more holistic perspective. In particular,
it is now evident that the role of glia in brain
function occurs at a multidimensional spa-
tiotemporal scales.[1,2] Among glial cells
(Figure 1), astrocytes are tightly linked to
neurons and blood vessels, forming the

so-called neuron-glia-vascular unit.[5] These types of interactions
suggest that astrocyte physiology is crucial for brain function at
the synaptic, cell network, and organ scales (Figure 2).[2,3] As-
trocytes have the well-defined and critical function of regulat-
ing the concentration of ions and neurotransmitters, extracellular
space volume, and cerebral blood flow. They also actively com-
municate with neurons and modulate synaptic functions, possi-
bly contributing to information processing that accounts for cog-
nitive abilities.[2–4] Neurological disorders are invariably associ-
ated with astrocyte dysregulation, raising the possibility of causal
links, especially in cerebral ischemia, glioma, epilepsy, depres-
sion, or chronic pain.[6–9] In this view, there is a demand for tech-
nologies that are able to selectively monitor and control glia, and
meeting this demand is emerging as a challenge across Neuro-
science, Engineering, and Materials Science. The complex signal-
ing dynamics underpinning astrocyte functions remain unclear
as most of the technologies and tools used to probe and sense as-
trocytes are derived from those developed to study neurons. Al-
though cutting-edge tools have been developed to study neurons,
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Figure 1. Different types of glia cells in the brain. Schematic draw representing glial cells in the brain and their interaction with neurons and blood
vessels. Astrocytes endfeet wrap around synapses and surrounding blood vessels, tightly control the homeostasis of the central nervous system (CNS)
and modulating synaptic function. Oligodendrocytes are the cells form the myelin sheaths around axons. Microglia cells represent the CNS immune
cells.

they are electrogenic cells and are fundamentally different to as-
trocytes. Much emerging literature is therefore being devoted to
tools specifically developed to study glial cell function.

Major advances in the field of neuro-regenerative medicine
will be the successful design and development of biomaterial in-
terfaces and devices that enhance neural tissue regeneration, al-
low for modulation, and promote functional recovery after brain
injury. To accomplish these advances, it is critical to character-
ize the mechanisms that are responsible for the inflammation
caused by brain implants or for the performance failure of im-
planted devices.[10,11] Importantly, recent reviews have focused on
the relevance of studying microglia, oligodendrocytes, and NG2
glia in neuroregenerative medicine.[10,11]

This work aims to fill a gap of knowledge by reviewing the rele-
vance of targeting astrocyte structure and function in biomaterial
science and engineering. To this end, this review will provide an
overview of the present knowledge of the role of membrane pro-
teins and dynamics of astrocytes in brain physiology and pathol-

ogy. Then, it will report on biomaterial interfaces, implants, de-
vices, tools, and methods aiming to probe and monitor the struc-
tural and functional properties of healthy and pathological astro-
cytes. The review will critically examine the advantages and pit-
falls of the proposed approaches and will provide the roadmap
needed to generate devices that i) enable an increased the under-
standing of the mechanisms underlying the structure and func-
tion of astrocytes and ii) can provide unprecedented insights into
the multidimensional, spatiotemporal nature of neuron-glial in-
teractions in healthy and/or diseased brains.

1.1. Glial Cells in the Brain

Glial cells include macroglial and microglial cells. Microglial
cells orchestrate the immune and inflammatory responses to
various brain insults.[7] Since neuroinflammation is a common
feature of all brain injuries and diseases, the biological and

Adv. Healthcare Mater. 2020, 2001268 © 2020 Wiley-VCH GmbH2001268 (2 of 28)



www.advancedsciencenews.com www.advhealthmat.de

Figure 2. Schematic representation of astrocytic function at multiple biological scales (termed “multiscale”) and the implication in brain physiology. The
figure correlates neuro-glial dynamic events with the spatiotemporal range during which they occur. Astrocytes contribute to the regulation of synaptic
transmission by hydro-saline and neurotransmitter homeostasis through ion dynamics and through neurotransmitter uptake/release by their processes
that wrap around synapses, which occur in the ms to seconds range. At the cellular level, they participate in synaptic plasticity, pruning, and homeostasis.
The neuronal network activity is modulated by metabolic support, glycogen synthesis, and storage and by local and whole brain regulation of the blood
flow. Astrocytes control the blood–brain barrier and liquid flow through the glymphatic system. Over the lifetime, astrocytes have roles in cognitive
function, such as memory and learning, and in systemic homeostasis, such as chemosensing, food intake, circadian rhythm, and sleep (insets). Insets
named "cell membrane" is adapted with permission.[37] Copyright 2007, Elsevier. Inset named "cell" is adapted with permission.[38] Copyright 2015,
Springer Nature. Insets named "cell networks" and "brain" is adapted with permission.[39] Copyright 2003, Cell press.

physiological properties of microglial cells are increasingly at-
tractive for fundamental neuroscience investigations aimed at
uncovering the mechanisms behind neurological conditions
and diseases. Accordingly, several in vitro and ex vivo mod-
els of microglial cell cultures have been characterized, and
their respective advantages and limitations have been recently
reviewed.[12] Additionally, transcriptomic, immunohistochem-
istry, and Fluorescence-activated Cell Sorting (FACS) analyses
performed on mice and human ex vivo samples have recently
identified the P2ry12 gene and related purinergic signaling[13,14]

as unique molecular signatures of human microglia. Microglia
can also respond to specific growth factors or cytokines, partic-
ularly interferon gamma (IFN-𝛾 ) and lipopolysaccharide (LPS).
These molecules induce microglia to transition their morphol-
ogy from ramified to amoeboid (blastic) and also promote the
structural and functional alterations that characterize “activated”
microglia. Moreover, both in vitro and in vivo studies have con-
firmed that TGF-𝛽1 is a major differentiation factor for microglia.
Activated microglia display phagocytic capabilities and can se-
crete different types of cytokines and chemokines that are crit-
ical to neuroimmune response signaling. Given the crucial role
that microglia play in neuroinflammation, the biological proper-
ties of microglia have been increasingly considered as targets for
improving the compatibility and performance of biomaterials-
based, implantable electronic devices, scaffolds, or nanoparticles
for drug delivery approaches in the central nervous system.[15]

An overview of the possibilities offered by biomaterials-based ap-
proaches that target and modulate neuroinflammation has been
recently published.[15] On the contrary, the huge potential of ther-

apeutic approaches that target microglial cell biology has received
much less attention. In this context, it has been recently high-
lighted that microglial-mediated neuroimmune response is par-
ticularly relevant for chronic diseases, such as neuropathic pain.
While it is known that activated LPS receptors—like toll-like re-
ceptor 4 (TLR4)—promote the inflammatory microglial response
(especially in neuropathic pain), it has been suggested that ac-
tivation of TLR4, in particular, is majorly implicated in reduced
opioid analgesia and in the development of tolerance to and of de-
pendence on opioids.[16] Thus, activation or inhibition of TLR4 by
advanced bioelectronic- and/or biomaterials-based devices might
represent an innovative approach to counteract neuropathic pain.

It has become evident that quiescent or neutral microglial
cells are broadly present in the healthy brain, where they con-
tribute to the maintenance and recovery of homeostasis.[12] Stud-
ies in vivo have confirmed the ability of microglia to tightly con-
trol the structure of the synapse through pruning of unsuitable
synaptic contacts and by controlling the neuropil structure and
composition.[7] Despite this evidence, the role of microglia in
physiological brain function is still largely unclear, mainly due to
a lack of appropriate models for studying microglial cell biology.
In this respect, recent advances in biomaterials-based surfaces
aimed at reproducing a reliable in vitro microglia model are dis-
cussed in this review.[17]

Oligodendrocytes are the macroglial cells that synthesize sat-
urated lipids and proteins that form the myelin sheath that sur-
rounds axons and allows for fast saltatory conduction of the ac-
tion potential along the neuronal axon.[18] During development,
myelin formation can be regulated by interaction with other glial
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cells, unbalanced concentration of potassium ions, Voltage-gated
Na+ blockers and contact with neurons through polysialic acid
neural cell adhesion molecule (PSA-NCAM). In addition to their
key role in facilitating the propagation of neuronal signals, oligo-
dendrocytes also contribute to homeostatic control of ion con-
centrations as well as provide trophic and metabolic support.
Oligodendrocytes are functionally coupled to each other and to
astrocytes through connecting structures called gap junctions
(GJs).[18,19] Connexins are the hemichannel membrane proteins
that form gap junctions. Connexins are large diameter inter-
cellular pores[20–22] that allow oligodendrocyte-to-oligodendrocyte
as well as astrocyte-to-astrocyte diffusion of metabolites, second
messengers and intercellular signaling over long-distances (hun-
dreds of micrometers). They also enable the formation of a func-
tional network that is potentially capable of integrating oligoden-
drocytes as well as astrocytes into the glial syncytia. The panglia
hypothesis—stating that astrocytes, oligodendrocytes, and neu-
rons are interconnected by gap-junctional coupling—has been
proven by in vivo studies.[23] In this view, the “panglial” network
was proposed as an alternative target that would allow for the
modulation of neuronal function. Moreover, given their impor-
tance in myelin formation and regeneration, oligodendrocytes
themselves have become a target of increasing interest for tissue
engineering applications aimed at neuroregeneration.[12]

A third type of macroglial cells, called Nerve/glial antigen 2
(NG2) glia and also referred to as oligodendrocytes progenitor
cells (OPCs), has been described in the human brain.[24,25] The
properties of these cells are peculiar: they are considered a pre-
cursor of oligodendrocyte cells in the white matter and remain
proliferative in the adult brain. However, NG2 exhibit some func-
tional similarities to neurons, such as the abundant expression
of voltage gated sodium Na+ and Ca2+ channels as well as the
glutamate receptor alpha-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid (AMPA) and GABAA receptors on their plasma
membrane.[25] It is now well established that there is cross-talk
between the NG2-glia and nearby environmental cells: TGF-𝛽
and Bone Morphogenetic Protein (BMP) growth factors, released
by epithelial and ependimal cells, can drive NG2 glia migration
during development of the Central Nervous System (CNS). In ad-
dition, NG2 can interact with neurons through direct excitatory
and inhibitory synapses.[26] If the role of NG2 glia in the neural
tissue development is becoming more well defined, the physi-
ological relevance of NG2 glia in the adult brain is still unclear.
The neuroregenerative potential and self-renewal abilities of NG2
glial cells have been proven in the rodent brain after injury. In
particular, after ischemia, the structural and functional proper-
ties of NG2 glia can be driven by expression of transcription fac-
tors, such as Notch 1, and other growth factors. The permeability
of potassium channels expressed by NG2 glia is also altered by
ischemic damage, an effect that has been causally linked to the
increase of the proliferation of NG2 observed after ischemia.[27]

In light of their multipotency, NG2’s reprogramming abilities
could potentially be exploited in therapeutic approaches for cer-
tain neural disorders and diseases.[28] In particular, NG2 glia can
transition to myelin-forming oligodendrocytes, or in some cases
to neurons, or even more rarely to astrocytes, which might drive
a faster and clinically better functional outcome for the injured
brain tissue. Because of this evidence, NG2 glia is becoming an
attractive target in biomaterials science and engineering.[29] In

particular, driving OPCs migration to and their differentiation at
the lesion site using a combined drug delivery and scaffolding ap-
proach might be a promising strategy for neuroregeneration. In
addition, the electrical permeability of NG2 glia can be exploited
to trigger or tune their proliferation. In line with these hypothe-
ses, recent work has demonstrated the ability of direct current
electric fields to drive NG2 migration in vitro through a mech-
anism involving the integrin protein 𝛽1.[30] These findings sup-
port the unexplored potential for advanced materials and devices
targeting NG2 glia as a potential therapy in neurology.

Astrocytes have long been considered the majority glial cell
type in the human CNS. Because of the limited availability of
a universal glial marker, the precise ratio of the different glial
cells in the human CNS is still under debate. According to mor-
phological studies, astrocytes may account for up to 40% of
all glial cells, oligodendrocytes for up to 75%, and microglia
and NG2 glia for up to 5–10%. Regional differences are also
known to exist and might explain the discrepancies observed
among different authors.[1,3] Studies based on phylogenetic evi-
dence highlight anatomic and possibly numerical differences[3]

between astrocytes in the human brain compared to those in
other mammals.[3] In humans and in higher primates, astro-
cytes display a distinct complexity, size, and specific cell sub-
types. Human cortical protoplasmic and fibrous astrocytes are in-
deed larger (≈threefold) in diameter and structurally more com-
plex than those of rodents.[3,4] Moreover, subtypes of astrocytes,
which are not represented in rodents, have been identified in the
human cortex, demonstrating evidence of an increased astroglia
heterogeneity among species. The relative number of astrocytes
rises impressively with phylogenetic and brain complexity (Fig-
ure 3). The glia-to-neuron ratio increases from ≈0.05/0.1 in inver-
tebrates to higher values in mammals with dramatically increase
in the human cortex, where there are 1.4–2 astrocytes for every
neuron.[1,3,4] Moreover, the volume occupied by astrocytes in the
human brain is almost 16 times higher than the volume occu-
pied in the rodent brain.[1,3,4] Based on this evidence, intriguing
hypotheses are being postulated about the roles of increased as-
trocytic complexity and numerical expansion of astrocytes during
evolution. Is either or are both correlated with increased function-
ality and possibly cognition of the adult human brain? Whether
the data reflect a higher demand for homeostatic clearance and
energy support due to increased synaptic transmission[1] or a
more complex involvement of astrocytes in the integration of in-
formation underpinning cognitive functions[2] remains to be elu-
cidated.

1.2. The Physiology of Astrocytes

The critical role of astrocytes in the control and maintenance
of ions, water, pH, neurotransmitters, and osmolyte concentra-
tions in the extracellular space is well recognized.[31] Astrocytes
can also release adenosine triphosphate (ATP), glutamate (Glu-),
adenosine, D-serine, or 𝛾-aminobutyric acid (GABA) through a
process called gliotransmission.[32,33] Thus, besides their roles
of housekeeper and neuron supporter, astrocytes also play ac-
tive functions in brain processes occurring at multidimensional
scales. At the nano- and micrometer scales, astrocytes are re-
sponsible for tightly controlling synapse formation, function, and
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Figure 3. A) The two photon image shows a GFP expressing astrocytes (green stained cell) that surround and encompass many dendrites of the
same neuron (red stainined cell), allowing an astrocyte to control multiple synapses. Reproduced with permission.[41] Copyright, 2007, Society for
Neuroscience. B) Single plane two-photon confocal image of a cortical astrocyte expressing green fluorescent protein (eGFP). The high interlaminated
wire of processes confers a polyhedral shape to astrocytes. Note an astrocytic process enveloping a small vessel. Reproduced with permission.[39]

Copyright 2010, Elsevier.

elimination.[34] They are also responsible for mechanisms con-
trolling the cerebral blood flow, which occurs through the as-
troglia syncytia at the cellular network scale.[5] Additionally, as-
trocytes provide metabolic support to neurons by acting as a syn-
cytium to distribute energy substrates, such as lactate.[16] Sup-
porting this role is clear genomic, molecular, and biochemical ev-
idence that demonstrate distinct metabolic phenotypes between
neurons (mainly oxidative) and astrocytes (mainly glycolytic).[35]

Recent in vivo evidence suggests that astrocytes play a func-
tional role at the organ level, during cognitive processes such
as memory and learning, and in particular points to a potential
role of astrocytes in information processing.[2,32,33] Food intake,
chemosensing, energy balance, and circadian rhythm[1,36] are the
most recent functions affecting whole body function in which as-
trocytes have been implicated.

Here, we briefly summarize the most important functions of
astrocytes, with the purpose of highlighting the molecular ele-
ments that were recently discovered and that might become the
targets of glial interfaces, glial engineering, and glial photonics
in the near future.

