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ABSTRACT

Since the dawn of neurobiology research, neural activity recording and stimulation
have experienced a dramatic evolution. Such a process encouraged not only the
conception of new technologies to improve our ability to study neurophysiology at the
laboratory level, but also the formulation of new solutions to defeat neurological
disorder. Among these, neuroprosthetics and neuroelectronic interfaces represent an
intriguing panacea to resolve pathological states where conventional methods failed.
This arduous challenge requires the collaboration of various subfields in neurobiology
research to produce more efficient and highly physiological central nervous system
interfacing. In this context, nanotechnologies seem to date eligible candidates to fulfill
the needs for the design of next generation implantable neural prosthesis. Size-
dependent chemical, topographical or electrical cues can be exploited to mimic
biological environments and to faithfully reproduce physiological cells behavior. To
safely improve our scientific knowledge about nanotechnologies applicability in
biomedicine and more specifically in the context of neuroprosthetics design, a
multidisciplinary approach is compulsory. The mutual support between neurobiology
and nanoscience has resulted in a large amount of novel neurotechnologies, whose
pertinence must be validated by conventional investigation methods in neurobiology
to prove their safety and applicability. In particular, in vitro cells and tissue cultures
and ex vivo preparations are interrogated by electrophysiology, live imaging, as well as
various microscopy and nanoscopy methods, enabling neuroscientists to dissect cell
physiology, mechanics and biophysics as a consequence of the interaction with the
nanoworld. The purpose of my thesis is to explore the perspective of nanomaterials in

the context of neuroprosthetics formulation.



INTRODUCTION

1. Nanomaterials for biomedical interfaces

1.1 Overview
Nanomaterials science and more in general nanotechnology are novel fields of science
and engineering, developed upon the precious intuitions of brilliant scientists such as
Richard Feynman (with the illuminating lecture, “There’s Plenty of Room at the
Bottom”, 1959) '], Mohamed Atalla and Dawon Kahng (fabrication of the first MOSFET
with nanosized component, 1960) [23], and Norio Taniguchi (coining the word
“Nanotechnology”, 1974) [4l. The major merit of these and others scientists has been
that of raising the interest of our society towards innovative nanotechnology tools
enabling to manipulate or manufacture materials at the nanoscale in controlled
manner [5. In a provocative approach, the use of nanomaterials may be dated back to
the 4t century (A.D.) when Romans craftsmen demonstrated a unique ability in
designing ravishing artefacts, such as the Lycurgus Cup (Figure 1A), with metal-glass
nanocomposites (Figure 1B) [67]. Obviously, in ancient and even more recent times,
people were not aware of dealing with matter at the nanoscale, but they surely knew
which new properties they could achieve with their skills. In the same epoch, until the
17th century (A.D.), Persians blacksmiths were forging sabers, which outstanding
physical properties gave rise to many legends. Damascus steel swords (Figure 1C), as
they were known in the entire world, were fabricated with wootz steel, a particular alloy
which fabrication methods remains thus far unknown. A research from University of
Dresden in 2006, demonstrated the presence of cementite nanowires and carbon
nanotubes (CNTs, Figure 1D) in the blade of ancient Damascus sabers [8:9]. Another

research few years later tried to explain the presence of such nanostructures in these



Figure 1. Ancient artifacts revealing nanomaterials presence. A. The Roman Lycurgus Cup (© The Trustees
of the British Museum) made with a dichroic glass including colloidal silver-gold alloy nanoparticles, resulting
in a green coloration when light reflects to its external surface (left) or red when light is transmitted from the
inside of the cup (right). B. Transmission Electron Microscopy (TEM) image of a sliver-gold nanoparticle found
in a fragment of the Lycurgus Cup (scale bar = 50 nm) (671, C. A Damascus steel saber with its scabbard (photo
by Tina Fineberg for the New York Times). D. High-Resolution Transmission Electron Microscopy (HRTEM)
image of carbon nanotubes-encapsulated cementite nanowires found in an ancient Damascus saber (scale bar
= 5 nm). On the image top left the Fourier transform of cementite lattice planes is also shown [8:9],

antique artifacts, suggesting that Persians craftsmen probably added woody biomasses
as carburizing agents during smelting processes to achieve outstanding materials’
features [*0]. To date, we assume that these manufactures were the result of a trial-by-
trial selection of innovative fabrication methods with the only purpose of favoring
stunning physical properties that nowadays can be explained. For example, light
radiation, reflecting to or transmitting through the Lycurgus Cup, behaves in two
different ways thanks to the presence of a plasmon layer on the colloidal gold-silver
nanoparticles surface acting as an anisotropic medium that results in its dichroic
behavior ['t12], On the other hand, the surprising mechanical properties of Damascus

steel blades, such as the high tensile strength, toughness, stiffness and sharpness, can



be reconducted to nanowires and nanotubes presence within the alloy, and relates to
size-dependence and behavior of material properties at the nanoscale [13]. In fact,
several properties are closer to those of the bulk material for objects with a very large
characteristic length, while for a nanostructured object several physical properties are
closer to those of the material surface [14.151. For this reason nanostructures are often
defined as all surface, indeed showing a higher surface-to-volume ratio as feature size
decreases [1¢l. The possibility to control interfacial physical properties by surface
modifications and structural size scaling of the materials, boosted technological
development in the last century [7] together with advances in microscopy, which from
the beginning of the 20th century provided a way to “view” nanostructures. Abbe, in
1873 , clarified that the diffraction limit of light microscopy would have never allowed
the observation of structures with a size being half the wavelength of the imaging light
(18], In a couple of decades, such an awareness brought to development of the first
transmission electron microscope (TEM) in 1931 before and the scanning electron
microscope (SEM) few years later, in 1938 [19-22], This trend reached then is climax in
the second half of the century when further inventions such as the scanning tunneling
microscope (STM) and the atomic force microscope (AFM) emerged allowing not only
the imaging and the study of nanoscale objects [23:24]) but enabled controlled
nanostructures’ engineering [25]. The increasing expertise in nanomaterials synthesis
on one hand and the availability of these (and further) new tools for their
characterization on the other, indicated a straightforward way to the design of novel

technologies with striking implications in several fields, including biomedicine.

The reason why nanotechnology can efficiently meet biomedical needs resides in the

size of biological structures (from cells to molecules). Vessels, nerves and more in



general cells show micrometric dimension, with their building blocks being instead
nanometric structures [26]. Nanotechnology engineers nanostructures that interact
with the cells-surrounding nanoworld (Figure 2). Intra ed extracellular
macromolecules such as enzymes and proteins can reach 5 nm in diameter (such as
hemoglobin or antibodies), the thickness of a lipid bilayer is about 6 nm, the size of a
synaptic cleft (mammals central nervous system, CNS) is around 12 nm and collagen
fibers show a 65 nm patterning [27-30], This means that, for example, a 20 nm
nanoparticle easily transits through blood vessels [31:32], crosses the blood-brain barrier
[33-35] and traverses fenestrated capillaries or liver sinusoids [36-381. By virtue of these
features and thanks to the biocompatibility that can be achieved through specific
functionalization, several nanoparticles have been approved by the Food and Drug
Administration (FDA) for cancer therapy, drug delivery and contrast imaging [39-421,
Given this size paradigm, regenerative medicine and tissue engineering are also taking
extensive advantage of nanomaterial science by controlling prosthetic implants

physicochemical cues through nanotechnologies and nanofabrication methods [431.
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Figure 2. Nanostructures size comparison with familiar structures size expressed in nanometers. Sketch from
Peter R. Wich Laboratory web page (https://www.wichlab.com/research/).
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Remarkable achievements in the field have been earned by controlling surface energy,
surface charge, chemical composition and topography at the nanoscale level to
overcome common issues related to biomaterial implantation such as surface fouling
and contamination, material oxidation and degradation, undesirable fibrosis around
the implant or poor specific cell-type adhesion, among others [44-50], To replace or
regenerate an injured organ is probably the most challenging goal in biomedicine,
where various constrains must be taken into account; for example, cells fate is
determined, which impedes some cell type to revert to a proliferative state once they
are differentiated or the lack of tissue inside a lesion hampers the cavity repopulation
and affects structural and mechanical stability if the void inside is too prominent, or
still, organs allografts often suffer from non-self immune responses lessening
transplantations outcome [51-531. Tissue engineering synergistically with stem cells-
based technologies attempts to overwhelm these and other issues through 3D
organoids, 3D scaffolds and bioartificial organs development [54-58]. In such scenarios,
nanomaterial science has been dealing with various medical areas including
orthopedics, dentistry, cardiology, endocrinology and neuroscience. The big challenges
in so variegate biomedical fields are multiple, to mention one, the mechanical
properties of target tissues: material engineers are seeking to reproduce, with artificial
or bio-hybrid constructs, specific organs Young’s modulus, which might range from the
0.5-1 kPa of the soft brain tissue to the 20 GPa of the cortical bone [59.60], When soft
materials design is required to better approach tissues mechanical properties or to
reduce the invasiveness other problems emerge; for example, energy storage and
power supply together with the size reduction and the flexibility of electronics within a
wearable or an implantable device are among the major challenges in bio-nanomaterial

science and electronic engineering [6162]. Along with the mechanical features,



implantable 3D scaffolds might be either permanent or degradable, they can be filled
with cells to compensate loss of function in the injured tissue or texturized with
topographical or biochemical cues to mimic extracellular signaling or to elude

immunogenic responses [63-69],

In last decades, the overall knowledge acquired in these areas has been favoring the
development of biomedical devices capable of actively interacting with biological micro
and nano worlds to manage various pathological conditions. To give some example,
along the NANOCI European project (ID: 281056) cochlear implants (Figure 3A)
were implemented with a 3D gel-nanomatrix functionalized with neurotrophins to
promote neural outgrowth of nerve fibers through the scala tympani onto the surface
of the cochlear implant electrode pad implanted in a guinea pig [70]. Lee and colleagues
in 2016 developed a graphene-based skin patch for sensing homeostatic parameters
such as temperature, humidity, glucose and pH. The sensor was also provided with
polymeric microneedles that could be thermally activated to deliver drugs
transcutaneously; this was indeed proven by automatic metformin release upon
hyperglycemia sensing in diabetic mice, thus restoring blood glucose levels (Figure
3B) [71l. Nanomaterial-based wireless implants for intraocular pressure monitoring
and treatment were proposed to prevent gradual loss of vision in patients with
glaucoma (Figure 3C) [72-74l. Even more surprisingly, an implantable soft
optoelectronic device was recently developed to work as an artificial eye able to detect
optical signals and to consequently trigger programmed electrical stimulation to optic

nerves (Figure 3D) 751,



Figure 3. Novel nanotechnology-based devices. A. Top image shows a prototype of the NANOCI electrode
array. Below, two distinct sections obtained through cone-beam computed tomography (CBCT) of human
temporal bones scala tympani implanted with cochlear implant electrode arrays (scale bars = 3 mm) [721. B.
Graphene-based electrochemical wearable device for sweat-based diabetes monitoring and therapy, under
stretch condition (left; scale bar = 1 ecm) and during application (right; scale bar = 5 mm) (731, C. Sketch and
photo of the artificial nano-drainage implant (ANDI) for glaucoma, top right scanning electron micrograph
(SEM) shows a backside cross-sectional view of the implant (scale bar = 400 um) [76]. D. Top left illustrates
device design, while the arrowed inset shows a single phototransistor at the optical microscope (scale bar = 100
um). Below, another optical image of the whole phototransistor lens array (scale bar = 3 mm) is presented
together with a schematic of phototransistor nanometric layering [771,



1.2 Targeting the CNS
A recent report from the World Health Organization (WHO) showed that neurological
disorders, ranging from epilepsy to Alzheimer disease, from stroke to headache,
including brain injuries, neuroinfections, multiple sclerosis and Parkinson disease,
affect almost 1/6 of world’s population, thus implying a public annual cost that in
Europe reached €139 billion in 2004 [76]. So far, therapeutic solutions have been
investigated through drug screening, with tremendous impact on public expenditure.
According to a study of the Tufts Center for the Study of Drug Development, the
estimated post-approval R&D cost per new drug is around $2870 million (in 2013
dollars) [77]. Unfortunately, drug discovery in neurology presents the lowest success
rate along the pharmacovigilance process when compared to other medical areas [78],
Besides the socioeconomic burden, ethics also comes into play since several
neuropathological disorders associate not only with acute or chronic pain sensation,
but also dissociative symptoms, some degree of paralysis or even vegetative states, thus
compromising patients self-awareness, their life quality and that of their relatives [79].
An action is required, and nano-based therapeutic interventions integrating
physiological monitoring and real-time automated treatment may represent a
successful alternative [6980], Allowing to work at a smaller spatiotemporal scale, novel
nanotechnologies demonstrated their relevance also in basic research where the
pathophysiology of neurological disease can be addressed with improved resolution
(811, CNS therapeutic targeting has long been a challenging issue in medicine, mainly
cause the existence of physical barriers such as the blood-brain barrier (BBB), bones
and meninges (Figure 4) [82]. Nanomedicine for the CNS is trying to contribute solving
this problem providing ad hoc carriers that could deliver and topically release drugs,

antibiotics or other molecules. These can be eventually loaded into or bound onto



nanocarriers such as liposomes, micelles, nanoparticles, dendrimers, hydrogels and

mesoporous materials, but fancier vehicles like nanorobots have also been proposed

[83-86]
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Figure 4. Schematic diagram (center left) of the five main barrier interfaces in the brain from Saunders et
al 1831, The cellular layers forming the barrier at each interface are colored green. A. Cell layers in the
meningeal barrier are shown; the more superficial layers are represented by dura mater and dural border
cells (DBC). Note that blood vessels within the dura mater are fenestrated (f-BV). Just below, the arachnoid
barrier cells (ABC) in the outer layer of the arachnoid membrane have tight junctions (tj, arrowheads)
resulting in a barrier between the outer cerebrospinal fluid (o-CSF) in the subarachnoid space (SAS). Blood
vessels (BV) in the SAS have also tj; bm = basement membrane, gl = glia limitans. B. The blood-brain barrier
(BBB) is situated at the level of cerebral BV. Endothelial cells (EC) and BV are in contact through tj
(arrowhead) to minimize the paracellular space; bm = basement membrane, PC = pericytes, AE = end feet
from astroglial cells. C. Within each brain ventricle, the choroid plexus epithelium (CPE) forms the cell layer
acting as BBB; CPE apical microvilli increase exchange surface of the epithelium toward internal CSF (i-
CSF). CPE barrier is supported by tj among cells (arrowhead), while BV are fenestrated and do not form a
barrier (arrows). D. Blood vessels reaching circumventricular organs (including median eminence, pineal
gland, area postrema, subfornical organ), have comparable permeability features to other areas of the body
in order to allow feedback penetration of peptide hormones related to the hypothalamic-pituitary axis. CSF
entering of these molecules is prevented by tanycytes (TC), ependymal cells connected by tj between their
apices (arrowhead); tj between astroglial cells (GC) further block the access to CNS. E. Ependymal cells (E)
between the i-CSF and brain interstitial space are linked by gap junctions that do not restrict exchange of
even large molecules (solid arrows).
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In some instances, such as traumatic brain, spine or nerve injury, pharmacological
treatment might not be sufficient to restore physiological parameters due to the lack,
across the lesion, of functional neural tissue as a result of trauma. Remarkably, three-
dimensional nano-scaffolds, electrospun nanofibers and injectable hydrogel have been
used to provide ease of regeneration across and within a lesion [87:881, In 2006, Gerald
E. Schneider group grafted self-assembling peptide nanofiber (SAPNS) hydrogels onto
transected visual P2 and superior colliculus areas, demonstrating visually oriented
behavior recovery in living hamsters [89]. In lasts years other reports followed reporting
the high potential of SAPNS technology in peripheral and central nerves injury repair
l90-92], In alternative studies nanofibers electrospinning has been preferred to
approach severed nerve regeneration [88:931, This technique provides a cost-effective
and up-scalable solution for neural tissue engineering  [9495]. Electrospun
polycaprolactone (PCL) and poly-L-lactic acid (PLA) fibers have been largely used to
achieve axonal guidance and in vivo reports showed their ability to promote nerve
fibers regrowth over either peripheral or spinal lesions [96-98]. Noteworthy in this field
is the work by Nguyen and colleagues, which combined these technologies to design
3D nanofibers hydrogels, bio-functionalized with miRNAs and trophic factors, to
provide both topic gene/drug delivery, contact guidance and mechanical support thus
favoring injured nerves regrowth [991. The success of 3D scaffold in neural tissue
engineering evolved in parallel to several 3D bioprinting techniques allowing to work
at increasingly higher resolution to fine control scaffold architectures and better mimic
extracellular matrix (ECM) chemical and topographical composition [0o.101l,  For
instance, laser-based two photon polymerization (TPP) bioprinting can achieve around
100 nm lateral resolution, while microscale digital light processing (DLP)-based

bioprinting offers a faster and precise alternative [102.103], Moreover, the availability of
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3D imaging techniques such as magnetic resonance imaging (MRI) and computed
tomography (CT) have helped computer-aided design (CAD) to create more precise 3D
reproductions of lesion cavities [104], Koffler et al. in 2019, used magnetic resonance
images of spinal injury to reconstruct in CAD and 3D print a biomimetic hydrogel
scaffold. The resulting prosthesis, loaded with neural progenitor cells (NPCs), was
implanted in the severed spinal cord of a rodent to restore synaptic transmission and

locomotion [551,

Together with the geometrical parameters, implantable scaffolds to approach
neurological disorders are commonly required to be electrically conductive for obvious
reasons. Nanostructured materials have been broadly used to implantable electrodes
design for either neural activity recording or stimulation. Carbon-based nanomaterials
are one of the most promising in the field thanks to their high surface area, electrical
conductivity and toughness [1951. Moreover, the outstanding physical properties of
carbon nanotubes (CNTs) and graphene are combined with an intimate coupling
between neuronal networks and these materials [106-110], A particular attention has also
been devoted to conductive polymers (CPs) which usually show very low tissue
reactivity and appropriate mechanical properties in relation to nervous tissue [111].
Intrinsically CPs, such as poly(3,4-ethylenedioxythiophene) (PEDOT) and polypyrrole
(PPy), tissue response and neural activity recording have been studied in vivo [112-115],
These polymers are often doped to tune their electrical conductivity along with their
surface and mechanical properties [116], Biomimetic molecules such as specific ECM
components, can be included during the polymerization process either covalently,
resulting in copolymers formation, or non-covalently, providing the implant with

molecules of interest that can be subsequently released in the biological milieu [*11]. The
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doping paradigm has been further extended to achieve a next generation of
biodegradable electrically conductive polymers (BECP) through either the inclusion of
ester linkers within the electroactive oligomers or by electroactive macromonomers
assembly, to create block copolymers and graft copolymers [17:118] Overall, the
synergistic collaboration among electronic engineering, material science and nervous
system physiology is supporting the world of neuro-nanotechnology towards the
development of various tools with astounding fallouts to basic research, diagnostics
and therapeutics. The future aim of all these developments is to integrate all these
features with an unprecedented level of targeting, developing patient-specific solutions

for several CNS disorders.
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1.3 Topographical cues of implantable devices
As summarized above, physical and chemical properties of materials composing an
implantable device play a pivotal role in determining tissue integration, device
durability and its functioning. In the last three decades, a particular attention has been
also devoted to relatively recent observations indicating that certain cell behavior
might be elicited by topographical modification of surfaces contacting biological

tissues.

The very first report of “paths of predilection” during nerve cells development dates
back to the early nineteens hundreds in the comparative anatomy essay of Prof. Ross
G. Harrison on tissue morphogenesis [1191. The observed response of an organism upon
a physical contact stimulus was therefore classified under the definitions of
thigmotaxis or stereotropism and eventually further studies confirmed this behavior
growing neuronal cells onto various patterned materials [*20]. Studies on stereotropism
soon extended to several biomedical fields showing this process to be relevant not only
during tissue development, but also during tissue repair and regeneration, either in
physiological or pathological conditions [121-123]. Within the CNS, glial cells as well as
the ECM were shown to provide geometrical support for neuronal guidance, both in
vivo and in vitro [124.125], These evidences resulted in the emergence of mechanobiology,
a novel field studying the conversion of mechanical forces into biochemical signals. In
last years, the molecular machinery responsible for cellular mechanotransduction has
been studied and major players have been identified. Cadherins/catenins-dependent
adherent junctions (aj) and integrin/focal adhesion kinase (FAK)-based focal
adhesions (fa) stabilize respectively, cell-cell and cell-ECM interactions, anchoring to

the cytoskeletal f-actin (Figure 5) [126]. Both cadherins/catenins and integrins/FAK
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Figure 5. Representation of the front line mechano-sensing pathways of the cell 261, A. Cells tethering to ECM
is ensured by focal adhesions, relying on integrins-actin complexes. B. Mechanical information between
adjacent cells is relayed by adherens junctions involving cadherins signaling to cytoskeletal actin. C. Contractile
actin—myosin network traduces integrins and cadherins cues in tensional changes, thereby interlinking the two
pathways.

signaling cascades can activate upon appropriate stimuli the Rho family of GTPases
(Rho, Rac and Cdc42) to regulate stress fiber formation and cell contraction (Rho) and
the formation of lamellipodia and filopodia (Rac and Cdc42, respectively) or promote
protrusive behavior [:27. Rho GTPases subsequently activate an intracellular cascade
through Rho-associated kinases (ROCK) to phosphorylate, for instance, the myosin
light chain (MLC) and allow actin binding to myosin II, thus increasing contractility.
Further protein phosphorylation by other kinases (such as Src, PAK and LIMK) create
docking site for additional structural proteins such as vinculin, paxillin, cofilin and
talin, thereby regulating cytoskeleton strengthening/softening and actin
assembly/disassembly [127-129], Moreover, these downstream signaling result in the
crosstalk with Wnt/B-catenin and YAP/TAZ pathways, which impact cell fate,
proliferation, tissue regeneration and tissue morphogenesis [123.130]. Interestingly, cell
adhesion molecules (CAMs) including cadherin/catenin and FAK/integrins but also
nectins, neurexin-neuroligin and ephrins are fundamental for synaptic stabilization as
they have been shown to play important role in memory, learning and plasticity [131-

1341, Evidences were also provided for CAMs direct binding to a-amino-3-hydroxy-5-
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methyl-4-isoxazolepropionic acid (AMPA) and y-aminobutyric acid (GABAA) receptors
and the control of their expression/trafficking at the synapses, supporting the idea that
topographical information can modulate neuronal activity [135-138], In addition,
transcriptomic profiling of neurons interfacing nanopatterns has revealed higher
expressions of synaptic regulation- and synaptogenesis-related genes compared to
isolated neurons with no topographic bias; surprisingly such up-regulated expression

profile matched that of interconnected neuronal network [139],

All these knowledges converged to the intuition that, surfaces micro- and nano-
patterning might be exploited not only to promote morphological and developmental
responses at the nervous tissue interface, but also to target network physiology and
functioning. Nowadays topography is recognized as a potential tool to ameliorate
implant integration within the nervous tissue and several studies are trying to classify
shape, size and stiffness signals according to the elicited cell behavior [140-143], Indeed,
micro and nanostructures are primarily distinguished for their topographical
anisotropy (e.g. grooves, fibers) or isotropy (e.g. pillars, holes) which lead to different
neuronal responses [122141]. For instance, grooved substrata have been reported to
promote either parallel or perpendicular contact guidance depending on pattern size
and neuronal type. Primary spinal neurons polarize preferably parallel to grooves as
wide as 1-4 mm in a range of grooves depth, while primary hippocampal neurons on
the same patterns showed a more variable response, but seemed to favor perpendicular
guidance and smallest grooves [144], Other studies focused on pillars highlighted the
importance of these structures in determining primary hippocampal neurons
polarization and their ability to enhance neurite length and axonal collateral branches

formation compared to flat surfaces [145146]1, Focal adhesion signaling was recognized
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as a fundamental character in pillars-mediated neuronal polarization, tyrosine
phosphorylation was enhanced at the pillar contact point and it colocalized with F-
actin patches and paxillin to recruit N-cadherins clustering, thereby initiating axonal
sprouting onto pillar tips [147]. By studying competition between topographic and
chemorepulsive cues, the same group shown that optimal pillars spacing signals are
sufficient to overcome Semaphorin3A (Sema3A)-mediated repulsion of neurite
outgrowth [148], In the last decade a particular attention has been devoted also to carbon
nanotubes (CNTs) and carbon nanofibers (CNFs), thanks to their reported ability to
enhance neurite outgrowth and functional reconnection after lesion in CNS organ slice
cultures (Figure 6) [106:149-151], Carbon nanomaterials-based substrates usually result
in a dense and intricate mesh of nanometric structures able to electrically and
mechanically couple neuronal tissues. By consequence several groups have been
addressing patterned surfaces decoration with CNTs and CNFs to integrate material
electrical properties and nanometric feature size with microtopographical guidance
[152-154], As expected, among CNS cells, neurons are not the sole cell type responding to
geometrical cues. Evidences of astroglial cells morphological changes and reduced
adhesion in response to surface micro-patterning have been provided [55156],
Interestingly, cultures of cortical astrocytes onto grooved polymethylmethacrylate
(PMMA) were found to develop into radial glia-like cells with a pro-regenerative
phenotype [157]. Erkin Seker’s group extensively studied cortical primary cultures
adhesion onto nanoporous (np-Au) versus planar gold (pl-Au) showing that focal
adhesion formation can be controlled in a feature size-dependent manner. They
reported a significant reduction in astrocytes surface coverage onto np-Au with no
effect on neuronal adhesion, suggesting that underlying mechanisms are cell-type

specific [158]. Adhesion strength lowering correlated with reduced area, but increased

18



number, of astrocytic focal adhesions onto nanostructured gold [159:160l, Similar
findings were reported after PEDOT:PTS micropatterning and in addition to increase
neuron-to-glia ratios, attenuated gliotic response was observed by proinflammatory
cytokines and chemokine factor profiling in vitro 61, Indeed, microglia too can
respond to topographical stimuli by morphological adaptation and specific cytokines
secretion [162,163], Surprisingly, microglia-dependent multinucleated giant cells (MGCs)
formation and myelin phagocytosis were hampered onto PCL-based electrospun fibers
compared to solvent casted planar films [163], It is pertinent to mention
oligodendrocytes and their precursors (OPCs). Topography and stiffness of the
extracellular environment can impact OPCs and oligodendrocytes differentiation and
guidance through mechanotransduction signaling pathways [164,165], Moreover, micro-
and nanofibers have been used to study myelination process in neuron-free cultures,
highlighting oligodendrocytes ability to enwrap artificial fibers even in the absence of

chemical cues just by defined size threshold recognition [1661,

To stress the concept of topographical cues relevance in implant manufacturing for
neurology, it suffice to think about the frequent requirement of electrode insertion
within the nervous tissue. Such procedure implicates tissue damage and results in a
series of tissue reactions leading to glial cells activation [50.1671, A potential consequence
is represented by the formation of a fibrotic glial scar wrapped around the implanted
electrode, increasing the impedance and progressively reducing the signal-to-noise
ratio (SNR), thus worsening neural stimulation and recording [168169], As described
before, topographical modification can be exploited to reduced undesired glial

reactions and overcome such drawbacks.
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Figure 6. Carbon nanomaterials -interfaced CNS organotypic slice cultures. A. (I) Two spinal cord/DRG
organotypic slices were co-cultured onto PDMS and PDMS-CNTs 3D scaffolds. Extracellular field potential
paired recording from the premotor region in the ventral zone was used to study functional reconnection
between tissues. (II) Representative voltage traces of each condition highlighted a greater electrophysiological
signal synchronization (red arrows) and increased communication between slice pairs developed on PDMS-
CNTs. (III) The extent of synchronization was estimated through cross-correlation analysis and plotted as
percentage of correlated pairs of slices [!5°1. B. Spinal cord/DRG paired slice cultures were plated onto control
glass coverslips (top) and 3D CNFs (bottom). After 14 days in vitro (DIV) immunolabeling of neuronal
microtubules (B-tubulin III; red), motoneuronal neurofilament H (SMI-32; green), and total nuclei [4',6-
diamidino-2-phenylindole (DAPI); blue], revealed diffuse fibers sprouting towards the neighboring slice on
3D CNFs (scale bars = 500 um) 1491, C. (I) An organotypic culture model of lesion where the main excitatory
entorhinal input to hippocampal dentate gyrus (DG) can be studied was interfaced to flat glass coverslips
(control, top left sketch) and transparent CNTs carpets (tCNTs, top right sketch). Local field potential co-
recording from entorhinal cortex (EC, red traces) and DG (black traces) served to monitor electrophysiological
entorhino-hippocampal communication through the performant pathway (PP). Maximal signals
synchronization between EC and DG electrodes was always observed before PP transection either in control
or tCNTs groups. Synchronization dropped dramatically in lesioned slices grown for 8 DIV onto control glass,
whereas it was totally recovered in lesioned slices developed in contact with tCNTs (see representative traces).
(II) Immunolabeling of neurofilament H (SMI-32; green) displayed a tremendous fiber regrowth across the
transected area onto tCNTs compared to glass control 51, (I1T) The volume of SMI-32-positive projections
was estimated by confocal reconstruction at the lesion site confirming electrophysiological recording data ['511.
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2. Electrical recording and stimulation of excitable tissues

2.1 Advances in electrode design
Neural recording and stimulation have been representing two crucial tools for the
study and the comprehension of neurophysiological processes [70]. The firsts evidence
of bioelectricity controlling body functions dates back to the second half of the 18th
century (A.D.) thanks to the electrophysiological studies of Luigi Galvani and his wife
Lucia Galeazzi on ex vivo frog neuromuscular preparations. Their observations were
directly linked to the possibility of stimulating the frog sciatic nerve, resulting in
muscle contraction and leg motion, using electrical charge stored in a Leyden jar (the
oldest electrostatic capacitor) ['71], At that epoch instrumentations and skepticism
represented the major limits, but between 1830 - 1844 Carlo Matteucci provided
further evidences of the biological origin of electric nervous signals measuring
physiological currents in various experimental configurations with the astatic
galvanometer developed about a decade earlier by Leopoldo Nobili (which also
performed the first electrophysiological recording although misinterpreting it) [172-1741,
Hermann von Helmholtz first tried to measure the speed of nerve impulse, but for a
more precise estimate his assistant Julius Bernstein invented the “differential
rheotome”, a device enabling to sample signals at 10 - 20 kHz rate ['75]. In such a way,
they provided for the first time an accurate measurement of the nerve resting potential,
action potential kinetics and conduction velocity ['76]. In the same years, Richard Caton
recorded the first electroencephalogram (EEG) from mammal scalps using a
Thomson’s mirror galvanometer, also discovering that cerebral potentials could be
evoked by sensory stimulation [77]. This factual framework definitely laid the
foundations for electrophysiology research take-off. Along with the advances in

instrumentation development, at the beginning of the XX century electrodes design
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innovation played a pivotal role in the progression of this discipline. Great
improvement were initially made possible by the introduction of heat-pulled glass
microelectrodes, which were first reported in 1919 for extracellular focal stimulation
and subsequently applied to intracellular and extracellular recordings by the half of the
century [178-180], Glass micropipettes filled with proper electrolyte and connected to the
amplifier input via platinum or Ag/AgCl wires soon became the gold standard for in
vitro electrophysiology research. Some explanations for their extensive application are
of course their ease of preparation and their versatility in terms of electrical resistance,
allowing to record extracellularly single-units, population spikes and field potentials,
to probe intracellularly single-neurons activity and later to investigate single-channels
properties by patch-clamp methods [:81-183]. In accordance with the aims of this thesis,
focused on implantable neuroprosthetic devices, I will address exclusively extracellular
approaches. Indeed, glass micropipettes have represented an important tool to
monitor either single-units or the collective behavior of multiple neurons from the
extracellular milieu in animal models in vivo, but the improvements in metal
electrodes manufacturing from the second half of the XX century led back to a
material-based approach [:84-186], Simple protocols for the insulation/coating of
various metals (e.g. tungsten, platinum, stainless steel, iridium, Elgiloy™), resulted in
manufacturing sharp, low-noise microelectrodes (particularly in the 1 - 2 kHz
frequency range) with appropriate stiffness/rigidity for meningeal barriers and neural
tissue penetration [187-191], More importantly, the mechanical properties of metal
electrodes favored also the early introduction of microwires for chronic recordings in
freely moving animals [192], As semiconductor microfabrication strategies rapidly
evolved from 1980s, also silicon-based multielectrode arrays (MEAs) such as Utah and

Michigan probes came into play [193-195] (Figure 7A, B). Soon, these designs were
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implemented with integrated active electronics prompted by advancements in
complementary metal-oxide semiconductor (CMOS), printed-circuit technologies and
microelectromechanical systems (MEMS), allowing a dramatic size reduction of neural
probes or inspiring the further development of sophisticated multifunctional
microelectrodes [196-198] (Figure 7C). The use of transistors was fundamental in this
process, providing the tools to increase the density of MEAs by multiplexing read out
lines, to amplify signals at the electrode-tissue interface and to minimize power-
consumption required for logic operations, without impacting device size [199-202],
Even though, the need for non-penetrating probes to reduce invasiveness and improve
the chronic performance of implanted device became relevant. On one hand, cortical,
epidural and subdural arrays for the CNS were made possible with the introduction of
polymeric coatings of electronics and all-polymer electrodes [203] (Figure 7D). On the
other hand, PNS probes evolved from invasive intrafascicular nerve electrodes to non-
penetrating cuff electrodes [204-207]1 (Figure 7E). Anyway, these solutions often
represent a compromise in terms of reduced specificity towards target neurons.
Despite the stunning progresses in implantable electrodes technology in the last
decades, issues still remain; of major concern are the foreign body response (FBR)

together with the mismatch between material and neural tissue.
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Figure 7. Novel electrodes for recording and stimulation. A. SEM image of the 100 microelectrodes Utah
electrode array (UEA) developed by Normann et al. 1999 for cortical vision prosthesis (scale bar = 1 mm). B.
Michigan-type probe composed by 200 channels of close-packed silicon microelectrodes designed by Scholvin
et al. 2016 (scale bar = 50 um). C. Optical micrographs of two-shank silicon optrode fabricated by Schwaerzle
et al. 2013 including laser diode chips and waveguides for optogenetic stimulation and platinum electrodes for
neural activity recording (from left to right, scale bars = 2 mm, 500 um). D. Optical image of the electronic dura
mater (e-dura) designed by Minev et al. 2015 for spinal cord injury non-invasive application. It combines
silicone-embedded electrodes, chemotrodes and microfluidics to perform both electrical and chemical
stimulations (scale bar = 3 mm). E. Illustration of the multipolar cuff electrode conceived by Prof. Hoffmann
group at the Fraunhofer IBMT. Ramachandran et al. 2005 integrated the technology with pre-amplifier and
filter at the electrode site (scale bar = 500 mm).
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The two phenomena are strictly interconnected and can be overall reconducted to (1)
chemical, (2) biological and (3) mechanical origins (2081, (1) When an electrode is placed
in the nervous tissue is by consequence submerged in an electrolyte, i.e. the
cerebrospinal fluid (CSF) or more in general the extracellular milieu. This event
enhances redox reactions potentially leading to corrosion, delamination, or
progressive deterioration of coatings [196] (Figure 8A). Importantly, electrode
insertion inevitably leads to BBB impairment, provoking vascular disruption with
prominent release of iron, which in turns promotes Fenton’s reactions known to
increase oxidative damage [209.2101. Moreover, events such as biofouling, resulting from
the absorption of biological material can further compromise electrode stability [211.212],
(2) The lasts two scenarios can be somehow reconducted to a biological origin even if
the consequent electrode impairment is actually driven by chemical reactions. Along
with the afore-described effects, tissue penetration by a foreign body severs the tissue
integrity. Tissue reactivity activate microglia and astrocytes, with increased
proliferation and changes in their morphologies, ultimately resulting in electrode
encapsulation by a fibrotic/gliotic scar [50.168.208] (Figure 8B). (3) The mechanical
mismatch caused by elasticity differences between most materials (Young’s modulus

in the GPa range) and the soft brain tissue (Young’s modulus kPa), is chronically
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observed during micromotions of implanted electrodes [186.213.214] (Figure 8C). This

persistent tissue stress enhances neuroglial activation and foreign body reaction [208],
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Figure 8. The material mismatch issue. A. SEM of polyimide-coated tungsten microelectrodes pre-
implantation (left) and post-implantation (7 days, right). Tip darkening and reduced volume represent signs of
corrosion (scale bars = 50 um). Idil and Donaldson 2018 reviewed the oxidizing effects of human physiological
environment against tungsten. B. Polikov et al. 2006, proposed an in vitro model to study glial scarring of
neural electrodes (left and middle). Their fluorescent micrographs display astrocytic (green) and microglial
(red) cells wrapping up microwire electrodes after 10 DIV (scale bars = 100 and 50 um respectively). On the
right, a similar result after chronic MEA implantation in the rabbit cortex is reported by Marin and Fernandez
2010. Astrocytes (red) are densely packed around electrode track while neuronal nuclei (green) remain apart
(scale bar = 50 um). C. Two intuitive charts, reproduced from Hong and Lieber 2019, show the tremendous
differences of elastic moduli and bending stiffness among most materials and brain tissue, highlighting the
potential of hydrogels, polymers and mesh electronics for novel neural technology development.
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All together, these events seriously compromise chronic recording and stimulating
capabilities, usually by increasing electrode impedance thus reducing the charge
transfer at the electrode-electrolyte interface (EEI) [2:5]. Chemical and biological
responses against implanted devices can be fairly contained by surface
functionalization through bioactive/biomimetic molecules, drugs or inert materials,
used as protective coatings [208,210,216,217] The introduction of highly corrosion resistant
materials, such as amorphous silicon carbide, represented an alternative and valid
strategy [218-220]. Comparably, surface topographical and geometrical modifications,
together with electrodes size reduction, also are extensively adopted methods to limit
protein absorption and biofouling [221.2221, As mentioned in the section 1.3
“Topographical cues of implantable devices”, micro- and nano-topography have been
used to reduce glial adhesion and reactivity, and a size range of the probes exists to
elude FBR [161,208], To face the mechanical mismatch instead, the bending stiffness is
often addressed through shank probes thinning, to reduce rigidity during micromotion
and ameliorate compatibility (1961971, The choice of new materials mechanically
compliant with the nervous tissue is also important, liquid crystal polymers (LCP),
conductive polymers and polymers composite became a trend for implant design
[203,223-225], Ejither flexible or rigid organic field-effect transistors (OFET) for high SNR
(= 20 dB) recordings and stimulation were developed for both in vitro and in vivo
applications [201.226,2271 Conductive hydrogels electrodes have also been explored with
successful results [228,229], Other promising achievements have been reached by Charles
Lieber’s group, which proposed in the last years syringe-injectable mesh electronics for
chronic implant design [230-232], To conclude, interesting overviews of new technologies
recently provided by Polina Anikeeva and collaborators, included microfluidic- ,

optogenetic- and ultrasound-based probes to address neural behavior [196:198]; a
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particular mention is reserved to the research made towards magnetic sensors for
completely non-invasive recording of neurophysiological activity, which might

represent an unprecedented breakthrough in neuroprosthetic [233-2351,
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2.2 Potential of electrical stimulation in biomedicine: electroceuticals
The presence of CNS physical barriers complicates the delivery of several chemical
compounds for therapeutic purposes and at the same time, it limits to a certain extent
the use of body fluids-based diagnostic tests to enquire into CNS health state
(nevertheless important advancements have been done also in this field) [236.237], Thus,
provided that diagnosis and treatment of several neurological disorders can be tackled
from an electronic perspective, neurobiology may benefit from nanomaterials and
nanotechnologies to design new approaches [81.238]. Importantly, not only the CNS, but
essentially all organs and body functions are regulated through neuronal circuitry,
namely by the autonomic nervous system (ANS), divided in sympathetic and
parasympathetic nervous systems (thoracolumbar and craniosacral outflows
respectively; Figure 9) [239]. Therefore, intercepting these axes at the nerve fibers level

could be exploited also for therapeutic intervention of homeostatic, metabolic, and
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Figure 9. Organs innervation by the autonomic nervous system (ANS). Not only the CNS, but also the PNS is
increasingly considered as a potential target for neurological and non-neurological diseases. Sketch by Phillip
Low, MD (https://www.merckmanuals.com).
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endocrine disorders. Moreover, pharmacodynamics and pharmacokinetics of existing
drugs display a dramatic interpersonal variability due to genetic polymorphisms
among populations, complicating the design of treatments [240.241], This drawback
might be overcome, in some cases, by electrical stimulating approaches acting on
nerves or excitable targets, where responses are mediated by patterns of action

potentials that can be reshaped to elicit healing effects.