1.2.1. Homeostasis of Ions, Water, and Molecules in Astrocytes

The ionic, water, and molecular homeostatic processes in as-
trocytes are highly dynamic and are mediated by transmem-
brane proteins that form ion channels, water channels, and trans-
porters, as well as receptors that are expressed on the astrocytic
membrane in specific patterns and locations (Figure 4). Plasma
membrane proteins allow both active and passive flow of ions,
organic osmolytes, and osmotically driven water transport.

Molecular and functional events underpinning astro-
cytic homeostatic processes are spatially and temporally
distributed.[31] The spatiotemporal displacement is caused
by the variety of the proteins expressed, which differ not only in
permeability, ligand selectivity, and gating properties, time-and

voltage dependence profiles but also in expression pattern.
It is now accepted that the expression of channel proteins
is, in fact, polarized, patchy, and in some cases localized to
specific regions in astrocytes, forming so-called functional
microdomains.[13] Consequently, functional events might occur
in or involve different astrocytic regions, such as the soma, pro-
cess, or process end-feet. Moreover, since each astrocyte occupies
nonoverlapping territory, each cell can be then conceived as a
multifunctional unit that individually regulates distinct spatial
areas in the brain.[32] This phenomenon, known as astrocyte seg-
regation, may be crucial for normal brain function. Accordingly,
in chronic conditions and neurodegenerative diseases—such as
Alzheimer’s Disease, depression, Amyotrophic lateral sclerosis
(ALS), and/or after acute injuries such as ischemia, stroke
or epilepsy—astrocytes lose the polarity of their process mor-
phology and the specific spatial expression of channels and
receptors,[6–8] with consequent loss of their homeostatic func-
tion. Thus, the expression and function of ion channels in
astrocytes represent targets for novel devices aiming to better
the understanding of brain function and for the treatment of a
variety of neuropathologies.

1.2.2. Ion and Water Channels in Astrocytes

The main functional feature of astrocytes in vitro and in vivo is
a large K+ conductance, which accounts for the maintenance of
astroglial membrane potential in the cell body and thus ensures
many of the homeostatic astroglial functions.

In vitro and in vivo studies showed that astrocytes are equipped
with a variety of voltage-gated potassium (K+) channels.[1,31] In
particular, the potassium channels called delayed rectifying K+

channel (KDR), Two Pore Domains Potassium Channel (TREK
and TWIK) and members of the inward rectifying K+ channels
(Kir) family are responsible for the maintenance of resting mem-
brane potential in astrocytes and for the homeostasis extracellular
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Figure 4. Scheme representing the expression of membrane proteins in astrocytes at distinct microdomains. A) At the perisynaptic astrocytic domain,
after action potential occurrence and chemical synapse activation, neurotransmitters and K+ are released by neurons. Astrocytes maintain the concen-
tration of Glutamate in the neuropil by uptaking it via Na+/Glu− co-transporter called GLT-1. The excess of K+ is buffered through the K+ channel
Kir4.1. B) The gliovascular astrocytic domain. Gap junctions allow astrocytes coupling and the spatial redistribution of the uptaken K+ through the
syncytium to reach the glia-vasculature interface. Voltage-gated K+ channels, 2-P domain K+ channels, calcium (Ca2+)-activated K+ (BKCa), and Kir4.1
mediate the release of K+ from astrocytes toward the vessels. Osmotically driven water movement is ensured by the water channels AQP4, which is
majorly expressed at the endfeet of astrocytes which surround blood vessels. Chloride (Cl−) concentration is critical as this is the counterion that allow
to keep electrochemical gradient homeostasis. Volume-regulated anion channels (VRACs) and members of the ClC family might contribute to chloride
and volume homeostasis. Expression of the Ca2+ permeable channels TRPV4 and TRPA1 have been reported both in vivo and in vitro. Right panels in
(A) and (B) represent zoomed-in view of distinct domains in contact with synapses A) and at the glia-vasculature interface B) Pumps and transporters
that contribute to the transmembrane movement of ions have not been included.

K+ concentration.[1,31,42–44] In particular, astrocytes’ potassium
permeability allows for the clearance of accumulated extracellu-
lar K+ that occurs after an action potential. Astroglial cells up-
take the efflux of K+ ions resulting from neuronal activity. In this
way, astrocytes counteract the possible increase in K+ concentra-
tion to detrimental levels.[42–44] By means of the Na+/K+ pump
and K+ channels, astrocytes redistribute excess K+ ions from the
active neuropil and into the brain’s extracellular fluids. Among
K+ channels, the inwardly rectifying potassium channel Kir4.1[23]

is a weakly rectifying potassium channel with intrinsic voltage
dependence regulated by Mg2+ ions and polyamines. Its gating
properties depend on the reversal potential (Erev) of K+. Kir 4.1
is highly expressed in astrocytic endfeet, which contact synapses
and blood vessels.[31,42] Its biophysical properties and patchy dis-
tribution allow for increase in inward K+ currents in response
to elevations of [K+]o, while weak rectification accounts for [K+]I
extrusion on distal process sites at the interface with blood ves-
sels. The increase of Kir currents is inhibited by Cs+ and Ba2+.[24]
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Figure 5. Calcium signaling in astrocytes A) Typical two photon image of calcium dynamics occurring in astrocytes microdomains (yellow), in astrocytic
process (red), and the soma (green).[31] B) Representative traces of intracellular calcium variation observed in the respective regions. Adapted with
permission.[38] Copyright 2015, Springer Nature.

Considering its significant contribution to the resting membrane
conductance of astrocytes and to potassium buffering, Kir4.1 is a
key element in astrocytic homeostatic processes and is essential
for brain physiology.

Connexin-43 and 32 (Cx43 and Cx-32) are the main con-
nexins expressed in both rodent and human astrocytes.[25–27]

Connexins allow the flow of water ions and small molecules
through the astroglial syncytia as well as between astrocytes
and oligodendrocytes.[20–22] The functional existence of connexin
hemichannels has been under debate for a long time. It is now
evident that Pannexin-1, another channel protein belonging to
the integrin proteins family, can form functional hemichannels.
The physiological role of Panx-1 is unclear, but it has been im-
plicated in the release of gliotransmitters ATP and D-serine
release, and in the propagation of astrocytic Ca2+ waves.[21,38]

Increases in extracellular [K+], membrane depolarization, ATP
as well as mechanical stimulation can gate Panx1 channel
pore.[21,38]

Besides potassium channels, astrocytes express a variable
number of other channels (mainly calcium, chloride, sodium,
and water channels) that account for astrocytic sensing, transduc-
tion, and responsive capabilities. These channels represent the
molecular equipment that allows for the versatile responses of
astrocytes to varied chemophysical stimuli (such as neurotrans-
mitters, temperature and osmotic gradients, mechanical stim-
uli). Astrocytes can sense and respond to extracellular modifi-
cation by oscillations in their intracellular Ca2+ concentrations
([Ca2+]i).

[20,45–49] It has recently been highlighted that the dynam-
ics of [Ca2+]i are spatiotemporally distinct (Figure 5) depend-
ing 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 (Figure 5C).[20] Astroglial [Ca2+]i signaling occurs
at astrocytic domains that enwrap the majority of pre- and postsy-
naptic cortical neurons in the tripartite synapse.[32,33,41] Of note,
the speed of [Ca2+]i propagation and waves increase with the evo-

lution, further suggesting that astrocytic calcium signaling might
have a role in computation.[2,4,53]

These findings led to the intriguing hypothesis that [Ca2+]i
are involved in and can become a therapeutic target for the im-
provement of cognitive functions.[2,50] In line with this hypothe-
sis, aberrant Ca2+ signaling has been shown to be implicated in
many pathological conditions, such as Alzheimer’s Disease,[6,8]

epilepsy,[51,52] brain tumors,[6,8] and ischemia.[8]

The entry of extracellular Ca2+ or the efflux of the Ca2+ stored
in the endoplasmic reticulum both contribute to [Ca2+]i oscil-
lations and waves.[20] Among different paths, extracellular Ca2+

can flow through the membrane of astrocytes via the ionotropic
purinergic receptor P2 × 7[54] and through Transient Receptor
Potential Vanilloid 4 (TRPV4) and TRP Ankirin 1 (TRPA1).[45–49]

TRPA1 was shown to regulate resting Ca2+ concentrations in as-
trocytes. Notably, TRPA1 mediates [Ca2+]i

[45–48] oscillations oc-
curring in astrocytic microdomains in situ that regulates astro-
cytic GABA transport, that, in turn can modulate GABAergic
synaptic strength as well as the astrocytic release of D-serine. In-
terestingly, TRPA1 protein expression in human astrocytes has
been recently demonstrated.[46] TRPV4 is a polymodal recep-
tor that can respond to various stimuli, including temperatures
>37 °C, osmotic stress, cell swelling, low ionic strength, volume
changes, and agonists, such as 4𝛼-phorbol 12,13-didecanoate,
4𝛼PDD.[38,45,48,55–57] The channel pore of TRPV4 is nonselective
for cations but displays an elevated permeability for Ca2+. The
TRPV4 protein is expressed in cortical astrocytes in vitro and
ex vivo.[38,45,48,55–57] In the cortex, TRPV4 is localized preferen-
tially in astrocytic endfeet.[45,47] A critical role for astroglial TRPV4
in the regulation of neurovascular coupling as well as in cellu-
lar and systemic hydro-saline homeostasis was demonstrated in
vivo. The function or expression of TRPV4 is altered in patholog-
ical states, such as ischemia and stroke, both of which are char-
acterized by imbalances in the brain volume.[58–60] The inositol
1,4,5-trisphosphate (IP3) pathway, induced as a consequence of
metabotropic receptors activation[20,38] or directly in response to
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chemophysical stimuli, such as mechanical, osmotic stress,[20,38]

majorly account for the release of Ca2+ from the intracellular
stores. Nonetheless, recent findings showing the importance of
mitochondrial calcium release have been demonstrated in vitro
and in vivo.

Despite the physiological and pathophysiological importance
of astrocytic calcium signaling, selective pharmacology is miss-
ing. Of note, a two photon imaging study in the mouse brain
demonstrates that transcranial direct current stimulation (tDCS)
can trigger astroglial [Ca2+]i across the cortex.[61] Thus, astrocytic
Ca2+ signaling represents an interesting target for device technol-
ogy. In this regard, while the abundance of genetic tools to image
calcium signaling is increasing rapidly, a major pitfall is the lack
of devices enabling the selective evocation of Ca2+ signaling in
distinct regions of the astrocyte.

Volume-regulated anion channels (VRACs) are anion perme-
able channels that are activated upon anisotonic challenge and
that allow release of chloride and excitatory amino acids like
glutamate, taurine, aspartate, and ATP.[62] After much research,
the protein underpinning VRAC, called leucine-rich repeat-
containing protein 8 (LRRC8), was recently identified.[62] LRRC8-
A protein and VRAC current are expressed by astrocytes in vitro
and in situ. [63–65] Notably, by a process called volume transmis-
sion, the volume-regulated release of excitatory amino acids from
astrocytes into the area of the synaptic cleft could affect synaptic
function.[66] In this context, LRRC8 might play a role in astrocytes
ability to control synaptic function.

Voltage-gated sodium channels (Nav) are considered a hall-
mark of excitable cells. However, early patch clamp studies in as-
trocyte culture demonstrated the expression of both Tetrodotoxin
(TTX) sensitive and TTX resistant currents in type 2 cultured
astrocytes[67] and in spinal cord astrocytes. The expression of
functional Nav was later confirmed in brain slices of the hip-
pocampus and in the spinal cord.[68] It should be noted that the
density of Nav protein and current is not sufficient to elicit ac-
tion potentials, and thus the relevance of Nav channels to astro-
cytic physiology is still under debate. More recently, intracellu-
lar Na+ dynamics in astrocytes have been characterized in ro-
dent brain slices. It is suggested that the Na+/Ca2+ exchanger
accounts for the majority of observed Na+ oscillations. However,
given the high permeability of TRP channels to Na+, the involve-
ment of TRPs in extracellular Na+ influx[69] is indeed plausible.
The functional significance of Na+ dynamics and waves are still
unclear.[70] Their potential role in astrocytic homeostatic control
of the extracellular environment as well as in the functional cou-
pling between the metabolic needs of neurons and the metabolite
supply of the vasculature has been suggested.[70]

Astrocytic control of water transport and the distribution of wa-
ter throughout the brain is regulated by water channel aquaporin-
4 (AQP4), which is expressed in astroglial foot processes, and en-
ables astrocytes to rapidly control water homeostasis at the inter-
face between brain tissue and blood vessels.[71,72] The dysregula-
tion of AQP4 in pathologies such as epilepsy, brain tumors, or
stroke is supported by substantial in vivo evidence.[71–73]

As microdomains are enriched structures devoted to specific
functions, it is not surprising that a functional and molecular in-
terplay has been described between water channels and ion chan-
nels. In particular, AQP4 has been proposed as molecular partner
of the potassium channel Kir4.1, and this interaction accounts for

osmotically driven water needed to balance ion movement during
potassium spatial buffering.[74–76] TRPV4 cooperation with AQP4
is also critical for the ion and water dynamics that occur dur-
ing volume regulatory mechanisms that react to osmotic shock
in astrocytes[37,45,55] and ex vivo.[77] The functional interplay be-
tween AQP4 and VRAC has been demonstrated in rat primary
astrocytes in vitro.[63] Moreover, the rise in the intracellular Na+

concentration can inhibit VRAC currents in rat primary neocor-
tical astrocytes and in adult astrocytes in rat brain slices. It was
suggested that a biophysical interaction between cationic and an-
ionic conductance might occur in brain astrocytes and that the
Na+/Ca2+ exchanger and AQP4 are not involved in the observed
effect.[78]

Astrocytes are also controlling the neurotransmitter homeosta-
sis in the brain. The turnover of neurotransmitters, such as glu-
tamate, GABA, adenosine, and norepinephrine, is regulated by
their removal from the extracellular space via uptake through
selective transporters and metabolic conversion through spe-
cific enzymatic pathways in astrocytes. Moreover, astrocytes can
synthetize glutamine, a precursor for neuronal glutamate and
GABA, and in turn affect both excitatory and inhibitory synap-
tic transmission between neurons.[1]

1.2.3. The Tripartite Synapse and Gliotransmission

It is now accepted that astrocytes play important roles in the regu-
lation of synaptic transmission.[2,4,33,34,40,41] The endfeet of astro-
cytic processes embrace the presynaptic and postsynaptic neu-
ronal terminals in a microdomain structure called the tri-partite
synapse (Figure 6). Recent evidence indicates that such anatomic
compartmentalization serves astrocytes’ capabilities to sense and
integrate synaptic activity by dynamic mechanisms involving the
rise in intracellular astroglial Ca2+ levels and by astrocytic re-
lease of molecules (e.g., glutamate, D-serine, ATP, adenosine,
GABA, Glycine). This process, called gliotransmission, can mod-
ulate neuronal excitability and synaptic transmission.[2,4,33,34,40,41]

A selective transport patch has been identified for different trans-
mitters, although in some cases, the occurrence of vesicle- or
channel- release is still controversial.[2,33,34]

Notably, behavioral studies showed that bidirectional neuron–
astrocyte cross-talk through calcium signaling, and that the tri-
partite synapse and gliotransmission are potential mechanisms
underpinning memory modulation, sleep, and learning.[79,80]

Moreover, astrocytes can shape the structure of synaptic networks
by contributing to synaptic elimination and by regulating the vol-
ume of the extracellular space.[34]

More recently, a multipartite synapse model has further devel-
oped, which includes the ramified extension of microglial cells
adjacent to the tripartite synaptic structure and the constituents
of the extracellular matrix (ECM).

1.2.4. Astrocytes and Cognitive Functions

Since astrocytes have long been thought of as incapable of com-
munication or any computing mechanism, the concept that as-
trocytes contribute to the information processing is rather new.
Even more recent is the intriguing hypothesis that astrocytes can
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Figure 6. The tripartite synapse. A) Electron microscopy image of the tripartite synapse: the endfeet of an astrocytic process ensheathes a presynaptic
(Pre) and postsynaptic (Post) neuronal terminal. B,C) Representative schemes of the image reported in (A). Astrocytes endfeet exert a critical function
in the homeostasis of K+ (K+ buffering), and of glutamate. C) Additionally, neurotransmitters released from presynaptic neuron can bind astrocytic
metabotropic receptors and induce the a [Ca2+]i increase in astrocytes cytosol from internal stores, by IP3 pathway. The [Ca2+]i signal promote the
release of gliotransmitters from astrocytes endfeet, providing bidirectional communication among tripartite synaptic components. Spatial location of
astrocytic transporters and receptors is not representative of their exact spatial distribution. Panel (A), Adapted with permission.[80] Copyright 2007],
Elsevier.

integrate neuronal functions at the synaptic and network levels
and that their function can influence behavior.[2,4,80] According
to the fact that astrocytes occupied 20-fold larger volume in the
human brain than that in rodents, it was plausible to speculate
that astrocytes can participate in or influence information pro-
cessing in specific ways by integrating and computing data.[4]

Even though we are far from proving that astrocytic computation
is causally linked with the human intelligence, evidence for the
role of astrocytes’ function in the mechanism of memory forma-
tion and learning has been demonstratedadifferent experimental
models.[2,14,80]

Pathophysiological data also support the importance of astro-
cytic ion channel and water channel dysfunction that is observed
in diseases characterized by cognitive impairment. KCNJ10, the
gene encoding the potassium channel Kir4.1, has been linked
to developmental disorders like autism.[58] Moreover, alteration
in Kir4.1 current amplitude and the consequent astrocytic dys-
function have been observed in traumatic injury, ischemia, and
in pathologies characterized by generalized neuroinflammation.
Additionally, neurodegenerative diseases such as Alzheimer’s
Disease and ALS implicate loss of Kir4.1.[81–83] Recent evidence
accounts for a functional role of AQP4 in synaptic plasticity,
learning, and memory. In vitro and in vivo studies using AQP4-
null and wild-type mice, in particular, show the impairment
of long-term potentiation observed in the hippocampus. These
findings were accompanied by behavioral studies that may shed
some light on a specific role of AQP4 in memory function.[84]

Moreover, the implication of TRPA1 receptors in the detrimen-
tal changes to memory that occur in the elderly has been re-
cently reported.[85] Although the physiological role of TRPV4 is
unclear, its role in brain pathologies and injuries characterized

by inflammation and impairment has been well defined.[59,60] Re-
cently, the relevance of TRPV4 in cerebrovascular function was
highlighted when researchers found an impairment in the cog-
nitive function of mice lacking the channel protein.[86,87] Sev-
eral lines of in vivo evidence indicated that astrocytes can modu-
late or enhance neuronal oscillations and synchronization, which
are both important mechanisms for memory formation, learn-
ing, and sensory perception. Activation of astrocytes can also co-
ordinate the activity of neuronal networks and their transition
from desynchronized states to synchronized, oscillatory states.[2]

In particular, in vivo studies showed that noradrenergic stimula-
tion of astrocytes can result in the generation of slow wave os-
cillations that are important for cognitive tasks, such as mem-
ory consolidation. It has been hypothesized that activated astro-
cytes can release glutamate in a defined extracellular domain
that in turn triggers cooperative, synchronous neuronal firing
and generates slow waves.[2] Interestingly, the ability of astro-
cytes to generate slow wave oscillations has been recently demon-
strated by means of nanostructured devices (see Section 2.1 for
details).[88] Thus, the possibility of a direct involvement of active
astrocytes in the generation of slow wave oscillations cannot be
ignored.

2. Smart Glial Engineering and Interfaces for
Measuring and Probing Astrocytes

Astrocytes cannot generate action potentials. However, as de-
scribed above, astrocyte membrane proteins can form channels
and receptors that generate ionic (e.g., ion flux generating a cur-
rent, intracellular Ca2+ changes) and molecular (e.g., water flux)
signals, and these signals can be captured by custom tailored
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Figure 7. The key properties of glio-interfaces. A brief schematic of the key
features needed to develop a new class of tools enabling investigation of
astrocyte–astrocyte and astrocyte-neuron interactions.

electronic devices. Moreover, recent literature has shown that
astrocytes can sense and respond to mechanical, electrical, and
photonic stimuli by activating ions and water transport as well
gliotransmitter release. To this end, specific features must be in-
tegrated into probing technologies in order to guarantee the sup-
pression of noise, the discrimination between neuronal and as-
trocytic signaling and the interrogation of specific pathways in
cells. We call these properties glio-interfacial key properties (see
Figure 7). We believe that ultraflexible interfaces and soft elec-
tronics together with dedicated nanofunctionalization of surfaces
and low impedance materials can offer a unique toolset to un-
veil this secret language between astrocytes and neurons both in
healthy and pathological conditions.

Here, we report on technologies engineered to study astrocytes
by means of electronic, photonic, and biomaterial approaches,
and according to these recent findings, we present a new per-
spective to investigate astrocyte functionality (Figure 8).

Wanke et al. show a direct interaction between spike trains and
glial response through a sensing electrode.[89] Moreover, accord-
ing to the results of Fleischer et al., even microelectrode arrays
can be used to detect astrocytic extracellular currents after cell
stimulation.[90] However, the difficulty in revealing such signals
in astrocytes is due to the very diverse nature of these fluctuations
both in amplitude and in frequency in comparison to neuronal
activity.

To address this challenge, there is a need for sensitive de-
vices capable of detecting small, low frequency, slow, and long-
lasting voltage membrane variations. Micro- and nanostructured
materials can be helpful for tackling this challenge since they
are intended to record small amplitude and low frequency sig-
nal expected from astrocytes. Indeed, they ensure close contact
of the device with the cells or even allow for direct engulfment
of the material by the cell that decreases the cleft distance be-
tween the cell and the device. This therefore enables a more
efficient cell-to-device coupling with a consequential increase
in the signal to noise ratio (S/N).[91] In particular, recently, mi-
crostructured mushroom-shaped electrodes have been proposed
by Mestre et al.,[92] to perform extracellular recording in primary
astrocytes. The authors observed spontaneous burst in astrocytes,
comprised of quasiperiodic signals, with a frequency of ≈0.1 Hz
and with a broad distribution in amplitudes that vary from 10
to 60 µV, preceded by an increase on the average noise fluctua-

tions. Moreover, Saracino et al.,[88] have demonstrated the efficacy
of gold coated silicon nanowire devices (Au/SiNWs) in recording
extracellular currents from primary astrocyte in vitro. The fea-
tures of the signals detected by Saracino et al.,[88] displayed vari-
able amplitudes from 17 to 132 µV and duration from 60 to 730
ms with interval between two distinct events occurs in a range
from 0.2 to 26s. The power spectral density analysis showed that
signals recorded from astrocytes grown on Au/SiNWs occurred
in the frequency ranges (𝛿 (0.1–5 Hz, 𝜃 (5–9 Hz), and 𝛽 (9-30 Hz).
The same work also shows how the dendritic nanotopography of
the nanowires promotes astrocyte adhesion and in vivo like dif-
ferentiation, acting at the same time as smart scaffold and smart
electrode without the need for any biochemical functionalization.
Notably, the authors showed that the extracellular signals can be
recorded only in differentiated astrocytes on Au/SiNWs.

Such functional properties of the cells are inherently linked
to the disordered topology of inorganic nanostructured materials
that resemble the neural and glial thread-like structures in the
brain. Indeed, disordered silicon nanowire-based devices have al-
ready been proposed as active biointerfaces for the growth and
the treatment of different cells (e.g., colon cancer cells) and smart
biosensors.[93,94] The properties of astrocyte signals described
above can be targeted to segregate astrocyte signals from neu-
ronal action potentials.

It is important that the morphological differentiation was ac-
companied by a more mature functional phenotype: astrocytes on
the nanowires were more hyperpolarized and displayed a higher
resting permeability and capacitance as well as increased expres-
sion and function of the potassium channels Kir4.1 (Figure 9).

These findings are also confirmed by the implementation of
other inorganic nanostructures, such as Hydrotalcite-like com-
pounds (HTlc) that are layered materials consisting of positively-
charged layers and exchangeable interlayer anions (Figure 9A).
Such elements can be used in different configurations from
nanoparticles to microsheets, and they exhibit interesting prop-
erties in promoting astrocyte morphological differentiation by
inducing cytoskeleton rearrangement.[95] Similar to the observa-
tions of astrocytes on Au/SiNWs, astrocytes on HTlc, displayed
large inward conductance with biophysical features of Kir4.1 as
well as upregulation of the protein across the whole cell as well
as in the plasma-membrane. It should be noted that AQP4 ex-
pression and water permeability were upregulated in astrocytes
grown on HTlc (Figure 9D). In summary, astrocytes grown on
HTlc and Au/SiNWs recapitulate the structure and the main
homeostatic function of astrocytes that are lost by growing these
cells according to the Mc Carty and de Villis method.[96]

In this view, these glial interfaces provide an alternative path
to study astrocytes in a more in vivo like state, with the benefit
offered by having a controlled in vitro environment.

These materials together with ultracompact, high performing
electronics can be a successful combination of technologies
to uncover the chattering of glial cells and their role in phys-
iological and cognitive mechanisms. To this end, customized
low-impedance amplifiers with low latency can be crucial to
investigate glial behavior under specific stimulation patterns.[97]

To date, most of our knowledge on the neuron-glia interaction is
limited to the single-cell level or to neuronal activity in networks.
In contrast, much less is known about the mechanisms under-
pinning neuron-astrocyte crosstalk at higher-level complexity,
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Figure 8. Micro and nanostructures to increase the astrocytes’ SNR and to detect their extracellular signaling: a) A sketch of the device with electrical
connections and the real biosystem. On the right a detail of the gold mushroom-like structures. Adapted with permission under the terms of the Creative
Commons CC BY license.[68] Copyright 2017, the Authors. Published by Springer Nature. b) A sketch of the fabrication steps for a nanoelectrode based
on disordered silicon nanowires coated with gold. On the right part a detail of the electrodes and a photo of the underlying nanostructure. Reproduced
with permission.[88] Copyright 2020, Wiley-VCH GmbH.

Figure 9. Nanostructured glial interface. A) 1) Schematic representation of structure 1) and preparation 2) of ZnAl-HTlc films. B,C) Confocal images of
astrocytes grown on HTlc NPs (upper panels) stained for AQP4 or Kir 4.1 (B, C, red), and Actin or GFAP (B, C, green). Note the intense differentiation
of astrocytes on HTlc. D) Functional properties of astrocytes grown on HTlc showing inward conductance (top) in response to ramp stimuli and
increased the swelling rates (𝜏, bottom). E) Scheme of Au/SiNWs Micro Electrode Array (MEA). F) Confocal imaging of astrocytes stained for Kir4.1 on
Au/SiNWs G) Scanning Electron Microscopy (SEM) micrographs of a differentiated astrocyte plated on Au/SiNWs. Inset: higher magnification images
showing astrocytes process enveloping a nanowire. H) Extracellular recording obtained from astrocytes grown on Au/SiNWs MEA. A–D) Reproduced
with permission under the terms of the Creative Commons CC BY license.[95] Copyright 2016, the Authors. Published by Nature Publishing Group. E,F)
Reproduced with permission.[88] Copyright 2020, Wiley-VCH GmbH.

i.e., neuron-astrocyte networks. The natural evolution of these
nanostructured electrodes is their application to astrocyte-neuron
cocultures and in brain tissue in order to discriminate the dif-
ferent signals and therefore shed light on the basic mechanisms
underlying astrocyte-neuron communication. This perspective

could finally elucidate the real physiological meaning of altered
function of glial cells and explain the numerous neuropathologi-
cal states in which astroglial cells are implicated, such as epilepsy,
spreading depression, Alzheimer’s disease, Huntington’s
disease.
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Figure 10. Immunofluorescence images of primary hippocampal cultures of neurons, stained for 𝛽-tubulin (red) and astrocytes, stained for GFAP
(green), grown on PEDOT:PSS 1% EG, and PEDOT:PSS 3% EG substrates. Reproduced with permission under the terms of the Creative Commons
Attribution License (CC-BY 4.0).[103] Copyright 2015, the Authors. Published by Frontiers.

2.1. Organic Bioelectronic and Optoelectronic Glial Interfaces

Organic semiconductor or conducting polymers display a com-
bination of intrinsic properties, such as electrical conductiv-
ity, long-term biocompatibility, mechanical flexibility, and adapt-
able form factor, that are advantageous with respect to tradi-
tional silicon-based technologies.[75,76] Among bioelectronic poly-
mers, (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate)
(PEDOT:PSS), polypirrole (PPy), and polyaniline (PANI) can in-
crease ion current, as well as electron and hole transport, thereby
offering a broad spectrum of possibilities to stimulate and to
record the function of neural cells in vitro and in vivo.[98–102]

The biocompatibility of PEDOT:PSS-based substrates has
been investigated with hippocampal primary cultures of neurons
and astrocytes.[103] The authors analyzed the electrical and mor-
phological properties of PEDOT:PSS doped with different con-
centrations of Ethylene glycol (EG), and found that the increasing
concentration of EG that can proportionally rise the conductivity
of the substrate. Moreover, in agreement with findings observed
using other material interfaces,[104] the signaling of neurons in
terms of adhesion and outgrowth was the opposite to that ob-
served in primary astrocytes. In particular, hippocampal neurons
survive and exhibit functional properties comparable between
PEDOT:PSS and controls. On the other hand astrocytes’ growth
was reduced with increasing EG concentration in PEDOT:PSS
samples (Figure 10).

Thus, by increasing EG, selective reduction of glial cell reac-
tivity can be achieved, while increasing conductivity of the or-
ganic polymer without influencing the functional properties of
neuronal networks.

It is worth noting that the first report on organic glial interfac-
ing devices used astrocytes as the cell type of choice. Berggren’s

group[105] used astrocytes because of their elevated expression of
glutamate receptors to validate the ability of organic ion pump
to release neurotransmitters. The ion pump was placed at the
close proximity of primary mouse astrocytes and loaded with
glutamate (Glu) at the source and with NaCl electrolytes at the
cathode.[105] The authors verified that astrocytes grown on the
organic ion pump display [Ca2+]i increase upon binding of Glu
and release of it by the pump. Interestingly, the same ion pump
approach was later used to deliver the inhibitory neurotransmit-
ter, 𝛾-aminobutyric acid (GABA), to switch off status epilepticus
locally with a spatial resolution of micrometer precision.[106] No-
tably, the organic electronic ion pump technology was integrated
into the recording site electrode and thus delivers GABA imme-
diately in response to the recording of epileptic activity. GABA
delivery stopped epileptiform activity in the location in which it
was delivered, which was shown through simultaneous record-
ing. However, the eventual role of the released GABA molecule
on the astrocytic contribution to epileptic activity has not been
investigated. Several lines of evidence support the tenet of as-
trocytic involvement in epileptic electrogenesis. The physiolog-
ical basis of astrocytic K+ and glutamate/GABA hypotheses of
epilepsy have been provided for in vivo animal models and in
humans.[107]

The use of ionic pumps to release neurotransmitters in a spa-
tially distributed manner could be very helpful for exploring the
impact of these neurotransmitters on astrocytic microdomains.
This type of study might be relevant in providing insight into the
pathogenic and/or reactive mechanism of astrocytes in epilepsy.
Moreover, this approach might provide clues to the long-lasting
debate regarding if astrocytic activity occurs independently from
neuronal activity. Finally, the ability to precisely sense the amino
acids released by astrocytes during gliotransmission presents a
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Figure 11. Organic bioelectronic and optoelectronic glial interface. A–C) Scheme of P3HT:PCBM based device a) enabling photoexcitation with visible
light b) and eliciting ionic current in primary astrocytes c). Reproduced with permission.[111 Copyright 2014, Wiley-VCH GmbH. B,D–F) Scheme of P13
based device a) enabling extracellular electrical stimulation and calcium imaging of fluo-4 loaded primary astrocytes e). The electrical stimulation evokes
calcium signaling in primary astrocytes c). Reproduced with permission.[114] Copyright 2020, Wiley-VCH GmbH.

major challenge to bioengineering and glial engineering technol-
ogy since no solution to this technological challenge currently ex-
ists.