As a matter of fact, electrical stimulation has long been identified as a precious tool for
several conditions. Historically, Scribonius Largus (1 - 50 A.D.) was likely the first
physician proposing, in his Compositiones medicamentorum, the electrotherapy to
relief headache and gout pain by using the shock of a torpedo ray; eventually such
healing effects were further investigated and extended to other conditions [242], To date,
the most familiar electrical stimulators are probably the artificial cardiac pacemakers,
introduced as early as 1932 and having since then experienced a continuous evolution
with a tremendous impact in patients life expectancy [243]. Likewise, also non-fatal
conditions such as deafness and blindness took advantage of the technological progress
in sensory deficits restoration through cochlear implants and visual prosthesis [244-246],
By the end of the XX century, deep brain stimulation (DBS) was approved for
Parkinson’s disease cognitive and motor symptoms relief, and subsequently it went to
trial for other neurological and neuropsychiatric disorders, including epilepsy [247:2481,
Interestingly, closed-loop electrical modulation/recording approaches have recently
provided a relevant contribution to spinal cord injury (SCI) neurorehabilitation [249,250],
Epidural electrical stimulation was proven to induce rhythmic hindlimb movements in
animals, leading to partial recovery of locomotion [251.252] and strong evidences support

spinal cord stimulation efficacy in chronic pain treatment [253.2541, Indeed, in the last
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decade, governments, academia and industries increasingly invested in the
development of therapies exploiting electrical stimuli delivery to excitable tissues
[255,256], A number of electroceutical products were recently developed, entered clinical
trials, and reached the market after governmental approval (Table 1). Among the
different stimulation targets, vagus nerve has been successfully addressed and thus far
represents the most successful in several conditions. Hence, a rationale is required to
construct appropriate solutions [257]. Since the very end of the XX century, vagus nerve
stimulation (VNS) was shown to be an effective treatment for epilepsy, but researches
on the exact mechanisms are still ongoing [258-260l. A remarkable role in the field of
vagal axis physiology has been fulfilled by Kevin J. Tracey and collaborators which
showed how VNS attenuates tumor necrosis factor a (TNFa), interleukin 6 (IL-6 ) and
others pro-inflammatory cytokines release from macrophages acting on a7 nicotinic
receptor, thus preventing a wide range of inflammatory diseases [261,262], The so called
“cholinergic anti-inflammatory pathway” can be recruited by electroceutical
stimulators for therapeutic purposes in the case of rheumatoid arthritis and Chron’s
disease, and further solutions will be available also for acute inflammatory conditions
(e.g. septic shocks) [263-265]. Comparably, studies have described that ANS
neuromodulation could be an effective solution for gastrointestinal and eating
disorders [266]. In a recent work of Guyot et al. targeted with micro-cuff electrodes the
proximal sympathetic efferent to the pancreatic draining lymph nodes to prevent T
cells-mediated autoimmune diabetes progression in mice, paving the way for new
therapeutic solutions for type 1 diabetes (267, Ascending sympathetic pathways to the
pineal gland were also modulated by electrical stimulation of ascending superior
cervical ganglia to foster N-acetyl serotonin and melatonin levels, for neuroprotection

in circadian rhythm disorders [268]. A number of in vitro studies are contributing to
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Device Company Target Condition
aura6000™ ImThera nypeglosss) obstructive sleep apnea
(LivaNova) nerve
Axonics® Axonics sacral nerve blad@er anq Howel
disfunctions
gammaCore™ electroCore vagus nerve cluster headache
IB-Stim™ IB-Stim cranial/occipital o abdominal pain,
nerves irritable bowel syndrome
L300™/H200™ T limbs/hand rehabilitation and. regain of motor
functions
Monarch eTNS® NeuroSigma trigeminal nerve attent.lo_n de.ﬁc't
hyperactivity disorder
Omnia™ NEVRO spinal cord chronic back pain
SenTiva® LivaNova vagus nerve drug-resistant epilepsy
; e . : chronic pain,
StimRouter Bioness perfieral nerves Biaddsramd bowel disfunetions
Symmetry™ LivaNova vagus nerve durg-resistant depression

Table 1. List of some electroceutical devices present in the market. To date the Food and Drug
Administration (FDA) approved several electrical protocols for the treatment of mild and severe disturbs
and the European Medicines Agency (EMA) is aligning to this trend.

characterize electrophysiological and molecular responses to various electrical
stimulation protocols, to address nerve remyelination, tissues regeneration, cell
differentiation and immunomodulation [269-271], Therapeutics is looking forward to
new strategies that would adapt to impairing conditions where surgical or
pharmaceutical approaches failed, and electronic medicine seems to be an optimal

candidate to tackle this challenge.

In the digital era, electroceuticals will also result in multifaceted devices enabling
continuous monitoring of physiological parameters that could be directly accessed by
the specialized physician to provide patient surveillance on a daily basis; remote device
control will be feasible and closed-loop neuromodulation systems could be tuned ad-

hoc in real-time [272], Limitations of course exist also for electroceuticals: CNS mapping
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remains a challenge that deals with the ability to individually address bunch of neurons
within specific regions in a durable and reliable way and with minimal invasiveness; to
avoid cross-talks with nearby regulatory loops, several physiopathological mechanisms

still need to be fully dissected.
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3. In vitro approaches to nanomaterials and device testing

3.1 Dissociated cultures
Throughout the 19th century it was widely agreed that all organisms with their organs
and tissues were composed by cells [273]. Nevertheless, according to the reticular theory
supported also by Camillo Golgi the brain was thought as an exception and it was
described as a single continuous network. Santiago Ramoén y Cajal, who refined the
histological techniques of the epoch developed right by Golgi, suggested that individual
neurons form a contiguous network (at the synapse level), arising the so-called neuron
doctrine [274], In such a disputed scenario, Prof. Ross G. Harrison attempting to support
the neuron doctrine, produced the first (“hanging drop”) neural cultures where he
observed neurites outgrowth from neuronal somata [275]. The comprehension that
neuronal cells and network can be developed and studied in culture prompt the design

of new tools to grow cells and tissues in vitro [276.277],

Since their earliest years, long-term culture preparation from dissociated tissues were
recognized as a crucial tool to dissect at the cellular level basic mechanisms inherent
to various physiological and biomedical issues [278]. A large amount of work was made
to optimize growth conditions and maintenance, providing standardized protocols to
favor reproducibility and comparability [279-282]. Remarkably, neurospheres
introduced by Reynolds and Weiss in 1992 allowed cells passaging by continuous and
symmetrical division of a stable niche of multipotent cells. The resulting neural
progenitor cells which can be stored after freezing and expanded in culture, provided
a valuable tool to abate animal use in neurobiology research [283-285], A comparable
impact was produced by the introduction of novel immortalization protocols, such as

telomerase gene overexpression and induced pluripotent stem cells (iPSC) technology,
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which permitted also human biopsied cells to be studied long-term after in vitro
development [286-288], Nonetheless, genetic and epigenetic stability can be seriously
compromised in the aforementioned models and therefore primary cultures with
defined genetic background are often preferred [289290], Dissociated cultures from
various rodent CNS regions of late embryonic or newborn pups have been extensively
studied and embody to date the benchmark to compare physiological and biophysical
properties of single neurons and networks during development [291292], Certainly,
neurodegeneration and neural tissue regeneration represent two major topics in
neurobiology, which features can be faithfully reproduced in vitro (Figure 10A)
[269,293,294], Events such as synaptogenesis and plasticity are easily and reliably observed
through electrophysiological means or fluorescence microscopy in developing

neuronal cultures (Figure 10B) [295-298],

Treated

Figure 10. Immunofluorescence on
primary hippocampal cultures. A.
Neuronal = damage upon  non-
biocompatible metallic nanostructures
exposure (right) can be easily observed
in vitro. Primary dissociated cultures
represent the first line screening for
safe biomaterial identification (scale
bar = 60 pm). B. Nanopatterned
electrodes surfaces (right) are able to
promote neurite elongation and
synapse formation compared to flat
surfaces (left) as shown by the greater
neuronal processes (red) and synaptic
protein clusters (green) densities (scale
bar = 25 um).
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Noticeably, also the design of safe and targeted neurostimulation protocols has
beneficiated of fundamental observations in primary dissociated cultures [299:300], Stern
and colleagues for example studied the chronaxie of cultured hippocampal neurons
grown in oriented patterns; network pharmacology and rotating electric field
application were used to derive the strength-duration curves and led to the observation
that, given their lower rheobase with a slightly higher chronaxie, dendrites could be a
more suitable target for action potential stimulation compared to axons which require
higher currents [301. Also, exogenous electric fields are known to be effective, under
certain circumstances, in promoting fiber regrowth and remyelination of impaired
peripheral and central nerves, and co-cultures of primary dorsal root ganglia (DRG)
and oligodendrocytes / Schwann cells were essential to elucidate the molecular
mechanisms underlying such processes [269.270,302,303], Ishibashi and co-workers shed
light on the phenomenon demonstrating that as a result of electrical stimulation, the
ATP released from the axons of an excited neuron activates purinergic (P2) receptors
on astrocytes thereby promoting the release of the cytokine LIF (leukemia inhibitory
factor) which in turn, acting on mature oligodendrocytes, promote dorsal root fibers
remyelination [304], As in the latter case, the combination of different primary cells in
co-culture has been exploited to gain insight on the contribution of the various cell-
types to physiological and pathophysiological processes within the neural tissue. From
such studies emerged that support cells are crucial characters in regenerative processes
for examples: in adult rat with spinal cord lesion, Schwann cells or microglial cells
grafted at the injury site are known to promote partial axon regrowth, but with co-

cultures of Schwann cells and DRG neurons it was demonstrated that microglia co-

36



grafting or microglia conditioned medium enhance DRG fiber regeneration in vitro
(Figure 11) [305-307], In an electrophysiological study the impact of cell replacement
therapy was further addressed in co-cultures of NPCs and postnatal hippocampal
neurons where, functional NPCs maturation was speeded up by the presence of spiking
hippocampal neurons [3981. On the other hand, co-cultures and tri-cultures of neuronal,
astrocytic, and microglial cells are nowadays considered a reliable model to observe
neuroinflammatory processes at the molecular level [309:310], Importantly, in vitro
single cell electrophysiology methods have long been, and still are, considered a
fundamental step for pharmacological screening process. On a par with that,
nanotechnologies are considered xenobiotics and by consequence, their testing also

requires meticulous electrophysiological validations [311.312],

Figure 11. DRG explant outgrowth (scale bar = 1 mm) 3071, A. DRG grown onto poly-L-lysine (PLL) coating.
B. DRG grown with microglia conditioned medium (MCM). C. DRGs grown in the presence of microglia. D.
Similarly, DRGs in culture exposed to Schwann cells (SC) showed a comparable fiber outgrowth. E. The
combination of Schwann cells and microglia conditioned medium increased explanted fibers length. F. Co-
cultured Schwann cells and microglia added to DRG explants elicited the greatest fibers outspreading.
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Indeed, the hike in nanomaterials supply to neural technologies development, has
created a demand for first-line screening tools to assess toxicity of nanostructures and
to monitor cell behavior over mesoscopic systems [3:3], The advent of outperforming
materials showing particular physical properties (e.g. piezoelectricity, bolometric
response, hygroscopicity, magnetoresistivity, superconductivity etc.) encouraged the
characterization of their interaction with neuronal networks for neural engineering
approaches. For instance, carbon-based materials such as graphene and carbon
nanotubes, demonstrated to intimately interact with developing neurons in vitro,
influencing synapse formation, plasticity and neurotransmission [107:110,314-318] ndeed,
high-SNR recordings and efficient stimulation have been succeeded using these and
others nanostructured materials [319-3221. By consequence, the combination of such
nanotools resulted in CMOS and FET technologies which already demonstrated their
efficacy in vitro, and that will be soon available for the design of new biomedical

devices capable of an unprecedented resolution [323-3271,
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3.2 Organotypic cultures
Studies on dispersed CNS cells in culture undoubtedly lays the groundwork for
whatever study that would attempt to reach the in vivo application, but, unfortunately,
much more is needed to reproduce some whole-organism feature such as three-
dimensionality, including cells embedding into ECM, cyto- and histo-architectures,
vascularization, metabolic zonation and others [328-3311, Brain slices prepared with an
appropriate anatomical rationale are considered for this reason the best tool to bridge
the gap between in vitro and in vivo models [332:333]. Two main types of tissue slice
preparations consist in short-term survival acute slices (usually from
postnatal/juvenile animals) and long-term organotypic slices cultures (usually
prenatal or early postnatal animals). It was around 1920s that the expression
“organotypic” first appeared in the scientific literature and it refers to the possibility to
maintain ex vivo morphological and cytoarchitectural aspects representative of the
organ tissue in vivo [334l. Most of complications in the setup of a reproducible
methodology for organotypic slice cultures from the nervous tissue, emerged from

their high metabolic demand, which in vitro is poorly supplied due to the absence of

blood flow.

The earliest attempts to obtain nervous tissue cultures are attributed to R. G. Harrison
with his “hanging drop” methods allowing explants survival just for a couple of days
(2751, Subsequently, in 1925 A. Maximow, who coined the term “organotypic”, developed
the “double coverslip” (a.k.a. “lying drop”) method, with extended explant survival
during culture [334]. As such, this latter approach remained for decades the most
suitable for neurobiology research and it resulted in the pioneering works of M. B.

Bornstein, E. R. Peterson, S. M. Crain and M. R. Murray on myelination and
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bioelectrical activity in developing CNS organotypic cultures [335-337]. By second half of
the century further refinements of the method, allowing long-term culturing, were
proposed as the: in oculo method, roller-tube method (dynamic) and the interface
method (static) [338-340l, The latter two are currently the most used, allowing a greater
tissue flattening which is convenient for microscopy and electrophysiological studies
[339.340], As a consequence of the flattening better oxygenation and nutrient supply are

guaranteed, thus allowing explants perpetuation for months in vitro (Figure 12) [341],

Figure 12. Transversal section of an embryonic spinal cord grown as organotypic slice culture for two months
with the roller-tube method. The slice was immunolabeled for neuron-specific cytoskeletal components (-
tubulin ITI, red), motoneuron-specific neurofilaments (SMI — 32, green) and nuclei (DAPI, blue; scale bar =
600 um).
Overall, these features make organotypic slice cultures a perfect candidate to model
CNS development or disease, study neurodegeneration and neuroinflammation,

evaluate xenobiotics and nanomaterials biocompatibility and more [342-345]. Long-term

cultures of nervous tissue have been prepared from various CNS regions including
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cortex, cerebellum, hypothalamus and substantia nigra, but hippocampal and spinal
cord slices certainly remain the most common models [339:346-3491, Slice co-cultures
from neighboring and anatomically-related structures, are fairly used as well, and
served to investigate axonal sprouting, target-dependent fiber regrowth, de- and re-
myelination processes and developmental changes in neuronal networks [350-356]. In all
cases, the recognition of defined anatomical structures is the starting point to isolate
specific circuitry and therefore, different cuts can lead to the preservation of different
networks to be studied in culture. Good examples are found in the hippocampal or
entorhino-hippocampal slices where cutting angle choice is crucial to maintain intact
portions of the main pathways in the hippocampal formation (e.g. perforant path,
mossy fibers and Schaffer collaterals) [357-359]. Comparably, spinal cord slices obtained
by transversal or longitudinal sectioning result in two different models, being the
former more suitable for sensory inputs and interneuronal circuits investigation, while
the latter more appropriate for spinal lesion modeling and/or to study propriospinal
fibers involved in locomotion [354.360-362] Qrganotypic explants retaining tissue-
resident and specialized cell populations are crucial to gain insight on the interplay
between neurons and supporting cells in both physiological and pathological
conditions [363], For example, astrocytes active role in sustaining neuronal activity and
synchronization through Ca2+ signaling have been observed in organotypic cultures
[364.3651, Also, microglial and astrocytic cells reactivity can be easily induced in such
models in a way that neuroinflammation can be studied long-term, as shown for
cerebellar, hippocampal and spinal cord slice cultures (Figure 13A) [366-368], Similar
reports highlighted the presence of oligodendrocytes and observed myelin sheet

formation in several organotypic models in vitro (Figure 13B-D) [367.369,370],
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Figure 13. Micrographs demonstrating supporting cells activity within organotypic slice cultures. A. Confocal
Z-projection of two organotypic spinal cord slices before (left) and after (right) 6 hours exposure to a
proinflammatory cytokine cocktail; microglial cells activation can be observed by Iba1 labeling (in red), while
reactive astrocytes are shown by GFAP (in green; scale bar = 50 pm) [3681. B. Electron micrograph cross-sections
of myelinated fibers in two organotypic hippocampal slice culture after 7 DIV (left) and 21 DIV (right); circular
electrodense structure corresponds to the compact myelin sheath (scale bar = 1 um) [3691. C. Calbindin-positive
Purkinje neurons (cyan) found in a cerebellar slice is co-labeled with anti-MBP (myelin basic protein, green) to
visualize myelinated axons (scale bar = 25 um) [3701. D. Confocal reconstruction of SMI-32-positive motoneurons
(green) in an organotypic spinal cord slice culture; anti-MBP (red) co-labeling of myelinated motoneuronal
axons is visible (yellow; scale bar = 50 um) [355],

In this scenario, neuro and nanotechnologies are finding an appropriate milieu where
their properties can be elucidated in models with an increased complexity, reminiscent
to some extent of what is observed in vivo. For example, potential nanoparticles
cytotoxicity must be finely assessed before their applications for drug delivery or as
contrast agents. In hippocampal slice cultures it has been shown how microglial uptake

of superparamagnetic iron oxide nanoparticles is fundamental to prevent cell deaths
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of hippocampal neurons (371, Similarly, in an in vitro model of traumatic spinal cord
injury (SCI) using organotypic spinal cords, it has been shown that gold nanoparticles
injected within injury foci are rapidly sequestrated by reactive microglia, thus reducing
nanoparticles availability as potential vector for therapeutic approaches [3721. Another
study on lipopolysaccharide (LPS)-treated hippocampal slice cultures, showed that
microglial fate was reverted to an anti-inflammatory (M2 polarized) phenotype by
administration of retinoic acid-loaded polymeric nanoparticles, resulting in the
substantial recovery of neuronal survival [373]. In our lab similar topic has been tackled
for many years and research using organotypic models unraveled the unique properties
of nanocarbon materials and textured substrates at the interface with the neural tissue.
In organotypic spinal slices, Musto et al. observed that upon exposure to small-
graphene oxide (s-GO), ventral interneurons activity is downregulated conversely to
what usually observed during neuroinflammation, paving the way for new therapeutics
[368.374], Moreover, microglial cells were shown to scavenge s-GO with time in culture;
this occurred in the absence of proinflammatory markers such as astrocytes reactivity
and neuronal damage [375]. Importantly, we previously, showed that tissue explants
accept and integrate other carbon-based nanostructures with no cytotoxic effects:
multi-walled carbon nanotubes (MWCNT) meshwork provided an anisotropic
environment able to enhance nerve fibers elongation out of a spinal cord explant in
vitro, the same behavior in segregated double-slice co-cultures onto 3D-carbon
nanofibers (CNF) led to the functional reconnection of spinal slices, as shown by
increased field potentials synchronization [106,149], A comparable study using 3D-PDMS
vs. 3D-PDMS-CNT scaffolds resulted in the same observations, thus motivating the use
of such nanostructures for 3D neural-interfaces engineering [150]. The CNT potential of

promoting fiber regrowth and tissue reconnection across a gap have been further
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explored in our lab in a lesion model of the entorhino-hippocampal complex in slice
cultures 051, Interestingly, Yu and colleagues fabricated a CNF-based MEA that they
used for electrophysiological recording and stimulation in organotypic hippocampal
slices [376], The great advantage of using long-term organotypic cultures for neural
device testing has been proven by Stoppini and colleagues since the beginning of the
century, and it led to the design of multi-site platforms with an unexpectedly high
spatiotemporal resolution [377-3791. Constant monitoring of cultured CNS explants
electrophysiological activity has been achieved with transistors arrays manufactured
with microfabrication technologies and CMOS-based high density MEA, chronically
interfaced to organotypic hippocampal slices, were used to reliably produce multiple
single-unit recordings for months in vitro (380381 Thanks to these and other
advancements neurotechnologies are increasingly drawing industries attention and
gaining public consent, with a potential economic impact to the sector, that will

hopefully lead advanced device to clinical testing and eventually to enter the market.
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4. Spinal cord: a yarned target

4.1 Spinal cord anatomy
First testimonies of physicians showing particular consideration to spinal cord
functions date back to XX century B.C. with the Edwin Smith Papyrus [382]. After that,
Galen of Pergamum (II A.D.) provided the first description of its gross anatomy, and
studies advanced thanks to the contribution of several scientists that elucidated various
tracts in the mammalian spinal cord [383.384], This keen interest translated after some
time to the meticulous works of Flatau, which first recognized laminar patterns in
thick, transverse sections of spinal cord, but also of Rexed and Scheibel who produced
a detailed description of laminae subdivision and their fine cyto- and dendro-
architecture [385-389], According to these and subsequent studies, spinal cord
architecture can be to date illustrated across two main axes: (i) longitudinal and (ii)

transversal.