In particular, specific devices need to be conceived to elicit bio-
chemical and electrical signals in astrocytes. In this context, Ben-
fenati & Lanzani et al., pioneered and developed an approach
based on the photoexcitation of a thin film polymer photovoltaic
blend, formed by mixture of poly(3-hexylthiophene) with phenyl-
C61-butyric-acid-methyl ester (P3HT:PCBM), that allows for neu-
ronal firing in vitro and can restore visual capabilities in a patho-
physiological mouse model of the blind retina.[108–110]

In collaboration with Antognazza,[111] it has been demon-
strated that P3HT:PCBM supports the growth of pure primary
cultured rat neocortical astrocytes (Figure 11A). Astrocytes grown
on P3HT:PCBM displayed comparable electrophysiological prop-
erties with those of cells grown on standard substrates. Notably,
photoexcitation of the P3HT:PCBM blend with 543 laser light in
the range of few mW mm−2, can trigger the whole-cell membrane
conductance of the excited astrocyte and depolarized its mem-
brane potentials. The effect was directly proportional to the light
excitation density. The biophysical and pharmacological analy-
ses suggested that the ClC-2 protein channel mediated conduc-
tance is critically involved in the observed effect, and proved
that photostimulation of the device could be used as a tool to
uncover the role of astrocytes in brain function and dysfunc-
tion. Regarding the mechanism, it was proposed that acidifica-
tion of the extracellular pH, hypotonicity-induced cell swelling
and alteration of F-actin cytoskeleton were possibly involved in
the observed effect.[111] Additionally, recent work from our lab

and the Mahadevan-Jansen group showed that infrared pulsed
stimulation of primary cortical astrocytes induced a TRPV4 and
TRPA1-mediated rise in calcium signaling and activated water
transport along with the consequential change in cell volume.[112]

Similarly, studies in neurons also identified TRPV1 as one of
the possible players involved in the neuronal response to the
blend-mediated photostimulation.[113] Thus, it would be interest-
ing to explore if P3HT:PCBM blend photostimulation might per-
turb calcium signaling, cell volume regulation mechanisms as
well as actin dynamics in astrocytes. While the nongliotic impact
of P3HT:PCBM blend-based retinal implant has been demon-
strated in situ,[87] the effect of P3HT:PCBM blend photostimu-
lation in vivo as a gliophotonic interface for cortical astrocytes or
for Müller glia in vivo has been completely unexplored.

Among small molecule organic semiconductors, pery-
lene dimmide derivative N, N’-ditridecylperylene-3,4,9,10-
tetracarboxylic diimide (P13), has been shown to be biocompat-
ible with rat primary astrocytes in vitro.[114] In a recent work, it
is shown that transparent organic cell stimulating and sensing
transistor (O-CST) architecture, fabricated with P13,[115] was
used to explore the impact of field effect extracellular stimulation
on intracellular calcium concentration ([Ca2+]i) in primary rat
neocortical astrocytes. Calcium imaging experiments enabled
by the transparency of O-CST showing that a slow rise in ex-
tracellular potential between the gate and the grounded source
electrodes provide an effective extracellular electrical stimulation
of astrocytes that induces a slow and persistent increase in
astrocytic [Ca2+]i. Pharmacological analyses demonstrated that
TRPV4 and TRPA1 largely mediated the extracellular [Ca2+]i
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increase. The O-CST device architecture was important to pro-
vide effective stimulation and [Ca2+]i excitation in astrocytes.
An additional noteworthy finding is that the extracellular field
application induces a slight but significant increase in the cell
volume. Nonetheless, the stimulation protocol applied to the
astrocytes failed to evoke action potential in primary dorsal
root ganglion neurons in vitro.[114,115] Collectively, the results
reported in the study highlight that organic bioelectronic devices
are promising glial interfaces that can selectively excite and
control the physiology of astrocytes.

2.2. Carbon Nanotubes

Carbon nanotubes (CNTs) and their derivatives are promis-
ing biomaterials for use as scaffolds to drive nerve regen-
eration in neuroregenerative medicine, given their ability to
modulate neurite extension and improve the conduction ca-
pability of neurons.[116] The work performed by Parpura’s
group[117,118] showed that chemically functionalized single-walled
CNTs (SWCNTs) used as colloidal solutes or coating films of
glass coverslips can alter the morphological and functional phe-
notype of primary rat astrocytes. In particular, unlike pristine
CNTs, astrocytes on functionalized SWCNTs or multiwalled
CNTs (MWCNTs) display better adhesion and distinctly-shaped
morphology, which varies depending on the chemical modifi-
cation and composition. Notably, glial fibrillary acidic protein
(GFAP) immunoreactivity differed depending on the compound
used.[117,118] The authors questioned whether GFAP might be in-
volved in the astrocytic response to material interfaces and pro-
posed it as a target of study. Based on results from GFAP knock-
out mice, they demonstrated that GFAP is a critical molecu-
lar structure underpinning the mechanism involved in astrocyte
death, induced by the CNT.[117,118] In more recent work, the same
group showed that SWCNT-polyethylene glycol (PEG) enhances
astrocytes’ ability to remove glutamate from the extracellular
space by increasing expression of glutamate transporter (GLT) in
the cell membrane, which was paralleled by an increase in GFAP
immunoreactivity. The authors also discussed that astrocytes ex-
posed to SWCNT–PEG became larger and stellate, morphologi-
cal features of maturation, and/or of reactive astrocytes. The dif-
ferentiation observed was not remarkable as in other following
studies using different materials,[88,95] but the work suggests that
carbon-based materials and nanostructured interfaces might be
powerful tools for glial interfacing technologies aimed at actively
modulating astrocytic structure and function.

2.3. Graphene

In the recent years, graphene has been proposed as promising
material to be used in implants and neural devices for the modu-
lation of physiological activities or even recovering altered brain
functions.[119,120] Nevertheless the biocompatibility of graphene
is still controversial since it can interfere with the exchange
of ions and, more in general, with cell functionalities.[95–97]

In case of astrocytes, a reliable graphene-derived interface
should enhance cell growth and differentiation, avoiding reactive
astrogliosis.

Defteral et al.[121] found that thermally reduced graphene
(TRG) flakes injected into the adult olfactory bulb did not alter
de novo neurogenesis. Moreover, these materials do not mod-
ify astrocytes survival and do not trigger inflammatory response.
In this case, TRG may be used as viable way to interact with
glial cells, exploiting their potentiality in repairing the impaired
tissue. 3D graphene foams (3D-GFs) have also emerged as a
novel scaffold with a specific property of differentiating neu-
ral stem cells into neurons. Along the same line of work, the
preparation and exploitation of two GFs with different stiffness
as neural interfacing scaffolds has been investigated, includ-
ing the effect of GF mechanical properties on different param-
eters of neural cell physiology.[122] It has been highlighted as
stiffer scaffold could boost neural stem cells adhesion, growth,
and differentiation toward astrocytes compared to the softer
substrates.

The exposure of primary cortical astrocytes to micro- and
nanoflakes of graphene (GR) and graphene oxide (GO) did not
decrease the cell viability even after seven days of incubation.[123]

However, astrocytes incubated with graphene and GO flakes
exhibited remarkable changes in their morphology with mul-
tiple protrusions similar to differentiated astrocytes in vitro.
As shown previously by our group using first HTlc and later
Au/SiNws,[88,95] Chiacchiaretta et al.,[123] also observed that treat-
ment with GO flakes induces a significant alteration of K+ cur-
rents along with an increase in outward rectifying currents. In
alignment with alteration of Kir currents, the passive membrane
properties of astrocytes incubated with GO flakes, which in-
cluded a hyperpolarization of the resting membrane potential,
a decrease in their input resistance and an increase in the spe-
cific conductance, were also altered. Additionally, they found that
astrocytes treated with GO flakes had enhanced Na+-dependent
glutamate uptake capabilities as well as displayed alterations in
calcium signaling. It was suggested that these effects were linked
to alterations in the lipid content of the cell membrane caused by
GO-flakes.

Considering the controversy raised by graphene flakes, the
group of Palermo proposed to chemically change GO with a syn-
thetic phospholipid (PL) to favor the interaction between GO
and astrocytes.[124] To this end, PL moieties were linked on GO
sheets and the resulting substrate was used as bidimensional
scaffold for growing primary rat cortical astrocytes. A signif-
icant improvement results from this modified material, with
an improved adhesion (about three times) if compared to that
on glass substrates coated with standard adhesion agents (i.e.,
poly-D-lysine, PDL) or with respect to that on nonfunctional-
ized GO. Additionally, GO–PL did not display marked astroglio-
sis, as assessed by GFAP staining, thus demonstrating that GO–
PL did not induce an inflammatory response at least for their
interaction with astrocytes in vitro.[124] Thus, GO–PL grafting
might be useful for neural prostheses to improve permissive cell
colonization and limit glial scar formation. Moreover, this im-
proved adhesion could support specific devices enabling neural
cell sensing or interfaces that can tune physiological activity of
astrocytes.

Even with these important findings, the use of graphene as a
glial interface is still limited. Indeed, at present, graphene-based
materials or devices designed to directly target astrocytic function
or structure are lacking.
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Figure 12. Schematic draft of the pathological potential of astrocytes. Adapted with permission.[6] Copyright 2008, Academy of Sciences of the Czech
Republic.

3. Astrogliosis and Gliopathologies

The pathological potential of glial cells is a well-accepted fact. Any
kind of brain insult does indeed affect astrocytes’ structural and
functional properties (Figure 12), and how astrocytes respond
to the insult is believed to determine the survival of the brain
parenchyma, the severity of the damage and, in turn, the bal-
ance between neurological defect and functional abilities of the
patients.[6–9]

Gliosis refers to a variety of structural and functional changes
that occur in glial cells, particularly in astrocytes and microglia,
in response to chronic or acute insults to the CNS. The magni-
tude and kind of alterations that occur in astrocytes are variable
and depend on the type of pathology and/or on the severity of
the injury. Common features of gliosis include hypertrophic cel-
lular proliferation; upregulated expression of several proteins, in-
cluding GFAP and vimentin in astrocytes; presence of cytokines,
chemokines, and growth factors; and ultimately the formation of
a persistent fibrous scar.[125]

It has long been debated whether gliosis provokes benefi-
cial or harmful effects on the surrounding cellular content. Un-
controlled reactive gliosis causes a massive neuroinflammation
that leads to neuronal death and tissue damage. As an exam-
ple, epileptic seizures can be triggered by genetically induced as-
trogliosis in mice without any other neuropathology.[126] How-
ever, reactive astrocytes could assume a neuroprotective or neu-
rotoxic fashion depending on the cross-talk with microglial cells,
which critically activate a subtype of astrocytes that in turn con-
tribute to the death of neurons and oligodendrocytes in neurode-
generative disorders.[127]

The biochemical signaling cascade, molecular paths, and
structural changes observed in reactive astrocytes are very com-
plex and have been recently reviewed.[82] This recent work em-
phasized that the alteration of expression and function of ion
channels[128] and transporters is believed to critically compro-
mise the physiological abilities of astrocytes, which consequently
leads to changes in neuronal excitability and to detrimental neu-
rodegenerative processes. In particular, dramatic changes in the
membrane expression and/or gain/ loss of function of inwardly
rectifying potassium channel Kir4.1, excitatory amino acid trans-
porter 2 (EAAT2), the gap junction protein connexin 43 (Cx43),
the calcium channel TRPV4 and of the water channel AQP4 have
been abundantly reported in pathological animal models and in
humans.[6–9,83–85,128]

Since astrocytes are an integral part of brain circuits, constantly
interacting with neurons and blood vessels, it is important to de-
velop materials and technologies that are able to interface with as-
trocytes and that are compatible with technologies already avail-
able for interfacing with neurons. Designing glial interfacing de-
vices with these considerations in mind will allow scientist to gen-
erate a platform to gain new insight into brain function. Nonethe-
less, glial interfaces might represent alternative therapeutic op-
portunity for the treatment of brain disorders that have thus far
proved elusive. In this view, a large and exhaustive literature re-
ports the different steps of the gliosis process usually triggered
after an implant insertion.[10,131–133]

The natural response of the brain to the implantation of a de-
vice does not differ from the common gliotic process observed
upon traumatic injury (Figure 13). After insertion of a device,
inflammation and encapsulation occur together along with a
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Figure 13. A schematic draw representing the foreign body response to implantable devices in the brain tissue. A) All the different types of cells with
their functions in the healthy brain tissue; B) A scheme showing cell recruitment after the insertion of the implant: in particular the activation of mi-
croglia, astrocytes, and NG2 glia and their migration toward the foreign body. In addition, disrupted blood vessels release inflammatory factors into the
parenchyma. C) Chronic immune response to implanted devices. Astrocytes and other glial cells form a physical and chemical barrier around the device.
The functionalities of the cells in this region are largely impaired. Glial cell differentiation is reduced and axon remain demyelinated. Reproduced with
permission.[155] Copyright 2017, American Chemistry Society.

cascade of biological and biochemical events. In the acute gli-
otic response to electrodes, both glia and neurons are involved.
Typically, after surgical insertion, the electrode implant generates
a bidirectional interaction with the tissue, provoking both acute
and chronic changes in the patient brain and in turn causing
structural degradation linked to the aggressive and reactive cel-
lular environment into which the electrode is embedded. In en-
gineering and material science, these two interactions are usu-
ally referred to as biotic and abiotic processes.[129,130] The first
includes the cellular response to a foreign body, while the lat-
ter refers to impedance increase in time and electrode corro-
sion. In these processes, microglia and astrocytes play a cru-
cial role in the tissue’s reaction, distorting their natural func-
tions and leading to gliosis. This, in turn, triggers dysfunctional
behavior in other glial cells, thus altering the normal interac-
tions with adjacent neurons and more generally with the partic-
ipating neural circuits. The rupture of the blood–brain barrier
(BBB) results in an extravasation of serum proteins, such as albu-
min and fibronectin, together with the infiltration of leukocytes
and platelets.[134] This process in turn activates the inflammatory
process of microglia and astrocytes. Indeed, microglia start se-
creting cytokines that, at the beginning, act as proinflammatory
biomolecules. These cells lose their normal functions and also
trigger nearby neurons to become excitotoxic and neurodegen-
erative. Then, the microglia start dividing and proliferate, mi-
grating toward and clustering on the implant. The microglial-

astrocytes cross-talk activates astrocytes, leading to further in-
creases in the neuroinflammatory cascade. Once activated, re-
active astrocytes secrete an abundance of glutamate that causes
excitotoxicity.[6] The uncontrolled and persistent glutamate stim-
ulation of neurons might also lead to epileptic seizures and cause
neuronal death. Additionally, the impaired capability of astrocytes
to control the extracellular environment homeostasis thus creates
a harsh environment for tissue regeneration. The result of the
gliotic cellular reaction is typically the formation of an encapsu-
lation layer around the implant with a markedly reduced density
of functional neuronal cells.[10,135,136]

Given the importance of the topic, immunological and molec-
ular studies characterizing the glial response to implanted de-
vices has been carefully reviewed elsewhere.[10,135] In the next
paragraphs, we summarize the main issues, propose alternative
solutions and speculate on future trends that will optimize glial
interfacing and lead to reduced gliotic reactions.

Despite the unavoidable issues caused by implant insertion,
there are several factors that can be tuned to minimize the ef-
fects of gliosis, thus prolonging the operability of implants in
time. Among these factors, mechanical mismatch between the
brain and the device material, specific biofunctionalization of the
electrodes and low-impedance nanocoatings can be decisive fac-
tors in determining the lifetime of neural interfaces. One of the
main issues surrounding interfacing an inorganic material with
brain tissue remains the large mechanical mismatch between
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these two components. Indeed, several orders of magnitude
separate the elastic module of the human brain tissue (102–
103 Pa) and any inorganic material, including silicon (1010 Pa)
and metals (e.g., platinum, gold, etc.). This large difference trig-
gers a complex interaction after physical insertion of an implant.
Examples include penetrating electrodes, where gliosis and dis-
ruption of the BBB contributes to an increase of local inflamma-
tion, and epicortical devices, where the main issue is friction be-
tween the brain tissue and the epidural implant caused by move-
ment of the brain (e.g., periodic pulse due to blood pressure in
the vessels). On the one hand, scholars tend to propose organic
or hybrid blends to minimize these detrimental effects in an at-
tempt to drastically reduce the mechanical friction between the
device and the tissue.[137] However, such soft devices are difficult
for surgeons to insert, and they are often thick (several tens of
micrometers) to permit the encapsulation of metal tracks. An-
other possible solution is related to the implementation of ultra-
thin and ultraflexible devices, where neural interfaces can be in-
tegrated together with flexible electronics and deployed onto the
dura or below the brain membranes. Usually, devices with a total
thickness in the range of few microns can guarantee a certain de-
gree of stretchability and higher level of conformability, even for
implants composed of hybrid materials, like polyimide, and ac-
tive inorganic films, like metals or silicon semiconductors.[138–141]

Indeed, thin devices may be a suitable strategy to minimize the
impact of the implant on brain tissue. In line with this evidence,
in a recent work, Luan et al.[142] demonstrated that ultraflexible
nanoelectronic thread electrodes enable glial scar-free implant
integration with impedances, noise levels, single-unit recording
yields, and signal amplitudes that are stable up to 3.5 months
implantation. The reported approach is compatible in vivo two-
photon (2P) imaging, and direct contact with the probe did not
affect the viability of neurons.

Chemical biomodification of the implant interface by immobi-
lization of bioactive peptides is a strategy that allows for a promis-
ing degree of cell selectivity. Indeed, a major advantage in the
functionalization strategies of brain implants aimed at directing
and controlling glial–interface interactions and/or reducing the
gliotic response is the differential and sometimes opposite effect
of the functionalized group on neuronal and glial cells. As an ex-
ample, organosilica sol–gel functionalization[143] by amino end
groups has a beneficial impact on neuronal adhesion and neurite
outgrowth, whereas the same coating inhibits astrocytic adhesion
to the surface. Thus, by amino-bearing, hybrid organo-silica coat-
ings can selectively modulate neuronal cell responses. Similarly,
the surface modification of implants with integrin binding pep-
tides might anchor astrocytes to the implants while inhibiting
their gliotic hypertrophic proliferation.[143] In principle, selective
and spatially distributed biomodification of the implant surface
(with peptides, aminogroups, or RGD mimicking motifs) might
ensure efficient neuronal coupling to the electrodes, with con-
comitant efficient and nonadverse interactions of astrocytes with
the implants that ensure the stability of the implant and its per-
formance over time.

Other interesting strategies to reduce the inflammatory re-
action of glial cells in the brain are the use of antinflamma-
tory agents on inorganic electrodes or the coverage of implants
with biomimetic and bioactive coatings to mitigate the neuroim-
mune inflammatory reaction. Several examples of active bio-

functionalization of planar electrodes have been reported, in-
cluding the implementation of 𝛼-Melanocyte-stimulating hor-
mone (𝛼-MSH),[144]—a hormone usually secreted by pituitary
cells, astrocytes, monocytes, and keratinocytes that has intrinsic
functions inhibiting proinflammatory cytokines—or the local re-
lease of Dexamethasone, a synthetic glucocorticoid hormone.[145]

Sometimes these biomolecules are directly immobilized on
the electrodes, but the usage of nanocoatings or nanoscaffolds
strongly enhances their slow release and prolongs the anti-
inflammatory action. To this end, dissolvable silk substrates—
nanoparticles embedded in bioresorbable polymers and electro-
spun biodegradable nanofibers—represent valid options to solve
the problem.[145–147] Additionally, nanostructured morphology
can increase ATP release in astrocytes and downregulate GFAP
expression.[148,149] Although these nanocoatings clearly mitigate
the inflammatory response of the tissue in the first few weeks
after implantation by minimizing the spatial distribution of the
glial scarring, the real impact on neuronal function caused by
the treatment is still controversial since in many cases the neu-
ronal density remains unchanged. Indeed, the effect may only
be temporary and is related to the amount of available drug. An-
other option for advanced biofunctionalization is cell grafting di-
rectly onto the electrodes. In this case, scholars exploit what is
known as the “bystander” effect, in which transplanted cells sup-
port the host tissue by secreting therapeutic factors, thus promot-
ing healing mechanisms. Although this approach is very promis-
ing, large differences are observed between in vitro and in vivo
studies. In particular, Wu et al., demonstrated successful culture
of hippocampal and cortical neurons on hyaluronic acid-based
films fabricated through a layer-by-layer assembly technique, but
other authors have not replicated the same results in vivo.[150,151]

Purcell et al., demonstrated the beneficial effects of neural stem
cells seeded onto Parylene-C probes for at least the first few weeks
after implantation. The authors have ascribed the detrimental
long-term reaction of the tissue to the degradation of the scaffold
containing the cells and to the resulting cellular debris, suggest-
ing ways to improve the design and implementation of future
biohybrid devices.[152] A more viable way to obtain a true heal-
ing effect that has been proposed is coating the electrode with
the biomolecule L1. This molecule has been shown to mediate
axon outgrowth, adhesion, fasciculation (including axonal guid-
ance), and neuronal migration and survival, thus promoting cell
regeneration.[153] Recent evidence has highlighted the effects of
the L1 coating on acute and chronic neuronal and glial responses
near neural electrode implants in mice and rats, and from brain,
spinal cord to dorsal root ganglion preparations. Furthermore,
chronic recording improvement has been demonstrated.[154]

Among strategies aimed at reducing gliotic responses, target-
ing the expression and function of ion channels, water channels,
and other transporters represents a truly attractive and certainly
underestimated target for engineering neural implants with re-
duced gliotic responses. However, this approach has only been
exploited in vitro so far.

3.1. Glial Interfaces Based on Polymeric Materials

The use of biograde polymer biomaterials has given some
promising results in preclinical animal models: scaffolds are
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Table 1. In vitro response of astrocytes to synthetic polymers.

Materials Type Technology Key properties In vitro response Reference

Poly(lactic-co-glycolic acid) Nanoparticles Emulsion Fast degradation rate (lower
than 4 months)

Support of molecular targeting [182]

Polylactic acid Porous scaffolds Thermally induced
phase separation

Medium degradation rate
(from 4 to 6 months)

Induction of star-like
morphology of astrocytes

[181]

Aligned nanofibers Electrospinning Influence on neuroprotective
properties of glial cells

[170]

Polycaprolactone Random sub-microfibers Electrospinning Slow degradation rates
(higher than 6 months)

High expression levels of glial
fibrillary acidic proteins

[169]

Polyethylenglicole Hydrogel coating UV light crosslinking High swelling ratios and
good transport properties

Mitigate mechanical damage
from micromotion

[183]

Polypyrrole Conductive coatings Electrochemical
polymerization

Electro-conductive properties Neural stimulation and
recording in vitro and in vivo

[184]

Table 2. In vitro response of astrocytes to natural polymers.

Materials Cell type Technology Key properties In vitro response Reference

Collagen Type 1 C8 D1A Thermal gelation
and casting

High biocompatibility Low
stability

3D cell–cell interfaces
modeling

[194]

Alginate Primary rat cortical Ion crosslinking Good biocompatibility High
processability

Increased Reactivity of
astrocytes

[204]

High Molecular Weight
Hyaluronic Acid Hydrogel

T7–T8 Rat, dorsal
hemi-section injury

Hydrogel, chemical
synthesis

Good biocompatibility, high
hydrophilicity

Reduced astrocyte
proliferation,

[194]

Silk fibroin Primary rat cortical Films High biocompatibility, good
mechanical properties

Preservation of function al
properties, targeted drug
delivery

[104,211]

able to deliver and guide cells in the host and to sustain long-
term delivery of molecules to the surrounding, damaged gliotic
tissue.[138] Among the key features of these scaffolds are poly-
mers that can be properly loaded with ECM proteins, bioactive
fragments (i.e., growth factors), or other molecular species, and
that possess the right mechanical and surface properties for guid-
ing and controlling the attachment, growth, and differentiation
of transplanted cells. Different molecular, polymeric, 2D, and 3D
materials have been so far tested as culturing substrates for as-
trocytes. These studies have highlighted how both chemical and
physical factors can play a role in the promotion of adhesion,
growth and differentiation of astroglial cells. Mechanical prop-
erties such as stiffness, elasticity, and roughness have in recent
years received much attention and have proven to be some of the
most important parameters regulating cell behavior. Recent stud-
ies showed that surface chemistry (i.e., polarity, hydrophilicity, re-
active groups) can also affect cell growth and alter the expression
of differentiation pathways and other biological functions.[156,157]

In this view, polymeric biomaterials—derived from synthetic
or natural origin—have recently been exploited to fabricate
“smarter” interface materials (i.e., 3D structures or 2D coatings)
that are suitable for reducing the effect of neuro-inflammation
and gliosis without influencing probe signal quality and general
host response. A collection of the materials recently proposed for
interfacing with glial cells, with a particular focus on astrocytes,
is described and discussed below (Table 1,2).

To date, much experimental evidence has confirmed that the
biomaterials properties of synthetic polymers, such as stiffness,
surface topography, porosity, and molecular transport, play im-
portant roles in determining the in vitro responses of astrocytes
to the materials.[159] The complexity of the brain environment
from which astrocytes and other glial cells originate is mainly
due to the myriad of cell–cell and cell–matrix interactions, all of
which influence the response to trauma.[160] There is strong in-
terest in the emerging use of biomaterials with highly tunable
chemical and physical properties—such as chemically modifiable
polymers—that would allow for the alteration of the phenotypes
of both transplanted cells and native glia.

In the last five years, several studies have investigated the
in vitro response of astrocytes to synthetic polymers and 3D
scaffolds (Table 1). Understanding astrocytic adhesion, morphol-
ogy, proliferation, migration, and gene and protein expression
in response to these materials has allowed researchers to syn-
thesize new polymers for the fabrication of 3D scaffolds that
may be suitable for interfacing with CNS tissues. Indeed, syn-
thetic polymers allow for the reproduction of the main struc-
tural features that are naturally present in the ECM and that
are required for cells to adhere and function normally. The need
to finely control and optimize production conditions has stim-
ulated significant interest toward the implementation—namely,
chemical modification, functionalization—or the revision of cur-
rently used polymer-based synthesis and process technologies.
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Figure 14. Design of polymeric glial interfaces: polymers from natural source or chemical synthesis can be processed in different forms with peculiar
morphological, biochemical, and biophysical properties to mimic the complex 3D microenvironment of brain. In particular, unique topographic signals
of fibrous matrices can influence the morphology and astrocyte functions, thus promoting an in vivo-like behavior of cells. Inset) Fluorescent cells
reproduced with permission.[158 ] Copyright 2020, Elsevier.

Current technological approaches for the fabrication of brain
interfaces are generally based on innovative processes such as
electrospinning,[161,162] nanoemulsion,[163] and phase separation,
all of which have addressed the need to finely control the polymer
structure at micro- or nanometer scale (Figure 14). In this con-
text, synthetic polymers with biodegradable or nonbiodegradable
properties can successfully be used. For biodegradable polymers,
poly (𝛼-hydroxy esters) are often preferred due to their ability to
be easily processed and to have the correct levels of mechanical
strength and stiffness. Moreover, these materials are well recog-
nized for their biocompatibility (most are FDA approved), non-
immunogenicity, low toxicity, and biodegradability, thus making
them suitable for both interface regeneration and molecular tar-
geting. Among them, polyesters of lactic and glycolic acid (PLA or
PGA) or their co-polymers (PLGA) can be used in various biolog-
ical contexts because their biodegradability rate can be controlled
by altering the relative PLA:PGA ratios.[164] For instance, the spe-
cific degradation mechanism of PLA occurs via nonenzymatic
hydrolysis and promotes the formation of lactic acid products
that can be easily removed by cellular metabolic processes and
that has relevant benefits to the engineered, nanostructured bio-
interfaces for the CNS.[165] Moreover, the particular chemistry of
PLGA copolymers can also guarantee the right transport of ther-
apeutic agents (i.e., antitumor drugs, glial derived neurotrophic
factor) across the BBB for efficient targeting of brain regions in
the treatment of neurodegenerative diseases, such as Parkinson’s
Disease.[166]

Alternatively, more chemically stable polymers, such as poly-
caprolactone (PCL), with long degradation rates (over 1 year in
vivo)[167] have been used successfully due to their ability to influ-

ence single cytoskeletal protein expression during astrocyte de-
velopment. Indeed, it is well known that polymeric biomaterials
can increase the levels of expression of the cytoskeletal marker
GFAP, inducing a more reactive astrocyte phenotype, which
may not favorably support regeneration.[168] Accordingly, it was
demonstrated that randomly distributed PCL nanofibers, which
are fabricated via electrospinning and mimic the specific ECM-
like fibrous architecture, can create a less stressful environment
for astrocytes, thus resulting in gene expression profiles with bio-
chemical pathways able to regulate proliferation, cell shape, and
motility in a way that is more beneficial when compared to bulk
films.[169] In line with this evidence, Lau et al. investigated the
role of random or aligned organization of PCL fibers on the in
vitro response of mouse astrocyte via gene and protein expres-
sion studies, confirming the ability of PCL oriented nanofibers
to down-regulate GFAP protein expression. Meanwhile, mRNA
expression of genes involved in cell motility pathways—namely
actin, vinculin and chemokines—neurotrophic factors, antiox-
idants (glutathione S-transferase 𝛼1) and the glutamate trans-
porter EAAT2 was upregulated when astrocytes were cultured on
PCL random nanofibers.[170] Several studies have demonstrated
that the topographic and morphological features of PCL-based
electrospun fibers are able to drive astrocytic adhesion and sur-
vival over the long term (Figure 15).

In addition, Saracino et al.[158] demonstrated that aligned PCL-
based fibers induced a dramatic rearrangement of the actin-
cytoskeleton as well as focal adhesion point number and spa-
tial distribution in astrocytes. Interestingly, structural changes
observed in elongated astrocytes are not correlated with alter-
ations in their electrophysiological properties, i.e., potassium
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Figure 15. Surface anisotropy related to the astrocytic response ton 3D culture: Effect of fibers alignment and anisotropy on the morphology of cell
bodies. On the top, PCL-based fibers fabricated via electrospinning with different anisotropy degree were reported. Reproduced with permission.[171]

Copyright 2014, Springer Nature.

channel,[158] thus suggesting that PCL electrospun fibers are
permissive substrates able to drive specific properties in astro-
cytes depending on the target applications.[172] Moreover, PCL
can be chemically modified during synthesis to include differ-
ent copolymers with properties suitable for the CNS. For in-
stance, Pires et al. demonstrated that electrospun fibers made of
poly(trimethylene carbonate-co-𝜖-caprolactone) (P(TMC–CL))—
a copolymer with high caprolactone (CL) content including
grafted TMC—are readily able to promote axonal growth, over-
come myelin inhibition, and influence microglial cells during
CNS regeneration.[173,174] Hence, in agreement with previous ex-
perimental evidence on similar polymeric substrates (i.e., poly
methyl methacrylate),[175] these studies confirm a strict correla-
tion between astroglial cell behavior and specific topographic sig-
nals, due to the fiber alignment.