Spinal cord is the caudal extension of the CNS responsible for conveying sensorimotor
information between the body and the brain, in either controlled or autonomic fashion.
Conversely from the brain, the white matter in the spinal cord is found in the outermost
part of the tissue surrounding the grey matter throughout its length [390]. In vertebrates,
it is encased inside a number of vertebrae, which intercalate with the intravertebral
fibrocartilage to provide mechanical protection and flexibility. According to its
longitudinal axis, it is rostrocaudally subdivided in four major regions: cervical,
thoracic, lumbar, and sacrococcygeal. Cervical and lumbar portions are characterized
by two enlargements that are justified by denser motoneuronal populations in the grey
matter, controlling upper (cervical) and lower (lumbar) limbs motor outputs [391,

Sensory signals from the periphery enter instead at each of the aforementioned
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rostrocaudal segments through the intervertebral foramen, where DRG have formed.
These primary afferent fibers are divided into three main categories: Aa/p, A and C
fibers. Still along the longitudinal axis, ascending and descending (or bidirectional)
pathways enable the communication with the brainstem and the brain, while
propriospinal pathways mediate information transfer within the spinal cord at various
levels. These pathways run in the white matter entering or exiting the spinal cord at
various levels, resulting in a decrease density of the white matter in the rostrocaudal
direction. Indicatively, ascending pathways transmit sensory cues and visceral
information to supraspinal centers, while descending pathways convey motor
commands and tune spinal reflex mechanisms (propriospinal pathways integrate and
modulate all these functions) [392:393]. Anyway, for a proper understanding of ascending
and descending tracts circuitry, the observation of the spinal cord in its transversal axis
is mandatory (Figure 14A). In this regard, the spinal cord can be subdivided in two
symmetrical halves along the median-sagittal plane, coincident with the anterior and
posterior median fissures; the two hemispheres are connected by a pair of transverse
commissures (anterior and posterior). On the lateral sides of the spinal cord ventral
and dorsal roots emerge from anterolateral and posterolateral sulci to form spinal
nerves [391], Still, considering the spinal cord cross section, the white matter can be
partitioned into dorsal, dorsolateral, lateral, ventrolateral and ventral funiculi, where
myelinated ascending and descending fibers are located (Figure 14A). On the other
hand, the grey matter is conventionally subdivided into a dorsal horn, intermediate
grey and ventral horn, plus a centromedial area embracing the central canal (central
grey; Figure 14B). Within these areas, appropriate stainings permit laminar pattern
observation (Figure 14B); as first proposed by Rexed, lamina I is the most dorsal and

it is considered a major source for supraspinal projections. In the dorsoventral
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direction, it is followed by lamina II (divided in outer and inner portions) and lamina
III, all receiving primary afferent inputs that are then redirected to ascending pathways
to process sensory and visceral information. Lamina IV is still part of the dorsal horn,
from here dendrites extend to laminae I — III, but also provide input to ascending
spinal pathways; two interruption exist in this lamina at the T1 — L.3 and C1 — C6 levels,
corresponding respectively to the dorsal nucleus (Clarke’s column) and the internal
basilar nucleus. Laminae V and VI are found at the boundaries with the intermediate
zone and are both divided in two (lateral and medial) portions. Lamina V neurons
possess dendrites extending to both dorsal and ventral locations (laminae II, IIT and
VII). Lamina VI instead, is only observable in cervical and lumbar enlargements,
propriospinal neurons here mainly receive afferents from group Ia muscle spindles,
but also from interneuronal networks involved in reflex pathways. Lamina VII
corresponds to the intermediate/ventral zone, where most of premotor interneurons
are located. These latter projects to motoneurons in lamina IX and by consequence
they are modulated by descending pathways from the brain controlling motor
functions. From lamina VII, projections to supraspinal centers were also observed.
Importantly, in this lamina, several spinal nuclei were identified at different
rostrocaudal extents: central cervical nucleus (C1 — C4 segments), sacral
parasympathetic nucleus (S1 — S2), intermediolateral nucleus (T2 — 1.2), sacral dorsal
commissural nucleus (L6 — S4) and sacral precerebellar nucleus (S1 — Co3). Lamina
VIII neurons are heterogeneously represented in the rostrocaudal direction, they
project dorsoventrally in the grey matter, but also in the white matters at the very
boundary with the grey. These ascending and descending projections represent
propriospinal fibers, that, together with commissural fibers to the contralateral ventral

horn and to supraspinal centers, play a crucial role in motor activity coordination.
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Lamina IX is the most ventral and it is mainly populated by somatic, larger a- and
smaller y-, motoneurons; nevertheless, a number of [-motoneurons and small
interneurons can be identified as well at this location [394-396], Spinal motoneurons are
usually referred as lower motoneurons and are cholinergic (in contrast with upper
glutamatergic motoneurons), their distribution within this lamina varies according to
the rostrocaudal axis and by consequence their segmented organization has led to the
definition of distinct motor columns (Figure 14C): medial motor column (MMC),
lateral motor column (LMC), hypaxial motor column (HMC), preganglionic column
(PGC), spinal accessory column (SAC) and phrenic motor column (PMC) [397], It is
worth to note, as recent studies showed, that also the different interneuronal subtypes
are distributed in a similar segmental organization along the longitudinal axis,
motivating further investigations on these cell types within spinal circuitries [398].
Finally, lamina X is located around the central canal, with its neurons showing two
main kind of dendroarchitectures (dorsoventral and rostrocaudal). In this region,
somatic and visceral afferents convey nociceptive sensations and projections to
supraspinal centers are present together with propriospinal fibers at all levels. Lamina
X is in fact the seat of the intermediomedial nucleus and a part of the intercalated

nucleus, both involved in gathering autonomic information from visceral organs

[394,3951,
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Figure 14. Schematic representations of spinal cord architectures. A. A Sketched cross-section of the spinal
cord white matter illustrating the localization of some descending (red) and ascending (blue) tracts at different
funiculi; bidirectional pathways (black) are instead found at the boundary between white and grey matters
(adapted from Wikipedia). B. Drawing of a spinal cord hemisphere depicts the grey matter laminar subdivision
[398], C. Scheme of the longitudinal organization of motor columns within the grey matter in the ventral horn [397],
Although a general overview of spinal cord anatomy can be easily provided, inter- and

intra-species differences exists at the fine cytoarchitectural levels, and therefore they

must be considered for any experimental design.
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4.2 Spinal cord injury
According to WHO statistics, worldwide up to half a million people suffer each year
from spinal cord injury (SCI). These include both traumatic and non-traumatic
injuries, with the first group representing the majority of the cases [3991. Spinal lesions
are anyhow heterogenous in nature depending on the localization (Figure 15A), but
also on the type and size of the lesion. The American Spinal Injury Association (ASIA)
published in 1982 the first “International Standards for Neurological Classification
of Spinal Cord Injury” to assess lesion severity based on four criteria: (1) sensory and
motor levels, (2) ASIA impairment scale, (3) completeness of the lesion and (4) zone
of partial preservation for complete lesions; importantly, these guidelines have been
continuously revised and updated until today [400.401]. As reported in an MRI study by
Bunge and colleagues, the type of SCI can be also classified in at least four pathological
correlates: contusion cyst, cord maceration, cord laceration and solid cord injury
[402,403]; contusion lesions (Figure 15B) are the most commons and they can be easily
reproduced in animal models [403]. The biological response to spinal lesions has been
extensively investigated and it includes a primary injury usually of traumatic origin,
followed by a delayed and prolonged secondary injury which can last from hours to
years (Figure 15B). By consequence, such stages are commonly divided in four
phases: (1) immediate phase, (2) acute phase, (3) intermediate phase and (4) chronic
phase 4041, Within the first 2 hours after the primary lesion, the immediate phase
occurs mainly caused by local hemorrhages and edema. Indeed, at a systemic level,
after a very first increase in blood pressure, prolonged hypotension is always observed
likely due to reduced blood volume. Swelling and bleeding produce an ischemic
environment rapidly resulting in oxygen (and therefore ATP) deprivation, which

exacerbates necrosis and exposes neurons to others, non-apoptotic, cell deaths [405-407],
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Figure 15. Schematic overview of the effects of spinal lesions. A. Longitudinal profile of the human spine
indicating main nerve functions at different levels. Usually, all nerve functions are impaired under the region
of the injury [399]. B. Sagittal representation of a contusion lesion adapted from Thuret et al. 2006 [432], Primary
injury site is characterized by neuronal death meanly occurring by various types of programmed cell death
(e.g. necrosis, oncosis, necroptosis, parthanatos and ferroptosis); this necrotic area expands over time as
consequence of secondary injury processes: extravasation of immune mediators from severed blood vessels
dramatically worsen the scenario, macrophages are recruited and together with activated microglia show
phagocytic behavior, microglia extending within fiber tracts lead to Wallerian degeneration on distal axons
and induce apoptotic processes on oligodendrocytes far from primary lesion areas.

Moreover, resident microglia reactivity rise in minutes after traumatic injuries, leading
to phagocytic and pro-inflammatory phenotypes as commonly shown by chemokine
(e.g. IL-8 and CCL2) and cytokine (e.g. IL-6, IL-18, TNFa) expression profiles
[404,408,409] Also, as soon as neuronal and astrocytic membranes are disrupted right at
the lesion site, glutamate leaks and its reuptake fails, thus reaching excitotoxic levels
after few minutes [404.410], At the onset of the acute phase (early 2 — 48 h and subacute
48 h — 2 weeks), the above described scenario continues and aggravates. Excitotoxicity
and ionic dysregulation start spreading from the primary injury area to farther
districts, leading to apoptotic and necrotic cascades; in particular, loss of Ca2*
homeostasis is known to be a common trigger for programmed cell death [411]. Aberrant

intracellular Ca2* concentrations are soon reached after glutamate receptors
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hyperactivation, mainly through AMPA/kainate and N-methyl-D-aspartate (NMDA)
receptors, but also after early mitochondrial impairment and the subsequent formation
of mitochondrial permeability transition pores (mPTP), thus initiating calpains- and
caspases-mediated apoptosis [412-415], By consequence, malfunctioning of the electron
transport chain (ETC) results in molecular oxygen (O-) reduction by leaked electrons
and in superoxide production, which degenerates in the production of further reactive
oxygen species (ROS) [416]. This event peaks already at 12 hours post-trauma and
prolongs for one week before returning to basal levels at the fourth week after injury
[404], Such an oxidative environment is also deleterious for proteins by carbonylation,
that exacerbates immune responses and for cell membranes and organelles, which
rapidly undergo lipid peroxidation [412416]. On another hand, if immune cells such as
neutrophils and reactive microglia contributes to inflammation at early stages of the
acute phase, their effects protract resulting in blood monocytes chemoattraction from
disrupted BBB [404.417], At first week and further on, TNFa from microglia considerably
affects oligodendrocytes survival through the Fas-ligand apoptotic pathway, and
recruited macrophages start exhibiting phagocytic behavior towards cellular and
myelin debris; both events are known to sustain Wallerian degeneration for months
[418,419] At the end of the subacute phase, survived astrocytes at the periphery of the
lesion site become hypertrophic, increase glial fibrillary acidic protein (GFAP)
expression and start proliferating, thus starting a fibrotic response [420.421],
Importantly, also infiltrating Schwann cells play an important and controversial role
in such a response [422]. This phenotype persists over the intermediate phase (2 weeks
— 6 months) until the wound is totally filled with a meshwork of tightly packed
astrocytes, but also meningeal and perivascular fibroblasts, and ECM molecules,

forming the so-called glial scar [404.420.423]; alternatively or concomitantly, a CSF-filled
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cavity (a.k.a. cyst or syrinx) might form, a condition referred as syringomyelia and
known to worsen the clinical course in a delayed fashion [424], During this phase, also
considerable axonal sprouting might occur and therefore rehabilitation therapies
should be implemented to improve functional recovery at this stage [425]. Indeed, Hill
and colleagues showed that, in rat models, corticospinal tract fibers are able to
regenerate from 3 weeks to 3 months post-injury, while reticulospinal tract regrowth
is delayed, within 3 to 8 months post-injury 4261, This process in the CNS is anyhow
limited by the presence of myelin-associated and glial scar-associated inhibitors of
axonal regrowth, which biochemistry has been exhaustively reviewed elsewhere [427].
Over 6 months post-injury, the chronic phase begins and lasts for years, or possibly
throughout patients’ lifetime. At early stages (1 — 2 years post-lesion), such period is
characterized by consolidation of glial scar and cyst, wound stabilization and cessation
of Wallerian degeneration processes, together with partial plasticity of spared synapses
[404], At the macroscopic level, these events might result in compensatory mechanisms
producing some degree of functional recovery, but also in the further loss of motor
feedback control, generation of muscle spasticity and appearance of neuropathic,

visceral and nociceptive pains [428],

All “characters” described above were thoroughly considered as a potential target for
therapeutic intervention, with contentious effectiveness: most of pharmacological
treatments ameliorated patients’ prognosis only when administrated within 72 hours
after injury, which implies fast transport system to the hospital, fast recognition of
spinal lesion site, type and severity, and availability of dedicated drugs [429]. Moreover,
such approach would logically, but unfairly exclude already affected (chronic) people

from being part of the actual matter. For these and other reasons, neurotechnologies
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are nowadays trying to bridge the gap in SCI treatment. Neuroimmune modulation by
nanomaterials is starting to be elucidated and glial reactivity can be tuned with
nanopatterning and other strategies. Comparably axonal sprouting can be induced by
proper topographies, but also by moderate electric field application. On the other hand,
neuromodulation technologies are displaying an unprecedented potential in assisting
patients at the intermediate to chronic phases, thus justifying scientific efforts in this

direction [430,431],

54



4.3 Implantable devices for spinal cord restoration
Due to its heterogeneous nature and complexity, spinal cord damage is considered a
multifaceted issue, where applicable solutions strongly depend on the stage of
degenerating processes after injury. By consequence, possible strategies are oriented
towards modulating the contribution of each cell type present within, or close to, the

lesion site at the examined stage.

At earliest phases cellular transplantation and pharmacological therapies have been
largely studied either in vitro or in animal models, and in some case promising results
were achieved also during clinical trials [404429.432]. Concurrently, many studies have
addressed the possibility of rewiring the impaired fiber tracts and neuronal networks
by means of fibrous or porous micro- and nano-matrices implanted within the lesion
[98,433.434], Importantly, the combination of these strategies has been shown to improve
recovery after lesion [435-439], Thanks to nanotechnologies and advancements in
molecular medicine, these features can be to date integrated in multifunctional
regenerative implants which can actively interact with the tissue preventing
proinflammatory processes, while enhancing reconnection and healing. Remarkable
attempts of such cutting-edge technologies can be found in recent studies where
injectable hydrogels and self-assembling scaffolds were used to simultaneously fill
lesion cavities and locally release therapeutic compounds [440-442]; or in the work of
Koffler and colleagues, which reported locomotion recovery after spinal lesions filling
with 3D printed hydrogel scaffolds loaded with NPCs [551. Also Nguyen and coworkers
highlighted the potential of 3D nanofibers hydrogels, this time enriched with miRNAs
and trophic factors, to demonstrate that local gene/drug release can be accomplished

with bioactive 3D spinal cord implants [99]. Comparably, Gong et al. observed that
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downregulation of inflammatory processes through biomimetic scaffolds produce a
favorable environment for co-grafted neural stem cells, leading to increased locomotor
recovery in implanted SCI animal models [443]. Despite their beneficial effects,
regenerative implants are tarrying to reach clinical trials and their translatability is
debated. This is probably due, among other things, to variability in the
pathophysiological evolution of traumatic SCI observed in humans, which further
complicates clinical studies, usually based on the comparison among intrinsically
different control lesions. The situation is worsened by unavoidable large times required

for clinical testing of new compounds (Table 2).

Average stage .
Stage Purpose g : 9 Test population Success rate
duration
Discovery and Fig pat4ent (.20 yr); ?S.SQSS _— o 5 of 5000 (0.1%) of
<3 safety, biological activity and from in vitro to in vivo
preclinical ; : 3to7yr 4 screened compunds
. formulations; verify studies 2t 2
testing 3 enter clinical trials
effectiveness
File investigational new drug application (IND) with FDA
.Phase I. Determine safety and dosage 2to3yr S ) 75% enter Phase Il
clinical trial volunteers
Phase Il Evaluate effectiveness and 100 to 500 volunteer
.29
clinical trial look for side effects 2oty patients 81,2 % snter Rhmsa |l
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File new drug application (NDA) and Biological License Application (BLA) with FDA

1 compound approved
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Phase IV Additional postmarketing
clinical trial testing required by FDA

Table 2. Schematic research pipeline for FDA approval of novel therapeutic compounds (adapted from
http://phrma-docs.phrma.org/sites/default/files/pdf/biopharmaceutical-industry-profile.pdf).
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On the other hand, after the lesion is consolidated as in chronic SCI patients,
regenerative approaches are unapplicable. For this reason, pioneering research on the
field are exploring the possibility to restore lost functions by delivering electrical
stimulation to muscles or nerves and to record signals from spared neural tissue or
from volitional muscle contraction for feedforward control [444]. Functional electrical
stimulation (FES) and related neuroprostheses represent to date a promising approach
to bypass several impairing conditions resulting from SCI, such as bladder and bowel
disfunctions, but also to sustain autonomic functions such as respiration and cardiac
rhythm [444.445], Importantly, electrical stimulation of the dorsal column in the spinal
cord can be used to modulate nociceptive neurotransmission, and it has been indeed
suggested for drug-resistant chronic pain treatment [253.254], Regardless, one of the
major challenges after SCI remains the recovery of some voluntary motor function,
ranging from hand grasping and postural muscle use, rise-to-stand movements, but
also sustained standing and perhaps walking [446-449]. This possibility relates to the
existence, within the lesioned spinal cord, of anatomically and functionally preserved
propriospinal circuitry, which acts as a source of facilitatory inputs on the so called
spinal central pattern generator (CPG) [450451. Moreover, there is large evidence for
improved rehabilitative outcomes upon periodic sessions of spinal cord stimulation
[249.449]. This is overall due to neuroplastic, regenerative and galvanotactic behavior
resulting from the evoked electrical activity [452-455]. Epidural stimulation and
intraspinal microstimulation are the most common configurations to target the spinal
tissue and their long-term efficacy is bound by electrode features described above (2.1
“Advances in electrode design”). Interestingly, implantable stimulators are evolving
towards a new generation of neuroprosthetic devices that will be able to couple

electrical stimuli with chemical release within the target area to increase the level of
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excitability, thus pushing residual sensory information to become a source of feedback
for stepping 4554561, Current attempts to bypass deficits induced by spinal lesions
encompass a wide range of FES and brain-computer interfaces (BCI) designed to
record neural activity, thus providing intuitive control signals for the user 4444571, To
date, the objective is to improve devices architecture by including feedback signals
recording usually from cortical structure, by EEG, electrocorticography (ECoG) or
intracortical microelectrodes, but also from muscles by electromyography (EMG)
[446,447.458-461], Encouragingly, also electrical recording from DRG has been recently
indicated as an exploitable source of natural sensory signals after SCI [462-464], Sensory
feedback incorporation in new closed-loop systems is becoming an imperative
requirement, to provide more dynamic and adaptive control over functions [446.457,465],
This of course requires additional support from in silico modeling and algorithm
design, for clustering and processing recorded activity in real-time and accordingly
tuning stimulus parameters [459466.4671. To conclude, further studies explored also the
restoration of proprioceptive and tactile sensations by intracortical microstimulation
of somatosensory areas in the postcentral gyrus, but yet this chance will require

additional work [468-470],

To summarize, implantable neural technologies hold a particular potential for circuitry
repair after SCI and should be considered for their capability of inducing axonal growth
and the upregulation of several genes known to regulate neuronal plasticity and
survival. The availability of both electrical and chemical stimulation systems and the
incorporation of recording elements are crucial to the optimal operation of next-
generation neuroprostheses acting on closed-loop architectures to recover and sustain

impaired functions in the most automated, intuitive or natural way.
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AIMS OF THE STUDY

The purpose of my thesis is to explore the perspective of nanomaterials in the context
of neuroprosthetics formulation. Interfacing the CNS is an arduous challenge, but
worth to be investigated to improve healing of damaged CNS. Novel materials showing
outstanding physical properties or providing particular chemical, topographical or
electrical cues are excellent candidates for the development of next generation
implantable devices able to sustain physiological behaviors over pathological states.
Our lab has been exploring the use of various nanostructured materials of
biotechnological interest to improve the scientific knowledge about their applicability
in biological contexts [314:315,317,375,434.4711, In particular, we study neurons at the interface
with nanotools by electrophysiological means, live imaging and fluorescent
microscopy, using in vitro dissociated and organotypic cultures, ex vivo acute slices,

but also in vivo animal models.

In this framework:

I contributed to in vitro research within different projects and collaborations, where I
was expected to gain expertise with various electrophysiological techniques, from
whole cell patch-clamp recordings and live Ca2+ imaging to extracellular field potential
recordings and electrical stimulation. With the aim of improving interfacing
performance of new generation devices, I participated in the development of sensors

and electrodes based on nanostructured materials for neural interfacing.

I actively worked on the setting of a non-contact sensing devices (magnetophysiology

recording) to detect magnetic field of neuronal origin and of nanostructured electrodes
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of enhanced adhesion and efficiency for stimulations delivery. In doing so, I have
explored the biocompatibility and biological impact of several nanostructures, bridging
physics and engineering to neurobiology. In particular I achieved the following steps:
Monitor the physiology of isolated hippocampal dissociated neurons and organotypic
tissues grown onto suitable materials for implantable electrode fabrication and to

design a protocol to stimulate the neuronal tissue across such conductive materials.

I addressed fibers regrowth and reconnection in organotypic entorhino-hippocampal
and DRG-spinal cord slice models interfaced with various micro and nanostructured
materials intended for biomedical devices encapsulation. I ultimately explored (in

vitro) the use of innovative non-invasive neural recording tools.
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INTRODUCTION

| Luca Cozzarini>* |

' | Denis Scaini'?

Abstract

The increasing engineering of carbon-based nanomaterials as components of neu-
roregenerative interfaces is motivated by their dimensional compatibility with sub-
cellular compartments of excitable cells, such as axons and synapses. In neuroscience
applications, carbon nanotubes (CNTs) have been used to improve electronic device
performance by exploiting their physical properties. Besides, when manufactured to
interface neuronal networks formation in vitro, CNT carpets have shown their unique
ability to potentiate synaptic networks formation and function. Due to the low opti-
cal transparency of CNTs films, further developments of these materials in neural
prosthesis fabrication or in implementing interfacing devices to be paired with in
vivo imaging or in vitro optogenetic approaches are currently limited. In the present
work, we exploit a new method to fabricate CNT's by growing them on a fused silica
surface, which results in a transparent CNT-based substrate ((CNTs). We show that
tCNTs favor dissociated primary neurons network formation and function, an effect
comparable to the one observed for their dark counterparts. We further adopt tCNTs
to support the growth of intact or lesioned entorhinal-hippocampal complex organo-
typic cultures (EHCs). Through immunocytochemistry and electrophysiological field
potential recordings, we show here that tCNTs platforms are suitable substrates for
the growth of EHCs and we unmask their ability to significantly increase the signal
synchronization and fiber sprouting between the cortex and the hippocampus with
respect to Controls. tCNTSs transparency and ability to enhance recovery of lesioned
brain cultures, make them optimal candidates to implement implantable devices in

regenerative medicine and tissue engineering.