As for nondegradable polymers, soft hydrogels have been
preferentially used as coatings to modulate glial scar formation
around neural implants. The hydrogels accomplish this by reduc-
ing small strain between the implanted electrodes and the sur-
rounding brain tissue that occur due to local micromotions. For
instance, PEG–dimethacrylate (DMA) coatings with controlled
thicknesses (25–100 µm) and with elastic moduli similar to those
of brain tissue (close to 5 kPa)[176] were optimized to mitigate
mechanical damage from the micromotion caused by commer-
cial neural implants. PEG is universally recognized as biocom-
patible for brain cells[177] and shows specific physical proper-
ties that can be tailored by modification of the chemical syn-
thesis process in order to match the necessary properties of
brain tissue[178] Additionally, the functionalization via surface
modification techniques also allows for the synthesis of a series
of newly-modified biomaterials (i.e., arginine- and polyethylene
glycol-modified polymers) with enhanced fluid transport proper-
ties that are able to improve the interface between the implant
and primary cultured human neural cells (neurons and astro-

cytes) and that support neurotrophic factor expression and gene
targeting in mice.[179]

Wissel et al.[180] investigated the growth of glial cells on
ultrathin poly(N,N-dimethylacrylamide) (PDMAA), poly(2-
ethyloxazoline) (PEtOx), and poly([2-methacryloyloxy)ethyl]
trimethylammoniumchlorid) (PMTA) films grafted onto a glass
slide via photoreactive treatments. They demonstrated that glial
cells attached only to the PMTA films. As PMTA is the only
polymer with a cationic charge, the authors assumed that this
charge improves the adhesion of glial cells to the material.

A noteworthy and key problem related to glial scar forma-
tion is the local increase of tissue impedance, which is related
to a reduction in the portion of the interfaced tissue effectively
activated by electrical stimulation (up to 50%). In this view,
recent discoveries of polymers with electrical properties (i.e.,
polythiophenes, polyanilines, etc.) have suggested that design-
ing electroactive biointerfaces will support neurite guidance for
neuroregeneration.[185] The particular properties of these poly-
mers, namely electroconductivity, can effectively support the
functional activities of cells at the device interface both in vitro
and in vivo. This cellular support occurs directly by electrical
stimulation,[186] indirectly by the release of neurotrophic factors,
or by the local interaction with decorating molecules on the sur-
face of the implant.[187] Regardless of the method of support, all
of these technologies greatly contribute to the development of in-
novative nerve disease therapies.

3.2. Glial Interfaces Based on Natural Polymers

Natural polymers have generated much interest for potential use
in clinical applications targeting astrocyte structure and func-
tion in neurology (Table 2). Indeed, they can efficiently work as
a) local carriers able to target molecular signals directly to the
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injury site,[188] and b) as scaffolds able to offer the required struc-
tural support for cell attachment, proper nutrient and oxygen
supply, and protection to host cells, thus promoting the ex novo
formation of the extracellular matter.[189] These abilities are as-
sociated with their recognized biocompatibility and specific hy-
drophilic properties that allow for the formation of 3D networks
with tunable physical and chemical properties that might allow
for the retainment of up to 90% w/w water.[190] Natural poly-
mers have been extensively used in brain surgery, thanks to
the use of injectable formulations based on Matrigel or that in-
clude hyaluronic acid derivatives, collagenous proteins, polysac-
charides, or self-assembling peptides and proteins. As a function
of these properties, they can be engineered and synthesized in
specific ways—in order to play different roles in terms of matrix
analogues, functional agents, or molecular carriers—and mor-
phologically adjusted to fit complex physiological geometry for
the CNS.[191] For example, hyaluronic acid-based hydrogels with
different molecular weights or grafted with different peptides
(i.e., RGD, YIGSR, IKVAV, and RDG adhesive peptides) have
shown varying degrees of stiffness, as a function of the chemical
modification, thus underlining a correlation between mechanical
behavior of the materials and the biological response of human-
induced pluripotent stem cell-derived neural progenitor (hiPS–
NPCs) in terms of spreading and cell attachment.[192] In agree-
ment with other studies,[193] these results confirmed the idea that
the mechanical similarity of soft hydrogels may contribute to the
support of the biological functions of native brain tissue.

Several works have demonstrated that the biological proper-
ties of Collagen I—, i.e., the more diffused ECM proteins in the
adult nervous system at the level of basement membranes of the
BBB and in the neuromuscular junctions—play a relevant role in
CNS development and in 3D remodeling of brain tissue during
regeneration.[194] Importantly, collagen was officially declared a
neuro-compatible material, and its implementation was also ad-
dressed in the development of several commercial products for
in vivo applications. It follows that collagen has been widely used
as substrate to treat the injured CNS[195] as well as a scaffold ma-
terial for cellular therapy.[196] It is bioresorbable and can be eas-
ily incorporated by host tissue. However, collagen-derived matri-
ces, such as Matrigel, provide a broad range of factors suitable
to support cell functions with some limitations for isolating and
discerning the cell signaling mechanisms due to the inherent
complexity and variability of the biomatrix properties.[197] More-
over, different formulations of collagen materials were success-
fully investigated in recent years to study specific responses of
cells (i.e., progenitor cells, glial cells, astrocytes). For example,
collagen was combined with other biopolymers, such as HA, to
study the in vivo response of mouse embryonic neural progenitor
cells (NPCs) cultured in HA-heparin-collagen and transplanted
into a murine model. This study demonstrated that collagen-
based scaffolds swell slightly into the implant site, protecting
graft cells from microglia and macrophages and increasing sur-
vival of NPCs, thus suggesting an interesting in vivo compatible
scaffold for the brain.[198] Astrocytes themselves have been shown
to release collagen in different forms (Type I, III, and IV), both
under physiological conditions and also during glial scarring. Dif-
ferent bioactive agents have also been grafted to collagen, includ-
ing macromolecules to support neuronal outgrowth.[174] Along
this line, Hlady et al.[201] recently investigated the growth and re-

sponse of astrocytes cultured in vitro on collagen gels with sur-
faces patterned and embedded with human plasma fibrinogen
(FBG) and three extracellular matrix components, namely aggre-
can (AGG), FBG, and laminin (LN). Differently from pure col-
lagen substrate, the protein stripes were able to align primary
astrocytes and to ensure their viability for 4 days in vitro, thus
indicating negligible toxicity in the short term. Moreover, when
aligned on AGG, FBG, and LN proteins, astrocytes showed re-
duced chondroitin sulphate proteoglycan (CSPG).[201]

Alternatively, ionic sensitive polysaccharides, such as algi-
nates, were also considered attractive for several reasons, in-
cluding a) mechanical properties that recapitulate those of the
brain[200] and b) inert backbone structure that allows for control
of the scaffold stability with benefits in terms of recovering cells
for further biochemical and cellular assays.[199,201] These partic-
ular properties allow for the recreation of the glial scar environ-
ment by stimulating astrocytes and widely changing polymer fea-
tures by tuning their physical properties via physical or chemi-
cal crosslinking methods.[202] For instance, the response of cere-
bral astrocytes to 3D alginate scaffolds with different mechanical
properties was tested in the presence of meningeal fibroblasts,
thus mimicking the stimuli related to fibroblast infiltration oc-
curring after CNS injury.[203] In agreement with previous stud-
ies, mechanical properties of alginate also play a role in the for-
mation of new CNS tissue and glial scar formation,[204] influenc-
ing mechano-transduction processes and, ultimately, astrocyte
reactivity and both ECM production and composition in the sur-
rounding environment.

Among natural polymers, silk fibroin (SF) obtained by Bombyx
mori cocoon, is an attractive material for consideration as a glial
interface.[205–207] In light of its excellent biocompatibility, tunable
biodegradability, and suitable functional properties (i.e., mechan-
ical, optical, dielectric),[206–208] SF-based materials have been ex-
tensively investigated for neural tissue engineering and bioac-
tive molecular release.[206–208] Notably, through a water-based and
sustainable reverse engineering process,[209] an aqueous-based
SF solution can be obtained from the cocoon fiber, called re-
generated silk fibroin (RSF). RSF can be processed in various
forms (i.e., films, gels, fibers, porous scaffolds, and sponges)
with defined chemophysical properties (i.e., defined thickness,
mechanical properties, time-controlled biodegradation). More-
over, RSF can be blended, or the silk substrates can be func-
tionalized by means of different chemical functionalization ap-
proaches to obtain almost indefinite amount of silk substrates
with multiple pharmacological, photonic, electrical, and opti-
cal properties.[206–208] The flexibility of silk thin films has been
exploited on ultrathin and conformable electrodes aiming to
match the mechanical factors needed for reducing the gliotic
response.[210] All these remarkable features make silk substrates
unique as a glial interface or as a device-integrated component
due to the ability to interact with and control neuronal cell func-
tion. Accordingly, our group pioneered the use of SF as a permis-
sive interface for the growth of primary rat neocortical astroglial
cells. SF films allow survival of primary astrocytes up to 3 weeks
in vitro, without detrimental effects on GFAP and without induc-
ing expression of the gliotic phenotype.[211] Highlighting the im-
portance of monitoring functional properties, the work showed
that the electrophysiological properties of astrocytes are not sig-
nificantly different when they are grown on SF compared to when
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they are grown on standard Poly-D-Lysine coated coverslips.[211]

Nonetheless, SF can be an ideal vehicle for the delivery of trophic
compounds, such as the purine guanosine, to astrocytes and thus
induce a large inward rectifying potassium conductance and par-
allel increase of Kir4.1 protein channel expression in vitro.

The reactivity of astrocytes induced by silk fibroin has been
investigated in vivo.[207,110] Notably, silk fibroin has been inte-
grated into organic optoelectronic polymeric devices based on
P3HT/PCBM.[110,212] When used as a retinal prosthesis, it was
shown that the implanted device induced less gliosis and reac-
tivity in retinal Müller glia. Moreover, the integration of silk fi-
broin as a dielectric[208] was demonstrated in the structure of or-
ganic field effect transistors, capable of stimulating neurons, and
astrocytes.[114,115] These findings validate the use of silk as an ef-
fective glial interface for future multifunctional investigations of
astrocytes.

Processing methods can critically influence the chemophysi-
cal, structural and surface properties of SF films and substrates.
Changes in the conformation, biodegradation rate, and texture of
silk films, mostly affecting the surface properties of the films, can
modulate and tune the astrocytic adhesion and growth. Interest-
ingly, primary astrocytes and primary neurons display different
responses, pointing to cell specific molecular pathway activations
as a result of the interactions between the neural cell and the ma-
terial interface. Particularly, several studies have demonstrated
that hydrophobic properties contribute to the support of neuron
attachment and astrocyte proliferation, whereas hydrophilic ones
mainly promote neurite outgrowth.[104,213]

4. Conclusions and Future Trends

It has become evident that astrocytes, once considered merely
the glue of the brain, exert a key role especially for those aspects
regarding physiology and pathology of the human brain.[215] In-
deed, astrocytes are connected not only to neurons, but they form
complex networks with each other by using specialized channels
that allow the diffusion of nutrients and ions into this intricate
structure, thus amplifying the range and scale of synaptic regula-
tion induced on neurons.[216] According to the reported studies,
the brain can be considered a tangle of mixed networks of as-
trocytes and neurons, where i) astrocytes represent a further key
element integrated into the neural network; ii) besides the electri-
cal excitability of neurons, astrocytes exhibit a specific excitability
based on calcium signaling; iii) considering the complexity of the
neural network, astrocyte–-astrocyte connectivity and astrocyte–
neuron connectivity have to be taken into account together with
the standard neuron–neuron connectivity; iv) network function-
alities of the brain are mediated not only by neurotransmission
but also by gliotransmission. Thus, the communication between
and inside these networks plays a crucial role to understand the
fundamental mechanisms occurring at different temporal and
spatial scales that affect brain normal activity, its plasticity as well
as pathological dysfunctions.[217,218]

Over the past few years, the progress in biomaterial science,
engineering, and bioelectronics have allowed for the advance-
ment of several technological breakthroughs, offering unique op-
portunities to scientists interested in the “other brain”[218] to ad-
dress new challenging biological questions. We selected a broad
number of examples to illustrate how novel devices and in-

terfaces can be instrumental in tackling specific questions re-
lated to glia and specifically to astrocytes’ functional, structural,
and biological mechanisms. We propose glial engineering, glial
interfaces, and gliophotonics as emerging fields that comple-
ment neural engineering and neuronal targeting approaches
(Figure 16).

The advantages and pitfalls of using the selected materials,
interfaces and devices were thoroughly discussed. It appears
obvious that astrocytes can sense material surface properties
since mechanical features, electrostatic forces, and hydropho-
bic:hydrophilic ratios have prominent roles in glial interfacing
in vitro. It is plausible that the increased surface area of nanos-
tructured probes offers multiple possible sites for interactions
between astrocyte leaflets and the nanostructured surface, ulti-
mately favoring astrocytic process outgrowth and differentiation
in vitro. The molecular mechanisms behind these observations,
though, are still unclear. Evidence from our labs suggests that the
capability of astrocytes to sense biomaterials and nanostructured
interfaces is a triggering mechanism for cell volume regulation,
such as water and ion transport, as well as for actin cytoskeleton
rearrangement (Mola, Saracino et al., unpublished). The latter
mechanism would suggest that astrocytes respond to increased
mechano/surface stimuli, implicating adaptive local rearrange-
ments of cellular volume, which is known to be essential and nec-
essary for the outgrowth and differentiation processes.[13,220,221]

Regarding the ability of astrocytes to respond directly to elec-
tric and photonic stimuli, the literature is still limited and open
to new insights. On the other hand, photonic sensing and moni-
toring of astrocytes and glia by two-photon imaging or, more re-
cently, by high resolution microscopy is already an established
practice in glioscience. Even though magnetic resonance imag-
ing of glial cells is already in place in the clinics, broader appli-
cability would be achieved by developing tools that enable spe-
cific sensitivity for different glial cells—specific to cell type—
or for specific tools for sensing their functional state. In this
venue, hyperspectral imaging techniques to uncover the signa-
ture of gliopathologies are currently being investigated for pain
research.[222]

It is worth noting that the permeability of the astrocytic mem-
brane to ions and water and the changes to calcium signaling
are accompanied by structural changes to the actin cytoskeleton
and to GFAP; these modifications are common markers for the
astrocytic response to pharmaceutical drugs, acoustic waves,[223]

electromagnetic fields, light, mechanical forces, or altered tem-
peratures that are caused by nanobiomaterial interfaces, electri-
cal stimulation, photonic stimuli, etc. It follows that astrocytes
use adaptive mechanisms that are known to be essential for their
homeostatic function in vivo and that are lost during brain dys-
function.

Given the need to rescue structural, functional, and morpho-
logical features of astrocytes after injuries, targeting the molec-
ular and physiological expression of potassium channels (i.e.,
Kir4.1), water channels (i.e., AQP4), calcium sensors (i.e., TRPV4
and TRPA1) as well as their structural correlation with the actin-
cytoskeleton and with adhesion proteins (such as Connexin,
Pannexins, GlialCam) could represent a revolutionary clinical
approach. When combined with biomaterial and device strate-
gies for designing therapies and advanced diagnostics, it may
finally be possible to study and treat complex brain disorders
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Figure 16. Emerging scientific fields surrounding astrocytic structure and function. Glial interfaces and glial electronics will provide multiscale bioma-
terials and electronic devices to stimulate and record astrocytes dynamics. Computational Glioscience is devoted to computing and predicting the role
of astrocytic dynamics in brain function and dysfunction. Gliophotonics, still at its infancy, is now mainly confined to optogenetic and chemogenetic
methods. Moreover, studies using organic optoelectronics and infrared photostimulation are very promising. Insets) Gial Interfaces is adapted with
permission.[124] Copyright 2018, The Royal Society of Chemistry. Gliophotonics is adapted with permission.[219] Copyright 2014, Wiley-VCH GmbH.

characterized by loss of homeostatic properties of astrocytes
(epilepsy among the others), brain edema (ischemia, ictus), or
neurodegenerative diseases (Alzheimer’s Disease, Retinitis Pig-
mentosa, Neuromyelitis Optica).