KEYWORDS

hippocampus, injured brain, nanomaterials, neural interfaces, regeneration, synaptic enhancement

approaches Lo treat a variety of pathological conditions, rang-
ing from neurodegenerative diseases (Perlmutter & Mink,

In modern neuroscience, a large amount of (interdisciplinary)
research is devoted to the development of novel therapeutic

Niccold P. Pampaloni, llaria Rago, and Ivo Calaresu contributed equally to
this study.

2006) to traumatic brain injuries (Finnie & Blumbergs,
2002; Girgis, Pace, Sweet, & Miller, 2016; Maas, Stocchetti,
& Bullock, 2008) and psychiatric disorders (Perlmutter &
Mink, 20006). An attractive strategy involves the development

Developmental Neurobiology. 2019:00:1-16.
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of assistive implantable devices, such as electrodes or inter-
faces, aimed at restoring the lost functions (Guggenmos et al.,
2013). In the engineering of neuroprosthetic devices, nano-
technology demonstrated to play an important role (Cetin,
Gumru, & Aricioglu, 2012), by enriching artificial scaffolds
with controlled nano-sized features/cues, improving the in-
terfacing stability with neuronal tissues at the cellular and
subcellular level (Lee et al., 2006; Vidu et al., 2014; Wang
et al.,, 2017), and providing a potential regenerative guid-
ance. In this framework, electrically conductive nanomateri-
als such as carbon nanotubes (CNTs) (lijima, 1991), are still
promising, because of their tunable physicochemical features
(O'Connell, 2006) and their ability to finely interact with neu-
ronal cells (Cellot et al., 2011; Lovat et al., 2005) and neural
tissues (Fabbro et al., 2012; Usmani et al., 2016). Because
of these properties, CNT-endowed surfaces have been em-
ployed in the fabrication of diverse neural interfaces (Bareket-
Keren & Hanein, 2013; Vidu et al.. 2014), such as retinal
implants (Eleftheriou et al., 2017) or deep brain stimulators
(Vitale, Summerson, Aazhang, Kemere, & Pasquali, 2015).
Intriguingly, CNTs were shown to improve axons regenera-
tion and functional reconnection among segregated mammal
spinal cord explants in vitro (Aurand et al., 2017; Fabbro et
al., 2012; Usmani et al., 2016). However, their ability to trig-
ger similar effects when challenged with other central nervous
system (CNS) areas has yet to be shown. Besides, two signif-
icant factors that limit CNTs engineering in brain interfaces,
namely their lack of optical transparency and their unstable
adhesion to nanostructured films, need to be addressed. Until
now, the opaqueness of CNT films directly grown via chem-
ical vapor deposition (CVD) (Rago et al., 2019), hindering
the passage of visible light, restrained the exploitation of such
substrates in live imaging or optogenetic applications. On the
other hand, the limited mechanical stability of CNTs films
prepared following the drop casting procedure (Hokkanen,
Lautala, Flahaut, & Ahlskog, 2017) to the supporting sub-
strate may result in support detachment due to shear stresses
induced by cell growth and motion (Nelson, 2017), muscular
tissue contractility (Tscherter, Heuschkel, Renaud, & Streit,
2001), and/or culturing media replacement (Huber, Oskooei,
Casadevall 1 Solvas, DeMello, Kaigala, 2018).

In this study, we take advantage of direct growth of a thin
layer of CNTs on fused silica slides, which results in trans-
parent substrates endowed with tightly bonded CNTs suitable
for the assessment of functional reconnection in complex
CNS organ explants. Through patch-clamp electrophysiol-
ogy and immunocytochemistry experiments, we investigate
whether the novel CNT—endowed substrates retain the ability
to support the maturation and growth of dissociated neurons
and glial cells from rat hippocampus and, more importantly,
we evaluale their impact on the emerging circuit activity. We
demonstrate that the novel CNT—endowed substrates can
sustain the development of synaptic networks characterized

by improved activity (Cellot et al., 2009, 2011; Lovat et al.,
2005).

We further address the potential of tCNTs in supporting
axons regeneration when coupled to complex CNS structures
(Usmani et al., 2016), by interfacing tCNTs with entorhinal—
hippocampal organotypic cultures (EHCs) containing the en-
torhinal cortex (EC), the perforant path, and the dentate gyrus.
To investigate the regenerative potential of tCNTs platforms,
we mimic a CNS lesion by transecting the perforant pathway,
(Del Turco & Deller, 2007; Li, Field, Yoshioka, & Raisman,
1994; Parnavelas, Lynch, Brecha, Cotman, & Globus, 1974;
Perederiy, Luikart, Schnell, & Westbrook, 2013; Li et al.,
1993; Steward & Vinsant, 1983; Woodhams & Atkinson,
1996; Woodhams, Atkinson, & Raisman, 1993). To better
reproduce a severe mechanical injury (Finnie & Blumbergs,
2002), we introduced a remarkable gap between the two por-
tions of tissue: the hippocampus (H) was placed at 0.5 mm
far apart from the EC. We show that tCNTs boost EHCs fiber
sprouting ability, which ultimately leads to functional and an-
atomical reconnection of the two separated brain structures.

2 | RESULTS

21 |

Transparent CNTs (tCNTs) were synthesized via catalytic
chemical vapor deposition (CCVD) directly on fused silica
slices. The synthesis was done taking advantage of the cata-
Iytic effect of iron nanoparticles (NPs) thermally obtained
from a thin iron film deposited (without the employment of
any adhesion layer) on the fused silica substrates. The ther-
mal synthesis required just 90 s resulting in an ultra-thin layer
of entangled CNTs decorating the slices. In our CCVD syn-
thesis of CNTs, catalyst plays a crucial role since NPs result
from a thermal annealing treatment of the substrates and they
act as starting sites for the subsequent CNTs growth (Shah
& Tali, 2016). Size and density of these NPs are strongly
related to annealing treatment parameters (i.e., temperature
and time) and the features of the initial catalyst layer (i.e.,
starting film thickness and its adhesion to the underneath sub-
strate (Chiang & Sankarana, 2007). In the attempt to enhance
CNT synthesis yield, one or even more intermediate metallic
layers could be used as adhesion and/or anti-diffusion layer
between the catalyst and the underneath support (Bayer et
al., 2011; Michaelis et al., 2014). Moreover, it was reported
that by setting the annealing treatment conditions at 720°C
for 3 hr and the growth parameters at 720°C for 1 hr, it is
possible to obtain long vertically aligned CNTs (LVA-CNTs)
on various supports (Morassutto, Tiggelaara, Smithers, &
Gardeniersa, 2016). Anyhow, we here demonstrated that,
although any adhesion metal was employed and even if the
growth time was limited to just 90 s, the yield, reproducibil-
ity, and density of the as-produced CNTs are comparable

tCNTs synthesis and characterization
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with that of similar carbon nanostructures produced by using
more time-consuming methods. Just the length of the result-
ing CNTs is limited and, consequently, the total thickness of
the CNTs film covering the supporting substrate. Scanning
electron microscopy (SEM) imaging was performed on CNT's
mat to assess CNT dimensions, length, uniformity, and den-
sity. SEM micrographs (Figure la, left) showed a uniform
carpet of short CNTs (star mark) covering a flat supporting
surface of fused silica (hash mark) exposed scratching CNTs
away with a razor blade. The enlargement of the dashed line-
marked area pointed out a crumpled portion of the CNTs film
(Figure la, center) allowing to estimate a film thickness of
about 1 pm. A high-magnification image in correspondence
of the star mark made visible the single CNTs constituting
the carpet and their random orientation (Figure la, right)
due to the absence of proximity effects (Zhang et al., 2006).
Transmission electron microscopy (TEM) characterization
was conducted on CNTs to explore their structure and crys-
tallinity. It has been found that CNTs consist of multi-walled
carbon nanotubes (MWNTSs) with a variable number of walls.
Specifically. Figure 1b shows an isolated MWNT with an
outer diameter (OD) of less than 30 nm and inner diameter
(ID) of approximately 10 nm. These measurements are con-
sistent with 15 nanotube walls (Chiodarelli et al., 2012). In
addition, TEM analysis revealed the presence of structural
defects (Figure 1b, right), generally imperfections of conju-
gated sp2 carbon along the tubes (i.e., breaks), sp] hybridized
carbon atoms, Stone—Wales defects (i.e., two heptagons and
two pentagons), presumably ascribable to the low synthesis
temperature used (730°C) (Charlier, 2002; Lee, Park, Huh,
& Lee, 2001). Interestingly, <2-pum-thick CNT films cov-
ering the fused silica do not prevent the light from passing
through the sample (see the transmittance plot for samples
of CNT film with different thickness shown in Figure lc,
left) resulting in (quasi) transparent CN'T substrates. An in-
crease in the synthesis time (e.g., 4 min) gives rise to almost
opaque CNT films (Figure le, right). In this work, we used
samples characterized by a CNT film thickness in the range
of 0.2-2 um, ultimately able to guarantee the needed opti-
cal transparency. The degree of structural ordering and the
quality of our CCVD CNTs were evaluated by Raman spec-
troscopy. The two main bands typical of all graphite-like ma-
terials, including MWNTs, present in Raman spectra (Figure
1d) correspond to the G band at ~1,583 ¢m™". This band re-
lated to the in-plane tangential vibration of spz carbon atoms
resulting from the graphitic nature of CNTs and the D band
at ~1,330 em™ indicating the presence of amorphous and/or
low-ordered carbon structure (carbonaceous impurities with
sp3 bonding, and broken spz bonds in the sidewalls (Costa,
Borowiak-Palen, Kruszynska, Bachmatiuk, & Kalericzuk,
2008). The ratio between the D (I ;) and G (I;) band integral
intensities was usually adopted as an indicator of CNTs qual-
ity. Specifically, similar intensities of these bands (Antunes,

WI LEYJ—J

Lobo, Corat, & Trava-Airoldi, 2007), as in our case, sug-
gested the presence of non-graphitic carbon in nanotubes,
typical for low-temperature CVD-grown CNTs (Bulusheva
et al., 2008). Together with the G band, the second-order
Raman peak G’ is characteristic of graphitic spz materials
and is located at ~2,700 ecm™'. The G’ band, an overtone
mode of the D band (Saito et al., 2003), is associated with
defect density, but not as crucially as the first order mode.
It was also reported that the intensity of this peak depends
significantly on the metallicity of CNTs (Kim et al., 2007).
Other peaks located at ~1,698 cm™" and ~1,759 em™ are re-
lated to C = O bond vibration (Long, 1997; Roeges, 1997)
and indicate possible partial oxidation of MWNTSs. From the
XPS survey spectrum of CNTs (Figure le) three elements
can be discriminated: carbon (C1s), oxygen (O1s) and silicon
(Si2s and Si2p). The atomic percentage of C and O are 87.6
at% and 10 at%, respectively. Only a small amount of Si was
detected (2.4 at%). The presence of oxygen on CNTs surface
is intrinsically related to our CVD procedure and, specifi-
cally, to defects originated during CNT's synthesis showing
the tendency to adsorb oxygen when exposed to air. Figure 1f
indicates the Cls core level for a ~8 pm thick CNT film. The
most intense peaks located at 284.7 eV and 285.8 eV can be
assigned to spthyhr]dized graphitic carbon atoms located on
CNTs walls and to amorphous carbon (sp3—hyhridized carbon
atoms), respectively (Hofmann et al., 2009; Mattevi et al.,
2008). The amorphous carbon is likely due to the CNTs syn-
thesis process, as conlirmed by the structural defects identi-
fied via TEM (Figure 1b) and Raman spectroscopy (Figure
1d). The peak at 290.8 eV corresponds to the electron energy
loss peak due to n-plasmon excitations. These three peaks are
characteristics of Cls core level from CNTs (Mudimela et al.,
2014; Okpalugo, Papakonstantinou, Murphy, McLaughlin, &
Brown, 2005). The additional small peaks at 287.15 eV and
288.4 eV were assigned to the presence of oxygen (Okpalugo
et al., 2005).

2.2 | tCNTs biocompatibility: dissociated
primary neurons growth and synaptic activity

CNTs carpets have been since long characterized as plat-
forms enriched with nano-scaled topology able to support
neural cultures development, and their effects on cultured
hippocampal primary cells are well described (Cellot et al.,
2009, 2011; Lovat et al., 2005). Anyway, being the resultof a
novel fabrication process, our first concern was to understand
if the new tCNTs carpets were biocompatible and able to sus-
tain the development of healthy and functional neural net-
works, potentiating the emerging synaptic activity in respect
to Control cultures, as reported for opaque CNT3 interfaces
(Cellot et al., 2011; Lovat et al., 2005; Mazzatenta et al.,
2007; Rago et al., 2019). To this aim, we compared cultured
dissociated primary neurons from rat hippocampus interfaced
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FIGURE 1 Morphological, structural, and chemical characterization of CNTs synthesized by CCVD on fused silica substrates. (a) SEM
investigation of CCVD tCNT substrates reveals the uniformity of the so obtained films (left), characterized by a thickness of about 1 pm, visible
in the crumpled portion of the film (center), and a random orientation of the entangled nanotubes (right). (b) TEM images of tCNTs reveals their
multi-walled characteristic (left) with all the different walls constituting the tube and structural defects well visible (right). (¢) Transmittance
analysis in the visible spectrum of four samples characterized by different CNT film thickness compared to the pristine fused silica substrate (left);
on the right, two representative optical images of a thin CNT film grown on fused silica (top, about 0.7 pm in thickness) and of a thick CNT film
(bottom, about 9 pm in thickness), pointing out the good transparency of the former one. (d) Raman spectra exhibiting the characteristic D, G, and
G’ peaks of CVD grown MWNTs. (e) XPS survey and Cls core level (f) spectra of tCNTSs grown on fused silica substrates
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to tCNTs-decorated substrates with glass supported Controls.
To evaluate if tCNTs were allowing the correct adhesion
and growth of primary cells, we quantified the neuronal and
glial cell densities after 8—10 days of in vitro growth (DIVs).
Neurons and glial cells were imaged by immunofluorescence
of the specific cytoskeletal components (-Tubulin III, to
visualize neurons, and glial fibrillary acidic protein (GFAP)
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FIGURE 2

to visualize glial cells; as shown in Figure 2a, the cellular
composition of the networks developed onto Controls (left)
and tCNTs (right) substrates are qualitatively comparable.
We quantify the number of neurons and astrocytes compos-
ing the networks and no statistical difference in terms of cell
densities were pointed out (bar plots in Figure 2b) indicating
that tCNTs can sustain hippocampal cells growth in a fashion
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tCNTs boost the spontaneous synaptic activity of hippocampal neurons. (a) representative fluorescent micrographs depicting

dissociated primary cells networks grown on glass Control substrates (left) and on tCNTs substrates (right) stained against p-Tubulin III to point
out neurons (in red), GFAP to highlight astrocytes (in green) and DAPI to stain cell nuclei (in blue). (b) Bar plots summarize the density values
for neuron and glia in the two growth conditions, note the absence of differences. (¢) Two representative current tracings from a Control neuron
(in black) and from a tCNT's neuron (in blue). (d) Box plots summarize PSCs amplitudes and frequency values. Despite no significant changes in
PSCs amplitudes, a significantly higher frequency of the PSC currents related to the tCNTs condition is visible (right, p = .03)
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similar to Control substrates. We further addressed network
synaptic activity by means of single neuron, whole-cell patch
clamp recordings. Figure 2¢ shows sample current tracings of
the basal spontaneous synaptic activity of Control and tCNTs
neurons, characterized by the occurrence of heterogeneous
events of inward currents, displaying variable amplitudes
(Mazzatenta et al., 2007). We did not detect any signifi-
cant variation in the mean amplitude values of the postsyn-
aptic currents (PSCs) in tCNT-interfaced neurons (n = 59
cells) when compared to Controls (n = 40 cells; Controls:
30 + 2.8 pA; tCNTs 44 + 5 pA; p = .10; box plots in Figure
2d, left), as well as in the membrane passive properties, such
as the input resistance (Controls: 790 + 104 M€Q; (CNTs:
587 +£67 MQ; p = .10) and membrane capacitance (Controls:
34 + 2 pF; tCNTs: 39 + 3 pF; p = .20). Conversely, we meas-
ured a significant (p = .03) increase in the PSCs frequencies
when comparing the two conditions (Controls: 1.3 + 0.1 Hz;
tCNTs: 1.8 & 0.1 Hz; Figure 2d, right). By these prelimi-
nary tests, we concluded that the newly manufactured tCNTs
allow hippocampal cell adhesion, viability, synaptic network
development and promote enhanced synaplic activity, an ef-
fect reminiscent of what reported when interfacing neurons
to CNT carpets (drop casted or thick CVD growth films;
Cellot et al., 2009, 2011; Lovat et al., 2005; Mazzatenta et
al., 2007; Rago et al., 2019).

2.3 | Organotypic entorhinal-hippocampal
cultures growth interfaced to tCNTs

In the second set of experiments, we tested tCNTs, charac-
terized by transparency and strong adhesion to the under-
neath fused silica substrate, as growth interfaces for intact
and injured CNS explants. In particular, we focused on the
entorhinal-hippocampal system. As shown by low-magnifi-
cation immunofluorescence images in Figure 3a, intact EHC
successfully grew interfaced to tCNTSs, in a way similar to
Controls EHCs (Figure 3a, right and left, respectively). To
challenge the regenerative potential of the new tCNTs, we
simulated a severe mechanical lesion at the subicular level
by surgical complete transection. After transecting the lissue,
the EC and hyppocampus (H) components where cultured
(8-12 DIV) at a distance of 500 + 100 pym apart (Figure 3b;
see Methods). Also after denervation, we detected adhesion,
survival, and growth of the organotypic cultures on both
tCNTs and Control (Figure 3b, right and left, respectively).
We adopted this configuration to reproduce in vitro a trau-
matic event due to mechanical injury, resulting in anatomi-
cal and functional disconnection of the two brain regions. A
severe perforant pathway (PP) transection at the subicular
level is a widely exploited and generally accepted model to
investigate neural circuits plasticity in response to brain in-
jury, adopted in vivo and in organotypic slices (Perederiy &
Westbrook, 2013; Vlachos et al., 2012; Vuksic et al., 2011).

We next investigated the functional impairments following
the lesion and the residual neuronal activity in both the EC
and H slices (Perederiy & Westbrook, 2013).

2.4 | tCNTs enhance the entorhinal-
hippocampal field potential synchronization

We performed simultaneous local field potential (LFP) re-
cordings by placing one electrode in the H within the mo-
lecular layer of the dentate gyrus (DG), and a second one
within the deep layer (IV/V) of the EC. LFPs are voltage
signals that reflect collective multiple neurons membrane
activities. We compared the spontaneous basal activities
emerging upon 8-12 DIV between intact EHC and the le-
sioned one, in which the PP was totally resected and the
two (emi)-portions of the EHC displaced (see the cartoon
in Figure 3¢). Field recordings were performed in standard
saline solution (see Methods) for intact and lesioned EHCs
developed on glass substrates (sketched in Figure 4a; n =7
and n =9, respeclively) or interfaced with tCNTSs (sketched
in Figure 4b; n = 5 and n = 6, respectively).

We quantified DG spontancous activity when grown on
Control glass substrates, by measuring the LFPs inter-event
intervals (IEIs). Upon prolonged denervation, [Els show a
significant (cumulative distribution in Figure 4¢, top plot
for DG; p < .001) increase in duration in lesioned EHCs
when compared to the intact slices, testifying a reduction in
DG excitation. Similarly, LEPs in EC on Control substrates
showed a significant increase in IEIs duration in lesioned
EHCs when compared to the intact slices (cumulative distri-
bution in Figure 4¢, bottom plot; p < .001). Thus, in Control
conditions, denervation usually determined a reduction in
the occurrence of LEPs. When analyzing EHCs interfaced
to tCNTs, in the intact organ slices we detected higher LFPs
occurrence in DG when compared to glass Controls (cu-
mulative distribution in Figure 4¢, top plot; p < .001). To
note, in DG, LEPs activity was further enhanced after 8—12
DIV of denervation, even when compared to intact tCNTs
cultures (i.e., lower IEI values; cumulative distribution in
Figure 4c, top plot; p < .01). A similar behavior was ob-
served when measuring the distribution of 1Els values of
LFPs recorded from the EC interfaced to tCNTs, in intact or
injured EHC (cumulative distribution in Figure 4¢, bottom
plot; p < .001). These results suggest that in intact slices,
tCNTs interfacing promote an increase in spontancous ac-
tivity, reminiscent of the material effect detected in spinal
slice cultures (Fabbro et al., 2012), and presumably due to
the reported ability of CNT-based interfaces to enhance
synaptic networks (Cellot et al., 2011; Fabbro et al., 2012;
Lovat et al., 2005; Mazzatenta et al., 2007).

Regardless of the intact EHCs, in lesion ones tCNTs in-
terfacing has the ability to promote LEP occurrence in both
DG and EC slices when compared to injured glass Controls
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FIGURE 3 (CNTs are suitable substrates for the development of healthy EHCs organotypic cultures. (a) Representative epifluorescence
stitched images showing 8-day-old organotypic EHCs cultures stained with Hoetsch to make visible all cell nuclei (blue) and NeuN to highlight just
neuronal nuclei (green) in the intact organotypic slice when cultured on glass Control (left) and tCNTs (right). (b) Representative images of 8-day-
old lesioned EHCs organotypic cultures stained with Hoetsch (blue) and NeuN (green) and cultured on glass

“ontrol (left) and tCNTs (right). Both
intact and lesioned EHC organotypic cultures displayed a similar morphology when grown on Control and tCNTs substrates. (c) Representative
sketch depicting the experimental setup: entorhinal cortex (EC), the dentate gyrus (DG) in the hippocampus (H) and a clear vision of the perforant

pathway (blue path) together with the Shaffer collaterals (black path) and mossy fiber pathway (red path). Field potential extracellular recordings
were simultaneously performed from the EC (left electrode) and the hippocampal DG (right electrode) in the intact (left) and injured (right) EHC
slice

(Figure 4d, blue and red box plots, respectively; Control: To assess whether tCNTs have the ability to promote PP

n=9,tCNT: n = 6; p < .001), a result that might indicate the
ability of tCNTs in promoting functional changes in excit-
atory synapses post-denervation, alternatively tCNTs might
also favor regeneration and synaptic targeting of the injured
PP axons (Usmani et al., 2016).
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regeneration and synaptic targeting, we assessed the func-
tional connectivity between the DG and the EC in intact
and lesion EHC when interfaced to the two different sub-
strates by cross-correlation analysis of the simultaneously
recorded, spontaneous LFPs. Interestingly, in intact EHC,
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to 5 s is shown for DG (top) and EC (bottom). When interfaced to tCNTs, the activity of both DG and EC is accelerated, as appreciable from the
1EIs cumulative distributions (green and blue lines), characterized by a significantly larger population of brief IEI when compared to glass Controls
(black and red lines). (d) Box plots of IEI values for the lesioned EHC shown in logarithmic scale for Controls and tCNTs, note the significant drop
in IEls duration in tCNTs-interfaced tissues. (¢) Bar plots summarize the correlated DG and H pair recordings in intact and injured EHCs, both in

Control and tCNT substrates

only 43% of Controls DG and EC displayed a Pearson's
correlation coefficient (CCF) that was significantly larger
than that expected by chance (see Methods; Usmani et al.,
2016), such a value was increased to 100% in intact tCNT
recordings (summarized by bar plot in Figure 4e). In le-
sioned EHCs, correlated LFPs dropped to 11% of Controls,
while 50% of tCNTs LFPs recordings were still correlated
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(bar plot in Figure 4e). Thus, injured EHC, upon §—12 DIV
interfaced to tCNTs, displayed a lower impairment in spon-
taneous LFPs characterized by a larger connectivity, as sup-
ported by the higher synchronization of the two segregated
EHC portions. These results suggest that tCNTs enhanced
the regeneration of PP fibers and promote synaptic target-
ing when interfacing lesioned EHC.
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2.5 | tCNTs favor regrowth of active fibers
in injured EHC slices

To assess whether tCNTs promoted new fibers sprouting
leading to a more functional bridge between the EC and H
sections, we tested the ability of stimulating EC superfi-
cial layers, where the PP is known to originate (Jacobson
& Marcus, 2008; Witter, 2007; Witter & Amaral, 2004) in
evoking LFPs in injured EHC. The two recording electrodes
were positioned in the same configuration used for simulta-
neous recordings of DG and EC spontaneous LFPs, while an
additional stimulating electrode was placed in the superficial

@ Intact EHC DG

Stimulation electrode

Lesioned EHC

WILEY-L2

layers of the EC (see sketches in Figure 5a, left). We, there-
fore, proceeded with the PP stimulation (see Methods), and
we grouped the evoked LFPs into three categories: the first,
when the stimulation evoked successful responses from both
EC and DG; the second, when the response was evoked only
in the EC; or, third, only in the DG. Tracings in Figure 5a,
right panel, shows sample voltage tracings depicting these
three responses (in blue, green, and magenta, respectively),
for the lesioned EHC.

In intact ECHs, regardless the presence of tCNTs, PP
stimuli always evoked LFPs in both EC and DG (Figure
5b, top; Control: n = 4; tCNTs: n = 4). On the opposite,
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FIGURE 5

tCNTs induce the sprouting of functionally active fibers crossing the lesioned area. (a) A sketch (left) of the experimental

configuration used to evaluate EC/DG intercommunication ability through the PP in intact and lesioned EHC using a stimulation electrode inserted
into the EC superficial layer. Some representative traces from DG and EC recordings of a lesioned EHC were shown (right). Note the three kind of

evoked responses we could observe: simultaneously from both areas (in blue), just from EC (in green), and just from DG (in magenta). (b) Bat plots

summarizing the distribution of the three categories of evoked responses in intact (top) and injured (bottom) EHC, both for Controls and tCNTs. (c)

Representative confocal images showing the sprouting of SMI32-positive fibers (in green) into the lesioned area. As summarized in the bar plot in
(d) cultures grown onto tCNTs displayed a significantly higher percentage of SMI32-positive volume with respect to Controls
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in injured EHCs, evoked responses in the two groups di-
verged. In injured Control organ slices, only in 12.5% of
cases PP stimulation evoked a LFP in both EC and DG,
while in the majority of case (50%) only EC responses were
evoked. Intriguingly, in 12.5% of cases only LFP in DG
was evoked. with the remaining 25% of slices unrespon-
sive. Notably, in injured EHCs interfaced to tCNTs, we
elicited evoked LFPs from both areas in 100% of cases, as
in intact slices (Figure 5b, bottom; Control: n = 8; tCNTs:
n = 0). This evidence further strengthens the hypothesis
that the slices recovered a 1 (re)connection with similar
evoked LFPs of the intact (i.e., not lesioned) structure
when cultured onto tCNT platforms. Eventually, we inves-
tigated if the tCNT-related increase in EC/H synchronized
activity and PP stimulation evoked responses were attrib-
utable to an increased number of newly generated fibers
interconnecting the EC and H sections and able to carry
effective electrochemical signals. To address this point,
we performed via immunohistochemistry a quantification
of SMI32-positive axons (see Methods) crossing the gap
separating H and EC (Figure 5¢). In injured ECH inter-
faced to tCNTs, we detected a significantly larger amount
of SMI32-positive “crossing-fibers” sprouting into the
lesioned area with respect to the Control counterparts
(Control: n =7, (ICNT: n = 6; p =.02; Figure 5d). Together
with the previous electrophysiological findings, this result
shows that tCNTs enhanced the regeneration of axons and
their synaptic targeting between EC and DG, re-establish-
ing an active crosstalk between the two separated areas of
the sectioned tissue.

3 | DISCUSSION

CNTs have contributed considerably to developments in tis-
sue engineering (Edwards, Werkmeister, & Ramshaw, 2009)
and nanomedicine (Erol et al., 2017; Marchesan, Kostarelos,
Bianco, & Prato, 2015) due to their unique physical features
(O'Connell, 2006) and hold the potential to further contrib-
ute to the design of novel nanodevices and neural interfaces
(Bareket-Keren & Hanein, 2013; Pancrazio, 2008). In this
study, we report a novel CCVD-based approach in CNT
synthesis generating uniform carpets of entangled nanotubes
on fused silica supporting substrates. Differently from com-
monly used CVD or drop casting CNT decorating methodol-
ogies (Chena, Lib, Linc, Hsud, & Wange, 2012; Lovat et al.,
2005; Mazzatenta et al., 2007; Rago et al., 2019) by our new
approach we manufactured optically transparent (Anguila et
al., 2013) CNT substrates characterized by mechanical sta-
bility due to their strong adhesion to the underneath surface.
These features made our novel films of tCNTs of particular
interest in (neuro)-biology applications where the substrate
mechanical stability and the use of techniques demanding
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transmission of visible light through the samples are re-
quired. Our main results are that tCNT-based substrates when
challenged with dissociated and organ CNS cultures were
biocompatible, allowing the development of neuronal syn-
aptic networks, and maintained CNT characterizing features
of potentiating neural transmission at the nterface (Cellot et
al., 2011; Lovatet al., 2005; Rago et al., 2019) and promoting
axons regrowth (Fabbro et al., 2012; Usmani et al., 2016).

Hippocampal dissociated cultures interfaced to tCNTs
were characterized by CNS cell densities and neuron/glia
ratios comparable to Controls; the viability of neurons on
tCNTs was also supported by the values of the cell passive
membrane properties, accepted indicators of neuronal health
(Carp, 1992; Gao, Liu, Li, & Wang, 2015). Despite the sim-
ilarities in network size, tCNTs neurons displayed increased
synaplic activity, probably due (o the described synaptogenic
effects of CNTs, acting as artificial biomimetic clues (Cellot
et al., 2011; Pampaloni et al., 2018; Rago et al., 2019).

We scaled up the system by developing organotypic cul-
tures, to investigate the regenerative potentials of tCNTs.
Organotypic CNS explants are a well-established technique,
such slice cultures maintain a three-dimensional (3D) organi-
zation, preserve the cytoarchitecture and cell populations of
the organ of origin and provide excellent experimental access
to electrophysiology, live imaging, and morphology analy-
ses (Fabbro et al., 2012; Usmani et al., 2016). Accordingly,
EHC organ cultures are 3D explants of the CNS in which the
overall functional and anatomical neuronal connections are
preserved (Del Turco & Deller, 2007; Vlachos et al., 2012).
In accordance with our previous studies (Fabbro et al., 2012)
interfacing EHCs to tCNTs improved spontaneous network
activity and potentiated LFP synchronization. We hypothe-
size that these effects are ultimately related to an increase in
synaptic efficacy due to increased synapse formation at the
interface with the large surface, roughness, and conductivity
of tCNTs (Fabbro et al., 2012), although we cannot exclude
other mechanisms, such as ability of the conductive tCNTs to
mediate a direct electrical transmission within the cultured
EHC areas.

To address the regenerative ability of tCNTs interfaces,
we adopted the perforant patch lesion model, a brain injury
model that disrupts the main excitatory input to the DG
(Vlachos et al., 2012). Upon a complete transection of the
PP, we cultured surgically separated H and EC components
to the end of assessing denervation-induced regenerative ac-
tivity reconnecting the two structures and eventually leading
to functional recovery. Indeed in Controls such a procedure
leads to a loss of activity in DG and EC structures, indicative
of a limited regenerative ability. We did not detect any form
of synaptic plasticity, such as homeostatic synaptic scaling,
due to denervation (Vlachos et al., 2012). Although we can-
not exclude that such changes need single cell recording ap-
proaches for being detected, it is also feasible that at the time
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of recordings (> 1 week after denervation) this transient adap-
tation to the loss of excitatory drive had returned to baseline
values (Vlachos et al., 2012). tCNTs, upon axonal regenera-
tion re-established the appropriate excitatory connections, at
least in part, as indicated by evoked LFPs, synchronization
of spontaneous LEPs and frequency of LFPs. The latter in-
crease in activity, even higher than in intact structures, might
indicate an overall increase in excitability, potentially due to
long-lasting plasticity compensation, again sustained by the
conductive substrates. In previous studies, we have shown
that CNT-based interfaces possess regenerative abilities
when interfaced to spinal cord explants (Fabbro et al., 2012;
Usmani et al., 2016). In particular, an increased growth cone
activity was associated to direct interactions among axons
and CNTs, via formation of membrane/material tight junc-
tions (Fabbro et al., 2012). Modulating mechanical forces and
adhesion may activate cascades of biochemical signaling rel-
evant to CNS reconstruction.

In conclusion, by introducing a new method to synthe-
size CNTs and demonstrating for the first time the benefits
that this substrate is bringing to lesioned organotypic EHCs
cultures, we strengthened the notion of the use of physical
features alone to guide different biological responses: tCNTs,
with their peculiar transparency coupled to the regenerative
effects, stand as a promising material to be exploited in a
broad range of applications, from the development of new re-
search tools to the design of devices able to actively interface
neural tissue reconstruction.

4 | MATERIALS AND METHODS
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MWNTs were synthesized by the decomposition of acety-
lene (carbon source) catalyzed by iron NPs. NPs were ob-
tained thermally annealing a thin layer of iron evaporated
on fused silica (Si0O,) waler chips, acting as transparent
supporting substrates (Ward, Wei, & Ajayan, 2003). Fused
silica wafers were manually cleaved into 15 x 15 mm? slices

tCNTs synthesis

using a diamond scribe and cleaned following the Radio
Corporation of America (RCA) method (Kern & Puotinen,
1970). Subsequently, a thin layer of iron (0.2—1 nm in thick-
ness) was deposited directly above the SiO, chips surfaces
using an electron beam (e-beam) evaporator. Iron film thick-
ness was monitored using an in situ quartz crystal micro-
balance. Since catalyst layer uniformity plays a crucial role
in CNTs synthesis and growth, an average deposition rate
of 0.2 Afs was adopted. The as-evaporated substrates were
placed above the heating element of a high-vacuum reaction
chamber. An annealing treatment (4 min at 660 + 10°C in H,
atmosphere) was performed to: (i) reduce iron oxides result-
ing from the exposition of the samples to the atmospheric

air during the transfer from the e-beam deposition system to
the high-vacuum CVD reactor and (ii) to induce the nuclea-
tion from the continuous iron layer of homogeneously dis-
tributed NPs which will act as nucleation sites for the CNTs
growth. Once this treatment process was over, aceltylene was
introduced in the reaction chamber up to a partial pressure
of about 10-20 mbar. Sample temperature was increased to
730°C and reaction time was limited to 90 s, resulting in the
formation of a uniform carpet of CNTs of less than 2 pm in
thickness. After that, samples were let to cool down to room
temperature (RT) and employed as removed from the reac-
tion chamber.
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Field emission scanning electron microscopy (FE-SEM)
imaging was performed on the as-produced CNTs using
a Gemini SUPRA 40 SEM (Carl Zeiss NTS GmbH,
Oberkochen, Germany) operating at an accelerating voltage
of 5 keV. Transmission electron microscopy (TEM) of CNT
carpets was performed using an EM 208-Philips TEM system
equipped with Quemesa (Olympus Soft Imaging Solutions)
camera. Before TEM imaging, samples were released from
the substrates, dispersed in ethanol and drop casted onto a
commercial lacey carbon TEM grid. Transmission spectra
in the visible spectral range (400-700 nm) were acquired
with an Agilent Technologies Cary-60 UV-VIS spectropho-
tometer at a scan speed of 600 nm/min and 1-nm resolution.
CCVD CNT film thicknesses were evaluated performing
atomic force microscopy (Solver Pro, NT-MDT, RU) across
a scratch in the film done with a scalpel and exposing the
underneath [used silica substrate. Raman spectroscopy
was conducted on the as-produced CNTs at RT employing
a Renishaw inVia Raman microscope with a 60x objec-
tive lens at 632.8-nm laser excitation and a laser power of

tCNTs characterization

about 2 mW. In order to evaluate the CNTs surface compo-
sition, X-ray photoelectron spectroscopy (XPS) was carried
out on a VG Escalab II spectrometer, in constant pass en-
ergy mode. Non-monochromatized Al Ko exciting radiation
(1.486.6 eV, 225 W) was used. Core-level XPS data analysis
was performed after the removal of nonlinear Shirley back-
ground and deconvolution into Gaussian/Lorentzian compo-
nents using Igor Pro 6.36 software (Wavemetrics Co., US).
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All procedures were approved by the local veterinary author-
ities and performed in accordance with the Italian law (decree
26/14) and the UE guidelines (2007/526/CE and 2010/63/
UE). The animal use was approved by the Italian Ministry of
Health. All efforts were made to minimize suffering and to
reduce the number of animals used.

Ethics
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Hippocampal neurons were obtained from neonatal Wistar
rats (postnatal day: P2-P3) as previously reported (Cellot et
al., 2009; Lovat et al., 2005). Briefly, cells were plated ei-
ther on poly-L-ornithine-coated (Sigma Aldrich; Controls) or
on t(CNTs-coated glass coverslips and incubated at 37°C, 5%
CO,, in Neurobasal-A (Thermo Fischer) medium containing
B27 2% (Gibeo), Glutamax 10 mM, and Gentamycin 0.5 pM
(Gibco). Cultured neurons were used for experiments at 8-10
DIV.

Primary cultures
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Organotypic slice cultures were prepared according to the
roller tube technique, previously described (Gihwiler, 1988;
Mohajerani & Cherubini, 2003). Briefly, 400-pm-thick
EHCs slices were obtained from P6 to P8-old Wistar rats (the
perforant pathway is described to be fully developed in rats
from P6; Fricke & Cowan, 1977) by means of a tissue chop-
per (Mcllwan) and stored for 1hin cold (4°C) Gey's Balanced
Salt Solution medium (GBSS) enriched with glucose and
kynurenic acid to limit excitotoxic processes. The slices were
subsequently plated onto glass Control coverslips or tCNTs
covered fused silica slices and embedded in chicken plasma
(16 pl; SIGMA), which was coagulated with the addition of
a drop of thrombin (23 pl). The lesion was made with a scal-
pel and under microscopy at the subicular level and the EC
portion was placed from 400 to 600 pm far from the hip-
pocampus one. This was accomplished taking advantage of
a graduated ruler placed below the coverslips during plat-
ing. Cultures were then left for 1 hr at RT and then placed in
Nunc™ tubes filled with 750 ml of Neurobasal-A (Thermo
Fischer) medium containing B27 2% (Gibco), Glutamax
10 mM and Gentamycin (0.5 pM (Gibco). Tubes were in-
cubated at 37°C in a roller drum (0.17 RPM) and used for
experiments after 8-12 DIV. The medium was completely

Organotypic cultures

replaced every 3 days.
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Patch-clamp, whole-cell recordings were achieved with
glass micropipettes with a resistance of 4-7 M. The intra-
cellular pipette solution was the following: 120 mM K-glu-
conate, 20 mM KCI, 10 mM HEPES, 10 mM EGTA, 2 mM
MgCl,, 2 mM Na,ATP, and pH 7.3. Cultures were posi-
tioned in a custom-made chamber mounted on an inverted
microscope (Eclipse TE-200, Nikon, Japan) and continu-
ously superfused with external solution at a rate of 5 ml/
min. The external saline solution contained: 150 mM NaCl,
4 mM KCI1, 1 mM MgCl,, 2 mM CaCl,, 10 mM HEPES,
10 mM glucose, and pH 7.4. Cells were voltage clamped
at a holding potential of =56 mV (not corrected for liquid

Patch-clamp experiments

junction potential, that was calculated to be 13.7 mV at
20°C in our experimental conditions). The (uncompen-
sated) series resistance had values lower than 8 MQ. All
recordings were performed at RT. Data were collected
using a Multiclamp 700A patch amplifier connected to a
PC through a Digidata 1440 (Molecular Devices, US) and
subsequently analyzed using Clampfit 10.4 software suite
(Molecular Devices, US).

4.7 | Field potential recordings

Simultaneous extracellular field potential recordings from
visually identified molecular layer of the DG and the super-
ficial layers of the EC were performed on slices at 8-12 DIV
at RT using low resistance (4-6 MQ) glass micropipettes
filled with extracellular solution. For each experiment, the
organotypic slices were cultured onto Control glass cover-
slips and tCNT-decorated fused silica slides, positioned into
a recording chamber, mounted onto an upright microscope
(Eclipse TE-200, Nikon, Japan) and superfused with standard
saline solution containing: 152 mM NaCl, 4 mM KCl, | mM
MgCl,, 2 mM CaCl,, 10 mM HEPES, and 10 mM glucose.
The pH was adjusted to 7.4 with NaOH. After a stabilization
period of about 20 min, the recordings of the spontaneous
activity were sampled for additional 45 min in standard saline
solution. Finally, as control of the excitatory nature of the re-
corded neuronal signals, we evaluated the activity for 15 min
in the presence of CNQX (10 uM) and no LFPs were de-
tected. All data were collected using a Multiclamp 700A am-
plifier connected to a PC through a Digidata 1440 (Molecular
Devices, US) and subsequently analyzed using Clampfit 10.4
software suite (Molecular Devices, US). To stimulate the
PP we placed a bipolar electrode, made by a low-resistance
patch pipette containing normal saline solution, into the EC
superficial layers, no changes in the electrode position were
made. Voltage pulses (from 200 to 1,000 ps) of increasing
amplitude (from 1 to 50 V) were delivered by an isolated
voltage stimulator (DS2A; Digitimer ltd.) until a response
was evoked and detected. The synchrony between DG and
EC LFPs was assessed through a MATLAB custom-made
script, as previously described (Usmani et al., 2016). Briefly,
for each pair of voltage time series, the Pearson correlation
coefficient (CCF) was assessed and its statistical significance
was determined by performing a permutation test. This test
measures the distribution of correlation coefficients that one
would expect to observe if the voltage signals recorded from
a pair of explants happened to correlate purely by chance. By
measuring how likely it was for the values of this null dis-
tribution to be larger or equal than the real correlation coef-
ficient, it was possible to understand whether the correlation
between the pair of time series was significantly larger than
expected by chance. This procedure allowed for determining
what fraction of cocultured slices exhibited a significantly
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synchronous LEPs, for all the tested conditions (Aurand et
al., 2017; Usmani et al., 2016).