Besides the need for astrocyte targeted therapy, glial engineer-
ing can offer unprecedented insights into the molecular and cel-
lular dynamics that make up astrocytes’ roles in cognitive func-
tion. The active participation of astrocytes in synaptic transmis-
sion is now considered an established fact that can no longer be
ignored.

Brain machine interfaces and implanted devices allowing for
bidirectional communication (stimulation and recording) with
the brain have so far been considered for targeting neurons. How-
ever, Transcranial direct brain stimulation, which has been pro-
posed to improve human performance, has a major effect on as-
trocytic calcium signaling in rodents in vivo. Nonetheless, studies
in vitro demonstrate the selective ability of astrocytes to respond
to different stimulation protocols compared to neurons.[114] Fi-
nally, the tradition of considering astrocytes to be nonexcitable
cells—displaying only passive currents—will likely be disproved
by nanoelectrophysiological recording tools, which have already
shown that in vitro astrocytes have the ability to generate local
small and slow membrane voltage oscillations in the low fre-
quency range.

We would not be surprised if these continued observations can
be translated into designs for electrical/photonic/ultrasound/
electromagnetic devices aimed at improving or rescuing the
brain’s cognitive function with a BCI targeting both astrocytes
and neurons.

Finally, a major interesting issue not described here is the need
for a bioinformatics toolbox that might analyze, reflect, predict
and—in the long-term—personalize the neuroglial cell interac-
tions. The so-called computational glioscience is a challenging
and important gliodiscipline that has received growing interest
from scientists and stakeholders because of its possibility to rede-
fine reinforcement learning or machine learning approaches.[224]

In conclusion, it is evident that, although 150 years have passed
since their discovery, astrocytes, and the glioscience field are just
the tip of the iceberg. Despite the plethora of evidence supporting
the fact that astrocytes modulate local neural circuits, networks,
and complex behaviors, the fields of neuroscience together with
chemistry, engineering, and materials science is still dominated
by an interest in neurons rather than in glial cells.

Equally importantly, wide multidisciplinary efforts are needed
to transfer existing and new knowledge among glioscience and
biomaterials science, engineering, chemistry, device technology,
and photonics to focus on targeting glial cells in addition to neu-
rons. Doing so will bring global attention to the accumulated
knowledge on glial cells, glial interfacing, and glial engineering
as fields ripe for the investment of research and innovation that
will greatly benefit brain science and neurology.
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2019, 41, 643.
[86] J. A. Filosa, X. Yao, G. Rath, J. Cardiovasc. Pharmacol. 2013, 61, 113.
[87] J. M. Diaz-Otero, T. C. Yen, A. Ahmad, E. Laimon-Thomson, B.

Abolibdeh, K. Kelly, M. T. Lewis, R. W. Wiseman, W. F. Jackson, A.
M. Dorrance, Microcirculation 2019, 26, 12535.

[88] E. Saracino, L. Maiolo, D. Polese, M. Semprini, A. I. Borrachero-
Conejo, J. Gasparetto, S. Murtagh, M. Sola, L. Tomasi, F. Valle, L.
Pazzini, F. Formaggio, M. Chiappalone, S. Hussain, M. Caprini, M.
Muccini, L. Ambrosio, G. Fortunato, R. Zamboni, A. Convertino, V.
Benfenati, Adv. Biosys. 2020, 4, 1900264.

[89] E. Wanke, F. Gullo, E. Dossi, G. Valenza, A. Becchetti, J. Neurophysiol.
2016, 116, 2706.

[90] W. Fleischer, S. Theiss, J. Slotta, C. Holland, A. Schnitzler, Physiol.
Rep. 2015, 3, e12400.

[91] A. Hai, J. Shappir, M. E. Spira, Nat. Methods 2010, 7, 200.
[92] A. L. G. Mestre, M. Cerquido, P. M. C. Inácio, S. Asgarifar, A. S.

Lourenço, M. L. S. Cristiano, P. Aguiar, M. C. R. Medeiros, I. M.
Araújo, J. Ventura, H. L. Gomes, Sci. Rep. 2017, 7, 14284.

[93] A. Convertino, V. Mussi, L. Maiolo, M. Ledda, M. G. Lolli, F. A.
Bovino, G. Fortunato, M. Rocchia, A. Lisi, Nanotechnology 2018, 29,
415102.

[94] L. Maiolo, D. Polese, A. Pecora, G. Fortunato, Y. S. Diamond, A. Con-
vertino, Adv. Healthcare Mater. 2016, 5, 575.

[95] T. Posati, A. Pistone, E. Saracino, F. Formaggio, M. G. Mola, E. Troni,
A. Sagnella, M. Nocchetti, M. Barbalinardo, F. Valle, S. Bonetti, M.
Caprini, G. P. Nicchia, R. Zamboni, M. Muccini, V. Benfenati, Sci.
Rep. 2016, 6, 31226.

[96] H. Hirbec, N. Déglon, L. C. Foo, I. Goshen, J. Grutzendler, E.
Hangen, T. Kreisel, N. Linck, J. Muffat, S. Regio, S. Rion, C. Escartin,
GLIA 2020, 68, 1692.

[97] L. Pazzini, D. Polese, J. F. Weinert, L. Maiolo, F. Maita, M. Mar-
rani, A. Pecora, M. V. Sanchez-Vives, G. Fortunato, Sci. Rep. 2018, 8,
16717.

[98] G. Malliaras, M. R. Abidian, Adv. Mater. 2015, 27, 7492.
[99] R. Green, M. R. Abidian, Adv. Mater. 2015, 27, 7620.

[100] C. Tsui, K. Koss, M. A. Churchward, K. G. Todd, Acta Biomater. 2019,
83, 13.

[101] R. A. Green, N. H. Lovell, G. G. Wallace, L. A. P. Warren, Biomaterials
2008, 29, 3393.

[102] E. Castagnola, L. Maiolo, E. Maggiolini, A. Minotti, M. Marrani, F.
Maita, A. Pecora, G. N. Angotzi, A. Ansaldo, M. Boffini, L. Fadiga,

Adv. Healthcare Mater. 2020, 2001268 © 2020 Wiley-VCH GmbH2001268 (25 of 28)



www.advancedsciencenews.com www.advhealthmat.de

G. Fortunato, D. Ricci, IEEE Trans. Neural Syst. Rehabil. Eng. 2015,
23, 342.

[103] G. Cellot, P. Lagonegro, G. Tarabella, D. Scaini, F. Fabbri, S. Iannotta,
M. Prato, G. Salviati, L. Ballerini, Front. Neurosci. 2016, 9, 521.

[104] A. Sagnella, A. Pistone, S. Bonetti, A. Donnadio, E. Saracino, M.
Nocchetti, C. Dionigi, G. Ruani, M. Muccini, T. Posati, V. Benfenati,
R. Zamboni, RSC Adv. 2016, 6, 9304.

[105] J. Isaksson, P. Kjäll, D. Nilsson, N. D. Robinson, M. Berggren, A.
Richter-Dahlfors, Nat. Mater. 2007, 6, 673.

[106] A. Jonsson, S. Inal, I. Uguz, A. J. Williamson, L. Kergoat, J. Rivnay, D.
Khodagholy, M. Berggren, C. Bernard, G. G. Malliaras, D. T. Simon,
Proc. Natl. Acad. Sci. USA 2016, 113, 9440.

[107] N. C. de Lanerolle, T. S. Lee, Epilepsy Behav. 2005, 7, 190.
[108] D. Ghezzi, M. R. Antognazza, M. Dal Maschio, E. Lanzarini, F. Ben-

fenati, G. Lanzani, Nat. Commun. 2011, 2, 164.
[109] J. F. Maya-Vetencourt, D. Ghezzi, M. R. Antognazza, E. Colombo, M.

Mete, P. Feyen, A. Desii, A. Buschiazzo, M. Di Paolo, S. Di Marco,
F. Ticconi, L. Emionite, D. Shmal, C. Marini, I. Donelli, G. Freddi, R.
Maccarone, S. Bisti, G. Sambuceti, G. Pertile, G. Lanzani, F. Benfe-
nati, Nat. Mater. 2017, 16, 681.

[110] M. R. Antognazza, M. Di Paolo, D. Ghezzi, M. Mete, S. Di Marco, J.
F. Maya-Vetencourt, R. Maccarone, A. Desii, F. Di Fonzo, M. Bramini,
A. Russo, L. Laudato, I. Donelli, M. Cilli, G. Freddi, G. Pertile, G.
Lanzani, S. Bisti, F. Benfenati, Adv. Healthcare Mater. 2016, 5, 2271.

[111] V. Benfenati, N. Martino, M. R. Antognazza, A. Pistone, S. Toffanin,
S. Ferroni, G. Lanzani, M. Muccini, Adv. Healthcare Mater. 2014, 3,
392.

[112] A. I. Borrachero-Conejo, W. R. Adams, E. Saracino, M. G. Mola, M.
Wang, T. Posati, F. Formaggio, M. De Bellis, A. Frigeri, M. Caprini, M.
Hutchinson, M. Muccini, R. Zamboni, G. P. Nicchia, A. Mahadevan-
Jansen, V. Benfenati, FASEB J. 2020, 34, 6539.

[113] P. Feyen, E. Colombo, D. Endeman, M. Nova, L. Laudato, N. Mar-
tino, M. R. Antognazza, G. Lanzani, F. Benfenati, D. Ghezzi, Sci. Rep.
2016, 6, 22718.

[114] A. Borrachero-Conejo, E. Saracino, M. Natali, F. Prescimone, S.
Karges, S. Bonetti, G. P. Nicchia, F. Formaggio, M. Caprini, R. Zam-
boni, F. Mercuri, S. Toffanin, M. Muccini, V. Benfenati, Adv. Health-
care Mater. 2019, 8, 1801139.

[115] V. Benfenati, S. Toffanin, S. Bonetti, G. Turatti, A. Pistone, M. Chiap-
palone, A. Sagnella, A. Stefani, G. Generali, G. Ruani, D. Saguatti,
R. Zamboni, M. Muccini, Nat. Mater. 2013, 12, 672.

[116] N. P. Pampaloni, M. Giugliano, D. Scaini, L. Ballerini, R. Rauti,,
Front. Neurosci. 2019, 12, 953.

[117] M. K. Gottipati, A. Verkhratsky, V. Parpura, Philos. Trans. R. Soc. B
2014, 369, 20130598.

[118] M. K. Gottipati, E. Bekyarova, R. C. Haddon, V. Parpura, Amino Acids
2015, 47, 1379.

[119] V. Palermo, I. A. Kinloch, S. Ligi, N. M. Pugno, Adv. Mater. 2016, 28,
6232.

[120] C. Cheng, S. Li, A. Thomas, N. A. Kotov, R. Haag, Chem. Rev. 2017,
117, 1826.

[121] Ç. Defteralı, R. Verdejo, L. Peponi, E. D. Martín, R. M. Murillo, M.
Ángel, L. Manchado, C. V. Abejón, Biomaterials 2016, 82, 84.

[122] M. Bramini, M. Chiacchiaretta, A. Armirotti, D. D. Kale, C. Martin, E.
Vázquez, T. Bandiera, S. Ferroni, F. Cesca, F. Benfenati, Small 2019,
15, 1900147.

[123] M. Chiacchiaretta, M. Bramini, A. Rocchi, A. Armirotti, E. Giordano,
E. Vázquez, T. Bandiera, S. Ferroni, F. Cesca, F. Benfenati, Nano Lett.
2018, 18, 5827.

[124] M. Durso, A. I. Borrachero-Conejo, C. Bettini, E. Treossi, A. Scidà,
E. Saracino, M. Gazzano, M. Christian, V. Morandi, G. Tuci, G. Gi-
ambastiani, L. Ottaviano, F. Perrozzi, V. Benfenati, M. Melucci, V.
Palermo, J. Mater. Chem. B 2018, 6, 5335.

[125] D. C. Patel, B. P. Tewari, L. Chaunsali, H. Sontheimer, Nat. Rev. Neu-
rosci. 2019, 20, 282.

[126] S. Robel, S. C. Buckingham, J. L. Boni, S. L. Campbell, N. C. Danbolt,
T. Riedemann, B. Sutor, H. Sontheimer, J. Neurosci. 2015, 35, 3330.

[127] S. A. Liddelow, K. A. Guttenplan, L. E. Clarke, F. C. Bennett, C.r J.
Bohlen, L. Schirmer, M. L. Bennett, A. E. Münch, W. S. Chung, T. C.
Peterson, D. K. Wilton, A. Frouin, B. A. Napier, N. Panicker, M. Ku-
mar, M. S. Buckwalter, D. H. Rowitch, V. L. Dawson, T. M. Dawson,
B. Stevens, B. A. Barres, Nature 2017, 541, 481.

[128] H. Pivonkova, M. Anderova, Curr. Pharm. Des. 2017, 23, 5056.
[129] P. A. Tresco, G. A. Gerhardt, in Brain-Computer Interfaces, Vol. 1,

Springer, Dordrecht 2008, pp. 31–45.
[130] A. F. Renz, A. M. Reichmuth, F. Stauffer, G. Thompson-Steckel, J.

Vörös, J. Neural Eng. 2018, 15, 061001.
[131] M. Gulino, D. Kim, S. Pané, S. D. Santos, A. P. Pêgo, Front. Neurosci.

2019, 13, 689.
[132] N. Chen, L. Tian, A. C. Patil, S. Peng, I. H. Yang, N. V. Thakor, S.

Ramakrishna, Nanotoday 2017, 14, 59.
[133] S. P. Lacour, G. Courtine, J. Guck, Nat. Rev. Mater. 2016, 1, 16063.
[134] A. Nadal, E. Fuentes, J. Pastor, P. A. McNaughton, GLIA 1997, 19,

343.
[135] T. D. Y. Kozai, J. R. Eles, A. L. Vazquez, X. T. Cui, J. Neurosci. Methods

2016, 258, 46.
[136] D. J. Edell, V. V. Toi, V. M. Mc Neil, L. D. Clark, IEEE Trans. Biomed.

Eng. 1992, 39, 635.
[137] I. R. Minev, P. Musienko, A. Hirsch, Q. Barraud, N. Wenger, E. M.

Moraud, J. Gandar, M. Capogrosso, T. Milekovic, L. Asboth, R. F.
Torres, N. Vachicouras, Q. Liu, N. Pavlova, S. Duis, A. Larmagnac,
J. Vörös, S. Micera, Z. Suo, G. Courtine, S. P. Lacour, Science 2015,
347, 159.

[138] J. Viventi, D. H. Kim, L. Vigeland, E. S. Frechette, J. A. Blanco, Y. S.
Kim, A. E. Avrin, V. R. Tiruvadi, S. W. Hwang, A. C. Vanleer, D. F.
Wulsin, K. Davis, C. E. Gelber, L. Palmer, J. V. der Spiegel, J. Wu,
J. Xiao, Y. Huang, D. Contreras, J. A. Rogers, B. Litt, Nat. Neurosci.
2011, 14, 1599.

[139] L. Maiolo, D. Polese, A. Convertino, Adv. Phys., X 2019, 4, 1664319.
[140] L. Maiolo, A. Pecora, F. Maita, A. Minotti, E. Zampetti, S. Pantalei,

A. Macagnano, A. Bearzotti, D. Ricci, G. Fortunato, Sens. Actuators,
B 2013, 179, 114.

[141] L. B. Capeletti, M. B. Cardoso, J. H. Z. Dos Santos, W. He, ACS Appl.
Mater. Interfaces 2016, 8, 27553.

[142] L. Luan, X. Wei, Z. Zhao, J. J. Siegel, O. Potnis, C. A. Tuppen, S. Lin,
S. Kazmi, R. A. Fowler, S. Holloway, A. K. Dunn, R. A. Chitwood, C.
Xie, Sci. Adv. 2017, 3, e1601966.

[143] W. He, G. C. McConnell, T. M. Schneider, R. V. Bellamkonda, Adv.
Mater. 2007, 19, 3529.

[144] Z. Suo, Appl. Phys. Lett. 1999, 74, 1177.
[145] Y. Zhong, R. V. Bellamkonda, Brain Res. 2007, 1148, 15.
[146] M. R. Abidian, D. C. Martin, Adv. Funct. Mater. 2009, 19, 573.
[147] A. Mercanzini, S. T. Reddy, D. Velluto, P. Colin, A. Maillard, J. C.

Bensadoun, J. A. Hubbell, P. Renaud, J. Controlled Release 2010, 145,
196.

[148] A. V. Singh, M. Raymond, F. Pace, A. Certo, J. M. Zuidema, C. A.
McKay, R. J. Gilbert, X. L. Lu, L. Q. Wan, Sci. Rep. 2015, 5, 7847.

[149] S. K. Min, S. H. Kim, C. R. Kim, S. M. Paik, S. M. Jung, H. S. Shin,
Neurosci. Lett. 2013, 534, 80.

[150] Z. R. Wu, J. Ma, B. F. Liu, Q. Y. Xu, F. Z. Cui, J. Biomed. Mater. Res.
Part A 2007, 81A, 355.

[151] W. He, G. C. McConnell, R. V. Bellamkonda, J. Neural Eng. 2006, 3,
316.

[152] E. K. Purcell, J. P. Seymour, S. Yandamuri, D. R. Kipke, J. Neural Eng.
2009, 6, 026005.

[153] E. Azemi, C. F. Lagenaur, X. T. Cui, Biomaterials 2011, 32, 681.

Adv. Healthcare Mater. 2020, 2001268 © 2020 Wiley-VCH GmbH2001268 (26 of 28)



www.advancedsciencenews.com www.advhealthmat.de

[154] A. Golabchi, K. M. Woeppel, X. Li, C. F. Lagenaur, X. T. Cui, Biosens.
Bioelectron. 2020, 155, 112096.

[155] S. M. Wellman, T. D. Y. Kozai, ACS Chem. Neurosci. 2017, 8, 2578.
[156] L. Kam, W. Shain, J. N. Turner, R. Bizios, Biomaterials 2002, 23, 511.
[157] G. Orive, E. Anitua, J. L. Pedraz, D. F. Emerich, Nat. Rev. Neurosci.

2009, 10, 682.
[158] E. Saracino, V. Cirillo, M. Marrese, V. Guarino, V. Benfenati, R. Zam-

boni, L. Ambrosio, Mater. Sci. Eng., C 2021, 118, 111363.
[159] J. M. Zuidema, R. J. Gilbert, M. K. Gottipati, Cells Tissues Organs

2018, 205, 372.
[160] R. Thompson, S. Sakijama-Elbert, Biomed. Mater. 2018, 13, 024104.
[161] A. Jakobsson, M. Ottosson, M. C. Zalis, D. O’Carroll, U. E. Johans-

son, F. Johansson, Nanomedicine 2017, 13, 1563.
[162] V. Guarino, L. Ambrosio, Nanomedicine 2016, 11, 1515.
[163] A. Kaushik, R. D. Jayant, V. Bhardwaj, M. Nair, Drug Discovery Today

2018, 23, 1007.
[164] D. da Silva, M. Kaduri, M. Poley, O. Adir, N. Krinsky, J. Shainsky-

Roitman, A. Schroeder, Chem. Eng. J. 2018, 340, 9.
[165] B. Weng, J. Diao, Q. Xu, Y. Liu, C. Li, A. Ding, J. Chen, Adv. Mater.

Interfaces 2015, 2, 1500059.
[166] M. Mir, N. Ahmed, A. U. Rehman, Colloids Surf. B 2017, 159, 217.
[167] H. Sun, L. Mei, C. Song, X. Cui, P. Wang, Biomaterials 2006, 27, 1735.
[168] E. M. Hol, M. Pekny, Curr. Opin. Cell Biol. 2015, 32, 121.
[169] C. L. Lau, M. Kovacevic, T. S. Tingleff, J. S. Forsythe, H. S. Cate, D.

Merlo, C. Cederfur, F. L. Maclean, C. L. Parish, M. K. Horne, D. R.
Nisbet, P. M. Beart, J. Neurochem. 2014, 130, 215.

[170] J. M. Zuidema, M. C. Hyzinsky-Garcìa, K. V. Vlasselaer, N. W. Zac-
cor, G. E. Plopper, A. A. Mongin, R. J. Gilbert, Biomaterials 2014, 35,
1439.

[171] V. Cirillo, V. Guarino, M. A. Alvarez-Perez, M. Marrese, L. Ambrosio,
J. Mater. Sci., Mater. Med. 2014, 25, 2323.

[172] N. Saadatkish, S. N. Khorasani, M. Morshe, A. Allafchia, M. H. Beigi,
M. M. Rad, R. E. Neisiany, M. H. N. Esfahani, J. Biomed. Mater. Res.,
Part A 2018, 106, 2394.

[173] L. R. Pires, D. N. Rocha, L. Ambrosio, A. P. Pêgo, J. R. Soc. Interface
2015, 12, 20141224.

[174] L. R. Pires, V. Guarino, M. J. Oliveira, C. C. Ribeiro, M. A. Barbosa,
L. Ambrosio, A. P. Pego, J. Tissue Eng. Regener. Med. 2016, 10, E154.

[175] T. B. Puschmann, C. Zandén, Y. De Pablo, F. Kirchhoff, M. Pekna, J.
Liu, M. Pekny, GLIA 2013, 61, 432.

[176] J. Subbaroyan, D. C. Martin, D. R. Kipke, J. Neural Eng. 2005, 2, 103.
[177] K. B. Bjugsta, D. E. Redmond Jr., K. J. Lampe, D. S. Kern, J. R. Sladek

Jr., M. J. Mahoney, Cell Transplant. 2008, 17, 409.
[178] S. Naficy, J. M. Razal, G. M. Spinks, G. G. Wallace, P. G. Whitten,

Chem. Mater. 2012, 24, 3425.
[179] C. R. Joshi, V. Raghavan, S. Vijayaraghavalu, Y. Gao, M. Saraswathy,

V. Labhasetwar, A. Ghorpade, Mol. Ther. Nucleic Acids 2018, 12, 645.
[180] C. Hadler, P. Aliuos, G. Brandes, A. Warnecke, J. Bohlmann, W. Dem-

pwolf, H. Menzel, T. Lenarz, G. Reuter, K. Wissel, PLoS One 2016,
11, e0157710.

[181] F. Carfì Pavia, M. A. Di Bella, V. Brucato, V. Blanda, F. Zummo, I.
Vitrano, C. M. Di Liegro, G. Ghersi, I. Di Liegro, G. Schiera, Mol.
Med. Rep. 2019, 20, 1288.

[182] Q. Cai, L. Wang, G. Deng, J. Liu, Q. Chen, Z. Chen, Am. J. Transl. Res.
2016, 8, 749.

[183] K. C. Spencer, J. C. Sy, K. B. Ramadi, A. M. Graybiel, R. Langer, M. J.
Cima, Sci. Rep. 2017, 7, 1952.

[184] X. Cui, J. Wiler, M. Dzaman, R. A. Altschuler, D. C. Martin, Biomate-
rials 2003, 24, 777.

[185] V. Guarino, S. Zuppolini, A. Borriello, L. Ambrosio, Polymers 2016,
8, 185.

[186] R. Green, M. R. Abidian, Adv. Mater. 2015, 27, 7620.
[187] M. R. Abidian, D.-H. Kim, D. C. Martin, Adv. Mater. 2006, 18, 405.
[188] O. A. Carballo-Molina, I. Velasco, Front. Cell. Neurosci. 2015, 9, 13.

[189] P. Zhuang, A. X. Sun, J. An, C. K. Chua, S. Y. Chew, Biomaterials 2018,
154, 113.

[190] Y. S. Zhang, A. Khademhosseini, Science 2017, 356, eaaf3627.
[191] N. N. Madigan, S. McMahon, T. O’Brien, M. J. Yaszemski, A. J.

Windebank, Respir. Physiol. Neurobiol. 2009, 169, 183.
[192] J. Lam, S. T. Carmichael, W. E. Lowry, T. Segura, Adv. Healthcare

Mater. 2015, 4, 534.
[193] Z. Z. Khaing, B. D. Milman, J. E. Vanscoy, S. K. Seidlits, R. J. Grill, C.

E. Schmidt, J. Neural Eng. 2011, 8, 046033.
[194] E. East, J. P. Golding, J. B. Phillips, Tissue Eng., Part C 2012, 18,

526.
[195] D. Tarus, L. Hamard, F. Caraguel, D. Wion, A. Szarpak-Jankowska,

B. van der Sanden, R. Auzély-Velty, ACS Appl. Mater. Interfaces 2016,
8, 25051.

[196] N. Heck, J. Garwood, K. Schütte, J. Fawcett, A. Faissner, GLIA 2003,
41, 382.

[197] A. R. Ketschek, C. Haas, G. Gallo, I. Fischer, Exp. Neurol. 2012, 235,
627.

[198] T. W. Hsiao, P. A. Tresco, V. Hlady, Biomaterials 2015, 39, 124.
[199] S. C. Owen, M. S. Shoichet, J. Biomed. Mater. Res., Part A 2010, 94,

1321.
[200] J. Zhong, A. Chan, L. Morad, H. I. Kornblum, G. Fan, S. T.

Carmichael, Neurorehabil. Neural Repair 2010, 24, 636.
[201] N. Weidne, R. J. Grill, M. H. Tuszynski, Exp. Neurol. 1999,

160, 40.
[202] A. Banerjee, M. Arha, S. Choudhary, R. S. Ashton, S. R. Bhatia, D. V.

Schaffer, R. S. Kanea, Biomaterials 2009, 30, 4695.
[203] M. P. Lutolf, H. M. Blau, Adv. Mater. 2009, 21, 3255.
[204] D. N. Rocha, J. P. Ferraz-Nogueira, C. C. Barrias, J. B. Relvas, A. P.

Pêgo, Front. Cell. Neurosci. 2015, 9, 377.
[205] A. Sagnella, C. Chieco, N. Di Virgilio, S. Toffanin, S. Cavallini, T.

Posati, A. Pistone, G. Varchi, M. Muccini, G. Ruani, V. Benfenati,
R. Zamboni, F. Rossi, J. Composite B 2015, 68, 281.

[206] H. Tao, D. L. Kaplan, F. G. Omenetto, Adv. Mater. 2012, 24,
2824.

[207] L. Fernández-García, N. Marí-Buyé, J. A. Barios, R. Madurga, M.
Elices, J. Pérez-Rigueiro, M. Ramos, G. V. Guinea, D. González-
Nieto, Acta Biomater. 2016, 45, 262.

[208] R. Capelli, J. J. Amsden, G. Generali, S. Toffanin, V. Benfenati, M.
Muccini, D. L. Kaplan, F. G. Omenetto, R. Zamboni, Org. Electron.
2011, 12, 1146.

[209] D. N. Rockwood, R. C. Preda, T. Yücel, X. Wang, M. L. Lovett, D. L.
Kaplan, Nat. Protoc. 2011, 6, 1612.

[210] D.-H. Kim, J. Viventi, J. J. Amsden, J. Xiao, L. Vigeland, Y.-S. Kim, J.
A. Blanco, B. Panilaitis, E. S. Frechette, D. Contreras, D. L. Kaplan,
F. G. Omenetto, Y. Huang, K.-C. Hwang, M. R. Zakin, B. Litt, J. A.
Rogers, Nat. Mater. 2010, 9, 511.

[211] V. Benfenati, S. Toffanin, R. Capelli, L. M. Camassa, S. Ferroni, D.
L. Kaplan, F. G. Omenetto, M. Muccini, R. Zamboni, Biomaterials
2010, 31, 7883.

[212] M. Prosa, A. Sagnella, T. Posati, M. Tessarolo, M. Bolognesi, T.
Posati, S. Toffanin, S. Cavallini, V. Benfenati, M. Seri, G. Ruani, M.
Muccini, R. Zamboni, RSC Adv. 2014, 4, 44815.

[213] V. Benfenati, K. Stahl, C. Gomis-Perez, S. Toffanin, A. Sagnella, R.
Torp, D. L. Kaplan, G. Ruani, F. G. Omenetto, R. Zamboni, M. Muc-
cini, Adv. Funct. Mater. 2012, 22, 1871.

[214] D. N. Rocha, J. P. Ferraz-Nogueira, C. C. Barrias, J. B. Relvas, A. P.
Pêgo, Front. Cell. Neurosci. 2015, 9, 377.

[215] M. C. Murphy, G. L. Curran, K. J. Glaser, P. J. Rossman, J. Huston III,
J. F. Poduslo, C. R. Jack Jr., J. P. Felmlee, R. L. Ehman, Magn. Reson.
Imaging 2012, 30, 535.

[216] U. Pannasc, N. Rouach, Trends Neurosci. 2013, 36, 405.
[217] A. Araque, M. Navarrete, Philos. Trans. R. Soc. B 2010, 365, 2375.
[218] R. D. Fields, B. Stevens-Graham, Science 2002, 298, 556.

Adv. Healthcare Mater. 2020, 2001268 © 2020 Wiley-VCH GmbH2001268 (27 of 28)



www.advancedsciencenews.com www.advhealthmat.de

[219] S. Bonetti, A. Pistone, M. Brucale, S. Karges, L. Favaretto, M. Zam-
bianchi, T. Posati, A. Sagnella, M. Caprini, S. Toffanin, R. Zamboni,
N. Camaioni, M. Muccini, M. Melucci, V. Benfenati, Adv. Healthcare
Mater. 2015, 4, 1190.

[220] H. Pasantes-Morales, R. A. Lezama, G. Ramos-Mandujano, K. L.
Tuz, Am. J. Med. 2006, 119, S4.

[221] V. Benfenati, S. Ferroni, in Homeostatic Control of Brain Function, 1st
ed., Vol. 1 (Eds: D. Boison, S. A. Masino), Oxford University Press,
Oxford 2015, pp. 3–40.

[222] V. Staikopoulos, M. E. Gosnell, A. G. Anwer, S. Mustafa, M. R.
Hutchinson, E. M. Goldys, Proc. SPIE BioPhotonics Australasia 2016,
1001306. https://doi.org/10.1117/12.2243158

[223] S. J. Oh, J. M. Lee, H. B. Kim, J. Lee, S. Han, J. Y. Bae, G. S. Hong,
W. Koh, J. Kwon, E. S. Hwang, D. H. Woo, I. Youn, I. J. Cho, Y. C.
Bae, S. Lee, J. W. Shim, J. H. Park, C. J. Lee, Curr. Biol. 2019, 29,
3386.

[224] M. De Pittà, Computational Glioscience, 1st ed., Spinger, Cham,
Switzerland 2019.

Luca Maiolo received the Master’s degree and the Ph.D. in physics, respectively, in 2003 and in 2008,
both from Università degli studi di RomaTre. Currently, he works as a researcher at the Institute for
Microelectronics and Microsystems of the National Research Council (CNR-IMM) and he is the Head
of Flexible and Large Area Electronics unit in Rome. His activity is mainly focused on fabrication and
characterization of innovative tools and devices based on nanotechnology and flexible electronics for
the manufacturing of advanced biosystems and biointerfaces.

Valentina Benfenati is a senior researcher at the National Research Council of Italy, CNR-ISOF. Her
research is devoted to uncovering the role of astrocytes in the brain by advanced materials and devices
enabling to probe and sense their molecular and biophysical properties. She developed the concept of
glial interfaces and glial engineering. Ph.D. in cell physiology and neurophysiology at UNISI. Post doc
at UNIBO, Italy; CMBN, University of Oslo; IEM, University of Prague, CNR-ISMN, Italy, with Marie
Curie, EMBO and Marco Polo fellowship. Past Adjunct Professor of Physiology at Biomedical Engi-
neering School, UNIBO. PI, Co-PI of AFOSR and Horizon-MSCA-ITN-2020-ASTROTECH supporting
this research.

Adv. Healthcare Mater. 2020, 2001268 © 2020 Wiley-VCH GmbH2001268 (28 of 28)