Immunocytochemistry and microscopy
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To visualized dissociated hippocampal neurons, we fixed
cultures in 4% formaldehyde (prepared from fresh paraform-
aldehyde: Sigma) in PBS for 20 min, permeabilized with
0.3% Triton X-100 and incubated with primary antibodies
for 30 min at RT. After washing in PBS, cultures were incu-
bated with secondary antibodies for 45 min and then mounted
with Vectashield® (Vector Laboratories) on 1-mm-thick mi-
croscope glass slides. To visualize neurons and glial cells,
we used the following: rabbit anti-f-Tubulin III primary an-
tibody (Sigma T2200, 1:250 dilution), and Alexa 594 goat
anti-rabbit secondary antibody (Thermo-Fisher, 1:500): anti-
GFAP mouse primary antibody (SIGMA, 1:250) and Alexa
488-goat anti-mouse secondary antibody (Thermo-Fisher,
1:500). Cell nuclei were visualized with the nuclear marker
DAPI (1:1,000). Cultures were imaged with an epifluores-
cence microscope using 10x and 20x objectives (DM 6000,
Leica) and analyzed with the open-source software Imagel]
(http://rsh.info.nih.gov/ij/). To stain Organotypic cultures
we fixed them for lh at RT as described above. After PBS
washes, cultures were incubated with mouse SMI32 (1:250)
and rabbit NeuN (SIGMA; 1:200) primary antibodies, and
Alexa 594 goat anti-rabbit (Invitrogen, 1:500), Alexa 488
goat anti-mouse (Invitrogen, 1:500) secondary antibodies and
Hoechst (Invitrogen; 1:1,000). Cultures were then mounted
with Vectashield® (Vector Laboratories) on 1-mm-thick mi-
croscope glass slides, visualized with a confocal microscope
(Nikon Eclipse Ti-E; 10x objective) and analyzed with the
Volocity image analysis software (Perkin Elmer). To quan-
tify the SMI32-positive “crossing-fibers,” we selected 3D re-
gion of interest (ROI) (500 pm x 50 pm x 15 pm) in the gap
between the H and the HC (with the ROI longitudinal axis
perpendicular to the segment connecting the centers of the
two EHC emi-sections, see Figure 5¢) in both Controls and
tCNT's cultures. The amount of SMI32-positive voxel within
each ROI was quantified for each image, and normalized to
the overall ROI volume. All the image values from the same
condition were then averaged together and plotted.

Statistics
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All reported values are expressed as means + SD, with n in-
dicating the number of cultures, unless otherwise specified.
Statistically significant differences between pairs of dala sels
were assessed by Student's r-test (after validation of variance
homogeneity by Levene's test) for parametric data and by ei-
ther the Mann—Whitney U test or the Kolmogorov—Smirnov
test for nonparametric data. When multiple groups were com-
pared, Kruskal-Wallis test was used. Correlation and 1EIs of

local field potentials were measured through two different
custom programs wrote in MATLAB (The MathWorks, Inc.,
Natick, Massachusetts, United States) (Usmani et al., 2016).
Statistical significance was determined at p < .03.
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Carbon Nanotubes, Directly Grown on Supporting
Surfaces, Improve Neuronal Activity in Hippocampal

Neuronal Networks

llaria Rago, Rossana Rauti, Manuela Bevilacqua, Ivo Calaresu, Alessandro Pozzato,
Matteo Cibinel, Matteo Dalmiglio, Claudio Tavagnacco, Andrea Goldoni,

and Denis Scaini*

Carbon nanotube (CNT)-modified surfaces unequivocally demonstrate
their biocompatibility and ability to boost the electrical activity of
neuronal cells cultured on them. Reasons for this effect are still under
debate. However, the intimate contact at the membrane level between
these thready nanostructures and cells, in combination with their
unique electrical properties, seems to play an important role. The entire
existing literature exploiting the effect of CNTs on modulating cellular
behavior deals with cell cultures grown on purified multiwalled carbon
nanotubes (MWNTs) deposited on a supporting surface via drop-casting
or mechanical entrapment. Here, for the first time, it is demonstrated
that CNTs directly grown on a supporting silicon surface by a chemical
vapor deposition (CVD)-assisted technique have the same effect. It is
shown that primary neuronal cells developed above a carpet of CVD
CNTs form a healthy and functional network. The resulting neuronal
network shows increased electrical activity when compared to a similar
network developed on a control glass surface. The low cost and high
versatility of the here presented CVD-based synthesis process, together
with the possibility to create on supporting substrate patterns of any
arbitrary shape of CNTs, open up new opportunities for brain-machine
interfaces or neuroprosthetic devices.

1. Introduction

In the last two decades, research focusing on
integrating carbon nanomaterials (CNMs)
into the nervous system experienced an
exponential increase, demonstrating unex-
pected results.!'~*! The ability to interface
nerve cells with novel (nano)materials
capable of efficiently modulating the elec-
trical activity of the entire neuronal network
opens novel approaches in neuroscience
research and future applications in neu-
rology and neuroprosthetics. Within this
category, carbon nanotubes (CNTs) are
well-known and widely studied CNMs and,
thanks to their extensively investigated
physicochemical and biological proper-
ties, ¥ found application in many fields
ranging from biology to nanomedicine.”1!!
CNT& could be thought as hollow cylinders
made of one (single-walled) or more (multi-
walled) layers of graphene (one atom-thick
sheet of graphite).'? Their innate character-
istics, combined with the ease of chemical
modifications*!*l and a (nano)ymorphology
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resembling extracellular matrix structure,'” make CN'Ts an excel-
lent candidate for interfacing neuronal systems.'*-% Indeed, bio-
compatible, durable, and robust CNT-based substrates/scaffolds
and devices have demonstrated to affect neuronal development
providing new opportunities for central nervous system disorders
therapies. 22!

The ability of CNT-modified substrates to modulate neuronal
functionality at either systemic level (e.g., inducing neuronal
processes growth and jor synaptogenesis)*'”*'*? gr functional
level (e.g., improving synaptic transmission effectiveness)!*¢-1
is well established. In this framework, the possibility of inter-
facing neuronal systems with CNTs emerged as an intriguing
and successful approach to manipulate electrical activity in
single neuronal cells, in synaptically connected networks, and
in complex tissue explants. 161923

Despite cytotoxicity of free-floating CNTs being still under
debate (spanning from good tolerance to strong toxicity mainly
determined by CNT dimensions, concentration, and surface
functionalization”*?*), when CNTs are firmly immobilized on
surfaces, no evidence of (cyto)toxicity was pointed out.'®7 19271
Many different strategies were exploited in order to have sur-
faces decorated with a stable carpet of CNTs, ranging from
laying down CNTs by drop casting® to surface embedding
via elastomeric entrapping!’® or by chemical vapor deposition
(CVD)-assisted growth of CNTs directly on target surfaces.**

The majority of the studies demonstrating CNT ability to
modulate neuronal activity relates to drop-casted carpets of
CNTs. Despite the large amount of work done, the use of glass
surfaces modified by drop-casted CNTs still presents draw-
backs, strongly limiting the scaling up of their use for biomed-
ical or industrial applications. These shortcomings indude a
low control of surface coverage that might result in large por-
tions of the supporting sample (e.g., glass) totally lacking CN'Ts.
More crucial, drop-casted CN'Ts are usually just physisorbed
on the supporting surface. This results in easy detachment if
tangential strains are induced as, for example, in the case of
cell migration, contraction or, simply, intense flow of liquids.
In this respect, chemical vapor deposition technique represents
a valuable approach to overcome the above-mentioned issues.

CVD gives the possibility, in the presence of a carbon pre-
cursor, of thermally growing CNTs on whatever surface—or
portion of surface—previously covered by a catalytic element
(e.g., iron nanoparticles) resulting in extremely uniform films of
aligned CNTs.2%* The obtained layers of CNTs demonstrated
to be strongly bound to the surface of the supporting material
reducing the possibility of CNTs' mechanical detachment or
release in the surrounding environment. Although different
CVD fabrication methods are possible, in this work we used a
catalytic-assisted CVD (CCVD) using hydrocarbons (acetylene)
as feed material and iron nanoparticles as catalyst."** Such an
approach combines fabrication simplicity with the possibility to
easily scale up the procedure, making it extremely attractive not
only for research but also for large-scale applications.

Herein we first showed that uniform and patterned carpets
of pure multiwalled carbon nanotubes (MWNTs) can be easily
produced by CCVD on supporting silicon substrates as high-
lighted by a combination of electron microscopy and spectro-
scopic techniques. Subsequently, uniform CNT carpets were
used as supporting substrates for the development of neuronal
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networks from rat hippocampus primary cells. Immunofluores-
cence experiments showed that our MWNT films are biocompat-
ible and not cytotoxic resulting in an extended and functional
neuronal network. Interestingly, calcium imaging experiments,
intending to evaluate the electrical activity of the resulting neu-
ronal network, demonstrated that neurons interfaced with our
MWNTs were characterized by potentiated electrical activity in
a way very similar to what was observed in literature for drop-
casted CNT carpets."®"7** This was done using just uniform
carpets of CN'Ts, and not patterned ones, in order to highlight the
intrinsic CNT neuromodulation effect from alterations in net-
work dynamics due to differences in the morphology of the net-
work induced by a patterned surface. Uniform carpets of CNTs
had in glass slides their natural control surface, without the dif-
ficulty in reproducing complex network morphologies on glass.

We demonstrated that our activity-boosting CNT mats are
characterized by Dbetter electrochemical and charge injection
properties than drop-casted ones and are more versatile being
patternable with CNTs localized only on specific areas of any
arbitrary shape and size of a supporting surface.

Approaches toward a deeper analysis of the interac-
tions between surface-immobilized CNTs and brain cells
and their crcuitry offer great opportunities for boosting
nanotechnological applications for the nervous system.

2. Results and Discussion

2.1. Fabrication of MWNT Carpets for Neuronal Network
Growing

Multiwalled carbon nanotubes were grown on silicon wafer
chip (8i/Si0;) substrates following an iron nanoparticle-
catalyzed CCVD process.*™ Detailed description of the entire
process is available in the Experimental Section. Briefly, MWNT
synthesis was carried out at about 700 °C in the presence of
acetylene as carbon precursor for just 90 s. Nanotube growth is
catalyzed by the formation of iron nanoparticles obtained from
a uniform thin (2+5 nm in thickness) iron layer deposited on
the wafer and subsequently annealed at 670 °C in reducing con-
ditions (H, atmosphere). It is well known from literature that,
at high temperatures, the direct coating of a silicon substrate by
catalyst can induce silicide formation deactivating the catalyst
and, in turn, compromising nanotubes growrh.'“' Therefore, in
order to avoid silicidation of the metal catalyst, buffer layers,
such as deposited Al;O; and TiO,, or thermally grown SiO; can
be used.7** Moreover, previous studies have reported methods
to enhance nanotube yields by employing twol*>* or even more
catalyst layers.?**% Notably, in our synthesis method, although
no metal other than iron has been used as catalyst layer and no
other buffer layer besides the native Si0O, layer spontaneously
formed on the silicon surface has been employed, the density
and reproducibility of the as-produced CNTs forest were com-
parable to similar structures found in the literature, grown by
using more sophisticated techniques (up to 1.4 x 10'% ¢cm %) *1
The ease and reproducibility of our method will allow a more
straightforward scaling up of the entire process.

In order to investigate the morphology and size distribu-
tion of the iron nanoparticles, on which depend the density
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and the dimension of CNTs constituting the mat, the wafer
surface was characterized by means of atomic force micros-
copy (AFM) imaging before and after the annealing. Figure S1
(Supporting Information) showed typical AFM microscopic
images of an as-evaporated 2 nm thick film of iron before
(Figure Sla, Supporting Information) and after (Figure S1b,
Supporting Information) annealing. Prior to annealing, Fe
films have been found relatively smooth and with a root-mean-
square (rms) surface roughness (mediated over three samples)
of 0.37 + 0.06 nm; on the other hand, after the annealing treat-
ment, a completely different surface morphology characterized
by a significative increase in the rms roughness (5.30 £ 0.19 nm)
was observed (see AFM line profile in Figure S1 in the
Supporting Information). AFM particle analysis—performed
by taking into consideration AFM tip surface deconvolution—
revealed average partide size of about 13.2 £ 7.8 nm in
diameter. The nucleation of nanoparticles, acting as CNTS
growing seeds, is driven by a minimization of the surface free
energies connected to the difference in surface energy between
the metal catalyst and the supporting layer.**

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) imaging were performed on the
as-obtained CNT carpets to address their morphology and
uniformity and provide information about nanotube dimen-
sions, alignment, and density. Analysis revealed that as-grown
nanotubes have diameters ranging between 15 and 25 nm and
lengths up to 300 pm. It is worth noting that CNTs' diameter is
strongly related to catalyst particle size,**| while CNTs' length
depends mainly upon the growth time,*

TEM characterization was carried out to investigate CNTs'
structure and crystallinity, catalyst particles’ size, and their
localization along the tubes. Tt has been found that CNTs con-
sist of multiwalled carbon nanotubes with variable number of
walls. Specifically, Figure 1a (top) shows an isolated MWNT
with an outer diameter (OD) of about 22 nm and an inner
diameter (ID) of nearly 12 nm. These measurements are con-
sistent with 14 nanotube walls!*” TEM observations reveal
a non-full encapsulation of Fe nanoparticles into the tubes
and, as a matter of fact, their localization at one end of dif
ferent nanotubes was instead verified. In particular, Figure la
(bottom) revealed a 24 nm catalyst nanoparticle (highlighted in
red) at the endcap of a carbon nanotube. Nanoparticles diam-
eter coincides roughly with MWNTY inner diameter. The same
microscopic image showed several overlapping CNTs with
diameters ranging from 8 to 22 nm. Additionally, TEM analysis
pointed out that CNTs exhibit structural defects as imperfec-
tions of carbon sheet in tubes, such as breaks, sp® hybridized
carbon atoms, Stone-Wales defects (i.e., two heptagons and
two pentagons), probably related to the relatively low growth
temperature used.***)

Analysis of SEM images (Figure 1b) revealed that nanotubes’
carpets are composed by vertical aligned CNTs, oriented per-
pendicularly to the surface substrate, with a very high packing
density forcing their vertical orientation (side view in bottom-
left inset). Instead, from the top, CNTs appear randomly
oriented (top view in top-right inset). This “spaghetti-like”
aspect is due to the proximity effect of densely distributed cata-
lyst nanoparticles forcing initially randomly oriented CNTs to
assume a vertical alignment. "%l
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Raman spectroscopy was performed to investigate the purity,
structure, and defects of CNTs combined with the possibility
to discriminate MWNTS from other allotropic forms of carbon.
The first- and second-order Raman spectra recorded on as-
grown CNTs (Figure 1c) revealed MWNT characteristic peaks
with a D band at =1330 cm™ indicating the presence of crystal
disorder in the hexagonal rings, such as amorphous carbon®®!!
and a G band at =1583 cm™ related to the in-plane tangential
vibration of sp’-hybridized carbon atoms within the graphene
sheets.”” The ratio between the D (Ip) and G (Ig) bands’ inte-
gral intensities is generally exploited to evaluate the quality of
MWNTs. Specifically, similar intensities of these bands,® as in
our case (Ip/Ig = 0.97), suggested the presence of nongraphitic
carbon in nanotubes, a typical condition encountered in low-
temperature CVD-grown CN'Ts.*** Together with the G band,
the second-order Raman peak G’ is a signature of graphitic sp*
materials and is located at =2700 cm™.

Additionally, in order to determine CN'T¥ surface composition,
X-ray photoelectron spectroscopy (XPS) analysis was carried
out. From the XPS survey spectrum of CNTs (Figure 1d), three
elements were discriminated: carbon (Cy), oxygen (O,g), and
silicon (Sizs and Sizp). The detected amount of C and O are
87.29% and 8.90%, respectively. Moreover, a small amount
(3.8%) of Si was detected. The presence of oxygen on CNTs
surface is intrinsically related to the CCVD fabrication method
and, more in particular, to defects formed during CNTE
synthesis since they tend to adsorb oxygen when exposed to air.
The most intense peaks, shown in the Cy. core level (Figure le),
located at 284.6 and 285.8 eV can be assigned to sp”-hybrid-
ized graphitic carbon atoms on CN'Ts walls and to amorphous
carbon (sp-hybridized carbon atoms), respectively.**!

The amorphous carbon is likely due to the CNTY synthesis
process, as confirmed by the structural defects identified via
TEM (Figure la) and Raman spectroscopy (Figure 1d). The
peak at 290.8 eV corresponds to the electron energy loss peak
due to m-plasmon excitations. These three peaks are charac-
teristics of Cy, core level from the carbon nanotubes.*® The
additional small peaks at 287.15 and 288.4 eV are related to the
presence of oxygen.™

Electrochemical investigation of CCVD synthesized CNTY¥
carpets by means of cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) pointed out the better
performance of our CNT surfaces in terms of conductivity
and charge-transfer properties when compared to drop-casted
CNTs or gold surfaces (Figure 1f; Figure S2, Supporting
Information). Chronopotentiometric analysis was performed
to determine the charge injection capacity (CIC) of the three
different samples (Figure 1g). Detailed electrochemical meas-
urements were performed on each electrode type (macro-
electrode type) at least twice to gain good reproducibility. The
impedance value of CCVD synthesized electrode at 1 kHz was
found to be =1.5 orders of magnitude smaller than a compa-
rable-sized Au electrode and less than one half with respect to
DC electrodes (Figure 1g).

According to the different water windows for the Au electrode
(~0.8 to + 0.8 V),CCVD CNT¥ electrode (~1.2 to + 1.2 V), and
drop-casted CNTg' electrode (~1.4 to+ 1.4 V) (see ref. [60]and also
Figure S2, Supporting Information), the calculated CIC values
from the voltage transient for the three electrode types showed
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Figure 1. Morphological and chemico-structural characterization of CCVD grown CNTs. a) TEM images of CNTs showing an isolated MWNT (top),
various overlapping CNTs, and a 24 nm catalyst nanoparticle (highlighted in the red ellipsis) standing inside the endcap of a nanotube (bottom).
b) SEM images showing a silicon surface covered by a thick layer of aligned CNTs, oriented perpendicularly to the surface substrate (side view,
pound-sign inset). Instead, from the top, nanotubes appear randomly oriented (top view, star-sign inset). c) Raman spectra exhibiting typical bands
of low-temperature CCVD-grown MWNTs. d) XPS survey and e) Cls core level of CNTs. f) Electrochemical impedance spectroscopy (EIS) analysis in
form of a Bode plot (left) and a Nyquist plot (right) comparing a surface decorated with CCVD CNTs (black), with a surface covered by drop-casted
CNTs (red), and a reference gold substrate (in blue). g) Current-controlled measurements were performed recording the voltage transients versus time
characteristics to determine the charge injection capacity (CIC) of the three different samples.

the following trend: drop-casted CNT¥ electrode (6.4 pC cm™,
corresponding to an injected current of 5 mA) < Au electrode
(28 UC cm™, corresponding to an injected current of 20 mA)
<CCVD CNT¥' electrode (190 pC cm™, corresponding to a
further increased injected current of 24 mA).
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As already mentioned, a remarkable aspect of the CCVD syn-
thesis of CNTs carpets is the ease in confining CNTs just on
areas of any arbitrary shape and dimension by means of simple
patterning of the catalytic film surface.®!! In contrast, invasive
subtractive pattern generation via chemical or reactive ion
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Figure 2. a) Schematic overview of the procedure followed to synthesize patterned CNTs on substrates previously decorated with OTS film.
a-i) PDMS stamps with relief features are linked with OTS solution and then pressed onto the SiO,/Si substrates a-ii) realizing a printed OTS film.
Then, a thin layer of iron was selectively deposited on the OTS-patterned SiO,/Si substrates leading, due, to hydrophobic exclusion, a-iii) to a selective
deposition of iron only around the OTS regions and, a-iv) finally, the subsequent growth of patterned CNTs was carried out following the procedure
described in the CNTs’ preparation section. b) SEM images showing various micropatterned geometries that could be obtained with CNTs: stripes,

wells, and dots.

etching is necessary to achieve the same result from an homoge-
neous layer of drop-casted CNTs.%?) As proof of principle of such
possibility, we have here adopted a nonlithographic patterning
method based on the microcontact printing (UCP) of octadecyl-
trichlorosilanes (CH3(CH,);5SiCl; (OTS)) (Figure 2a). Catalytic
metal patterning performed following this procedure (see the
Experimental Section for details) allowed for direct site-selective
growth of MWNTs giving rise to reproducible and large-scale
CNT-based micrometric patterns of various geometries with
a lateral resolution of about 1 pm (Figure 2b). Compared to
conventional subtractive patterning methods, uCP technique
reduces process steps, costs, and chemical wastes. This enables
a more rapid fabrication of microstructures with a comparable
resolution of similar patterns realized with traditional optical
lithographic strategies but at a fraction of the final cost.

2.2. Culturing Primary Neurons above CNTs’ Substrates

Primary neurons from rat hippocampus were plated above
uniform carpets of CNTs and, as control condition, above flat
glass slides. Cells were allowed to grow and develop functional
networks. Effectiveness of cell morphology, network exten-
sion, and adhesion to CNT mats were assessed in a first set of
experiments by means of SEM analysis (Figure 3a). Cells dem-
onstrated to possess nice globular healthy shapes extending
numerous neurites and to be part of a large network embedded
in a diffused extracellular matrix film covering all the CNT¥’
carpet. Tears in the extracellular matrix film, presumably
occurred during sample preparation for SEM investigation,
reveal the top portion of the underneath carbon nanotubes’
carpet and the intimate contact within them and the cellular
phase as visible in Figure 3a (right).
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In a second set of experiments we used immunofluorescence
technique to compare cells grown on control glass with those
grown on CNT substrates. To prove the in vitro formation of
comparable hippocampal network on both glass controls and
CNT substrates, we imaged by immunofluorescence the cellular
components of the network. The specific cytoskeletal component
B-tubulin IIT was marked to point out neurons, while the glial
fibrillary acidic protein (GFAP) was targeted to visualize instead
astrocytes.!'22¢3 At the left-hand side of Figure 3b, two repre-
sentative confocal reconstructions of the network displaying
PBtubulin III positive cells (in red) developed above a control
glass coverslip (top image) or above a CNTs substrate (bottom
image) are shown. In both images, nuclei were pointed out by
4’6-diamidino-2-phenylindole (DAPI, in blue). Remarkably,
CNTY presence did not affect neuronal cells' density (histogram
in Figure 3¢, n =10 visual fields per condition, three independent
culture series). Control cultures present a neuronal density of
138 + 30 B-tubulin-positive cells mm™ comparable to that meas-
uredin CNT ones (130+25 B-tubulin-positive cellsmm™, Student
t-test). We then investigated the presence and morphology of glial
cells. GFAP is the main component of astrocyte intermediate
filament cytoskeleton, and its expression increases as the cell
matures.®! These cells had a characteristic stellate-like mor-
phology (see confocal reconstructions in Figure 3b, central part)
and we measured GFAP-positive cells’ density both in control
and CNT samples. Again, CNTs did not affect astrocytes’ shape
(Figure 3b) nor density (histogram in Figure 3d; n = 10 visual
fields per condition, three independent culture series). Control
cultures present a glial density of 110 + 28 GFAP-positive
cells mm™ not significantly different (Student t-test) from that
measured in CNT ones (130 + 28 GFAP-positive cells mm™).

These results clearly indicate that our CNT carpets support
both neuronal and glial survival, allowing the development of
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Figure 3. a) SEM images at different magnifications where a large portion of the neuronal network developed above a CNT carpet is visible (left).
Neurons are characterized by rounded soma and by numerous processes spreading out (center) while, in the cracks in the extracellular matrix covering
all the surface underneath CNTs are clearly visible (right). b) Confocal microscopic images of two representative fields of hippocampal cultures grown
on a flat glass control (top) and on a uniform carpet of CNTs (bottom). Cells were immune-stained for B-tubulin Ill to point out neurons (in red,
left columns), GFAP to visualize astrocytes (in green, central columns), and DAPI for nuclei (in blue). Overlapping of all the three stains reveals the
similarity in terms of morphology and cell phenotype between the two conditions (right columns). The average densities of neuronal cells in the two
conditions were evaluated and represented as c) histograms while d) glial cells densities are pointed out.

cellular networks comparable to those grown on control poly-
ornithine glass (see f-tubulin III and GFAP stains overlapping
in Figure 3D, right part). The fact that CNT substrates do not
alter the density of GFAP-positive glial cells suggests a possible
application as biointerfacing nanostructured material 61934l

2.3. Assessing Network Activity by Calcium Imaging

To investigate how CNT interfacing can impact neuronal network
performance, we monitored the emerging network activity by
means of fluorescence calcium imaging.*>%! With our imaging
setup, we recorded representative fields of 680 x 680 pum?
in both glass and CNT-supported neuronal networks (see the
Experimental Section). At 9+10 days in vitro (DIV), neurons
are usually synaptically connected and display spontaneous
activity induding bursts emerging by irregular synchronized
firing epochs.!'7?2%3 Figure 4a shows a representative frame
extrapolated from a Ca®* imaging recording revealing the spa-
tial resolution of the used camera allowing many cells' simul-
taneous tracing within the same field of view, thanks to single
cell resolution. In Figure 4b, examples of fluorescent recordings
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of two representative cells under each condition (glass controls
and CNTs) are depicted. Traces, shown in normal extracellular
saline solution and in bicuculline (BIC; a competitive antagonist
of inhibitory GABA, receptors) enriched one, are representa-
tive of the spontaneous electrical activity of the cells. Neuronal
origin of such activity was assessed taking into account the fact
that episodes of neuronal activity are represented by bursts of
activity fully blocked by tetrodotoxin (TTX, a potent blocker of
voltage-gated sodium channels) application (1 x 107 w; see the
Experimental Section).

In our recordings, spontaneous Ca®* activity was detected in
40% of cells present in each field visualized on glass coverslips.
Notably, in CNTs around virtually all (>98%) of the visualized
cells were active and generate spontaneous Ca’* episodes. Data
relative to control and CNTs conditions are summarized in the
histogram in Figure 4c (n = 32 and 36 cells, respectively).

We measure the occurrence of spontaneous Ca’* episodes in
active cells by quantifying the interevent interval (IEI) that is
significantly (p < 0.001, two way analysis of variance (ANOVA))
shorter in CNTs' cultures (10 = 5 s, n = 36 cells, from six
different visual fields of three independent cell cultures) when
compared to controls (32 = 9 s, n = 32 cells from six different
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Figure 4. a) Snapshot of representative field of neuronal cultures grown on a CNTs' carpet, stained with the Oregon Green 483-BAPTA-1 AM calcium
indicator. b) Repetitive Ca’* events spontaneously (left) or bicuculline-induced (right) recorded in hippocampal cultures (two sample neurons were
selected from the same field). c) A histogram of the percentage of spontaneous active cells in control and CNT conditions. d) Average of interevent
interval (IE1) values of control and CNT cells in normal saline solution and in disinhibiting bicuculline solution (n =32 cells for controls and n =36 cells
for CNTs, six different visual fields from three independent cell cultures per condition; ** = p < 0.01, *** p < 0.001, two-way AN OVA).

visual fields of three independent cell cultures), thus suggesting
a different activity modulation induced by the presence of
CNTs (plot in Figure 4d).

In an additional set of experiments, we pharmacologically
blocked GABA,, receptors by bicuculline (20 x 107° n; 20 min)
application. This antagonist of inhibitory connections is known
to alter network patterns of activity.! ! [n both groups, in
respect to spontaneous activity, bicuculline addition resulted in
boosted neuronal activity as evident by the significant decrease
in the average IEI of episodes detected in control (p < 0.01, two-
way ANOVA) or in CNTs (p < 0.01, two-way ANOVA) cultures
(Figure 4d).

As pointed out, as well, by the calcium tracings in Figure 4D,
active cells treated with bicuculline give rise to the appearance
of Ca®* episodes displaying an IEI of 5 + 3 s in CNT¥ cultures
(n = 36), a value significantly (p < 0.001) lower when compared
to that of control cultures (17 £ 12 s; n = 32 cells). All data are
summarized in the plot in Figure 4d. According to the neuronal
nature of such disinhibited episodes, further applications of
TTX completely removed all Ca?* activity (data not shown).

3. Conclusion

Herein, we have demonstrated a CCVD-based approach to
fabricate carbon nanotube-decorated surfaces for cellular
applications. Resulting carpets are composed by vertically aligned
MWNTs with woven heads uniformly covering a supporting
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glass surface (Figure 1). CNT film thickness (from few hun-
dreds of nanometers to hundreds of micrometers) is controlled
by tuning CVD reaction parameters. CVD-grown nanotubes are
strongly attached by one end to the supporting glass surface.
Consequently, different from other CNT surface-decorating tech-
niques, operators are not exposed to free-standing or floating
CNTs during both fabrication and utilization phases.

CCVD CNT carpets, when compared to drop-casted CNT
carpets or flat gold, demonstrated to have lower impedance in
physiological conditions. Interestingly, this difference is more
pronounced at low frequencies (10+100 Hz), a regime more
representative of neuronal network spike rates.>172% Similarly,
CIC is significantly higher for CVD CNT carpets (Figure 1).

Comparing the morphology and cell phenotype distribution of
hippocampal networks developed on standard glass surfaces or
on uniform carpets of CNTs, we could not point out any signifi-
cant difference. The fact that the two cellular networks were char-
acterized by healthy and functional cells highlighted the good
cytocompatibility of CCVD synthesized CNTE carpets (Figure 3).

Remarkably, although we demonstrated that patterned CNT
surfaces were able to sustain the development of a healthy and
functional neuronal network, we observed an alteration of net-
work topology and processes orientation presumably due to a
preferential cell/neurite adhesion on CNTs’ decorated portions
of the sample (see Figure 5). Directionality analysis pointed
out an evident peak of directionality of the neuronal processes
when neurons were plated on a CCVD CNT-patterned surface
composed of aligned CNT stripes.
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Figure 5. a) Two examples of neuronal networks developed above a uniform carpet of CCVD CNTs (top) and on a silicon surface where CNTs (2 um
in length) were vertically grown on stripes (7.5 um width, 15 pm pitch) giving rise to a patterned substrate (bottom). Cells were immune-stained with
DAP! for nuclei (in blue), for GFAP to visualize astrocytes (in green), and for B-tubulin 111 to point out neurons (in red). On the right, the merging of
all three channels pointing out the extremely different network morphology induced by the CNT-patterned surface. The presence of many cell nuclei on
CNT covered surface areas as well as a preferential orientation of cell processes along CNT stripes was observable. b) Directionality analysis of neuronal
processes performed on the same samples pointed out a homogeneous distribution of directionality, an indication of erratic spread of neuronal
processes, in the case of the uniform CNT carpet (left) and an evident peak of directionality for the CNT patterned one along the same direction of the

stripes. Directionality analysis performed using Fiji open source software.[*0l

From an electrophysiological point of view, we demonstrated
for the first time that CCVD-synthesized CNT carpets, in a
way similar to what happen on drop-casted CNTs, increase
the overall number of active cells as well the efficacy of neural
signaling by boosting, by a threefold increase, the frequency
of network electrical activity (Figure 4). This without inducing
any change in network size or morphology (if uniform CNT
carpets are used). The neuronal and glial densities were, in fact,
similar to the control substrates, as shown by our immune-
cytochemistry measurements. We can hypothesize that altered
cellular excitability by the CNT carpets could be, at least in part,
responsible for our results. In fact, improving cellular excita-
bility would increase the probability of active cells.”! Further-
more, the impact of CNTs on network activity was preserved
in the presence of bicuculline, highlighting a change in the
excitation/inhibition ratio.

Since a significant increase in terms of Ca>*-events frequency
was detected, we can postulate that the observed boosting
in overall neuronal activity could be related to modifications
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occurring at presynaptic level.”” Physico-chemical mecha-

nisms governing such neuronal potentiation could reasonably
be the same faced by neurons interfaced to drop-casted CNTs.
However, the exact reason of such an effect remains elusive and
not well addressed. In fact, the improved neuronal signaling
transmission might be related to general properties of MWNTs,
such as the high electrical conductivity,"m their electrochemical
properties,”?73l and/or their morphology. Thanks to the inti-
mate contact taking place at cell-membrane/nanotube level, as
shown in Figure 3a, CNTs could probably induce an extremely
fast propagation of local charges related to electronic cur-
rents along nearest areas of cell membranes. This could result
in a sort of immediate availability of mirror charges in the
CNT carpet resulting in ease of membrane cross-polarization
between proximal neurons.

More accurate investigations are necessary to highlight this
phenomenon as, for example, to understand if CNT-related syn-
aptogenicity or any change at pre- and postsynaptic level takes
place in neurons interfaced with CVD CNTs. To clarify these
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Figure 6. Live calcium imaging experiments were used to validate the possibility to induce an evoked activity in neuronal networks through the
electrical stimulation of the underneath carpet of CNTs. a) A snapshot of a representative field of hippocampal dissociated cultures developed above
an uniform carpet of CCVD CNTs and labeled with Oregon green 488-BAPTA-1 AM calcium probe. Yellow circular markers indicate the neurons
(ROI, region of interest) from which calcium events were recorded. b) A representative example of physiological spontaneous synaptic activity of the
network (left trace), fully blocked (right trace) by a drug cocktail containing the NMDA receptor antagonist APV (25 x 10°° w), the GABA, receptor
antagonist bicuculline (BIC, 10 x 105 1) and the AMPA /kainate receptor antagonist CNQX (10 x 10°% ). In this condition only artificially-evoked
activity could be observed. c) A representative trace where neuronal responses where induced by extracellular pulse stimulations applied through the
CNTs (see the Experimental Section) in the presence of the synaptic blocker drug cocktail (left trace). Below the trace the representation of three,
manually delivered, anodic voltage pulses (5, 2, and 2 V, respectively, 300 ms each). By the fact that 5 V stimulation induced abrupt calcium transients
in neurons, we reduced stimulus intensity to 2 V in order to prevent strong alterations in cell calcium homeostasis. Neuronal network propensity to
be stimulated to fire an action potential after voltage stimuli was totally abolished by tetrodotoxin (TTX) treatment (right trace) ensuring the neuronal
origin of the signals evoked in APV/BIC/CNQX condition. Below the trace the representation of the two anodic voltage pulses (2 V each, 300 ms in

duration) delivered. Calcium transients are expressed as fractional amplitude increase in the fluorescence signal (AF/Fg).

issues, further studies will be necessary. Moreover, the impact
of patterned CNT surfaces in altering the network morphology
and, consequently, network electrical activity is a pivoting point
necessary to be addressed in future studies. In this context, our
approach is extremely promising; in that, it allows fabrication
of not continuous carpets of CNTs (Figure 2). Such substrates
could be an important tool to highlight CNT carpet contribu-
tion in the whole potentiation mechanism that we observed as
well lay the foundations for a possible use of such substrates to
deliver complex spatiotemporal electrical stimulations. From
this perspective, as a proof-of-concept study, we demonstrated
that our uniform CCVD CNT carpets could be successfully
used to electrically stimulate the overlaying neuronal network
via short monophasic voltage pulses (2+5 V, 300 ms) evoking
Ca’".related signals of proved neuronal origin (see Figure 6 and
the Experimental Section).

Taken together, our findings demonstrate the possibility of
using on-surface synthesized CNTs to perturb the electrical
behavior of a neural network in vitro, an essential step for the
design of innovative synthetic biomaterials. Neuroprosthetic
devices, ranging from innovative neuronal scaffolds of complex
shapes to neuronal probes for electrical recording/stimulation,
characterized by strong interaction with neuronal cells and
reduced inflammatory response,'® could effectively emerge
taking advantage of CVD-based synthesis procedure.

4. Experimental Section

CNTs' Preparation: CNTs were synthesized in the Carbon Micro- and
Nane-laboratory via CCVD of acetylene over a Fe-coated Si substrate
running the growth for just 90 s. The wafers were manually cleaved into
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15 % 15 mm? chips using a diamond scribe and cleaned by rinsing in
ultrasonic baths of acetone and ethanol fer 15 min. Since CVD-assisted
CNTs' synthesis on a supporting substrate needs a catalytic element,
iron was deposited as a thin layer (2+5 nm in thickness) directly on
the Si0,/Si chips via thermal evaporation.*] Subsequently, supporting
substrates (Fe/SiO,/Si) were mounted on the heating element inside a
high vacuum reaction chamber. Before the CVD process, samples were
thermally annealed at 670 °C in H; atmosphere for 4 min. This serves two
purpoeses: i) reduce iron oxides that might be formed on sample surface
during transfer from the metal deposition system to the CVD reactor and
ii) de-wet the iron layer inducing nanoparticle formation. Subsequently,
acetylene gas (carbon source) was delivered through a flow meter system
in the reaction chamber in which the supporting chips were located.
Thereafter, sample temperature was raised to 700 °C, and acetylene was
intreduced into the chamber up to a partial pressure of 10 + 20 mbar.
Reaction time was limited to merely 90 s, resulting in the formation of
a uniform network of CNTs of about 10 pm in thickness. Samples were
used as removed from the reaction chamber. It is important to highlight
the fact that the thickness of the resulting layer of vertically aligned CNTs
was tuned by the reaction time. Reaction times shorter than 90 s usually
lead to entangled networks of CNTs, showing no preferential alignment.
On the other hand, by increasing the reaction time frem 90 to 240 s,
aligned CNTs of different length (CNTs' carpet thickness from 10 up to
200 um) can be obtained. A further increase of the reaction time beyond
240 and up to 600 s does not result in an appreciable increase of carpet
thickness indicating the onset of a saturation effect.

Pattemed CNTs: A selective growth of CNTs was performed on
silicon wafer chip (SiO;/Si) substrates patterned with OTS by the uCP
method.?*l OTS’s ability to form self-assembled menolayers (SAMs) on
a Si0y/Si substrate/! was usually adopted to medify specific surface
properties.7él Accordingly, CNT-based micropatterns were fabricated
by a site-selective deposition of the catalytic element (iron as thin
layer) by exploiting the OTS's capability to create a barrier for metal
nucleation and growth during the deposition.’”l Figure 2a shows the
general procedure scheme that was adopted to fabricate CNT patterns.
It combines the formation of an iron pattern by site-selective Fe
deposition on an OTS-patterned Si0,/Si substrate and subsequently the
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selective growth of CNTs over just the Fe-patterned regions. In short,
polydimethylsiloxane (PDMS) stamps with a relief microsize-patterned
structure were realized according to a previous procedure.”] Afterward,
the patterns were transferred onto the SiO,/Si substrates, previously
cleaned using acetone and isopropanol, by uCP using OTS, prepared in
reagent grade toluene with a concentration 10 x 10 m, as ink solution.
Polyester applicators were used to ink the PDMS stamps with the OTS
solutions, and N; gun was employed to remove from the stamps the
excess of solvent. The stamps were kept in contact with substrates for
5 min and then cleaned using acetone followed by N, blowing. After
that, the site-selective deposition of the catalyst layer over the as-realized
OTS-patterned substrates and the subsequent growth of patterned CNTs
were carried out following the same procedure described in the previous
section (CNTs’ Preparation).

Materials" Characterization: The morphology of the continuous
catalyst layer deposited on the supporting substrate and the Fe
nanoparticles resulting after the thermal annealing treatment were
investigated by means of atomic ferce microscopy using an XE-100
AFM (Park System). For this purpose, samples were processed under
the same preparatory steps adopted before CCVD CNTs' synthesis.
Topographic measurements were performed in contact mode in
air using a MikroMasch NSC36/CR-AU AFM tip (spring constant
2 nN nm") collecting images of 512 x 512 pixels at a cantilever
speed of about 0.5 Hz. Image processing was performed using
Gwyddion open source analysis software (version 2.40).7%1 SEM
imaging was conducted on the as-produced matenals collecting
secondary electrons on a Gemini SUPRA 40 SEM (Carl Zeiss NTS
GmbH, Oberkochen, Germany) operating at an accelerating voltage
of 5 keV. TEM investigations of CNT carpets were carried out using
an EM 208-Philips TEM system equipped with a Quemesa (Olympus
Soft Imaging Solutions) camera. Before TEM imaging, samples were
mechanically removed from the substrates, dispersed in ethanol by
sonication, and, subsequently, a drop of the so-obtained suspension
was deposited onto a commercial lacey-carbon grid. Raman
spectroscopy was performed on the as-produced CNTs at room
temperature (RT) employing a Renishaw inVia Raman microscope
endowed with a 60x objective lens (numerical aperture (N.A.) 1.0) at
632.8 nm laser excitation and about 2 mW of laser power. In order to
evaluate the composition of the CNTs' carpet covering these samples,
XPS analysis was conducted using a commercial X-ray photoelectron
spectrometer (VG-ESCALAB-11) equipped with a monochromatic Al
Kor X-ray source (1486.6 eV) and a hemispherical energy analyzer with
a base pressure below 1 x 107" mbar. Core-level XPS data analysis
was performed after the removal of nonlinear Shirley background and
deconvolution into Gaussian/Lorentzian components using Casa-XPS
software.

CVs, EIS, and chronopotentiometry fast measurements were
performed with an Autolab 302 N electrochemical workstation
(Metrohm, The Netherlands) at room temperature in argon atmosphere
and in 0.1 u phosphate buffered saline (PBS) electrolyte solution,
using a conventional three-electrode cell composed by the sample
under investigation as a working electrade, a platinum wire as auxiliary
electrode, and a saturated calomel (SCE) as a reference electrode that
was separated from the solution by a salt bridge with a Vycor frit and
filled with the PBS solution. Electrochemical investigation compared
these CVD CNTs to two substrates already used and described as
supporting substrates for neuronal network development: drop-casted
CNTs7. %] and a thin layer of gold.

EIS experiments were taken between 1 Hz to 10 kHz using
10 mV RMS AC veltage. CV tests were performed at a scan rate of
50 mV s across the water window.

In current-controlled measurements, a biphasic current pulse of
700 ps combined to an interphase period of 700 us was applied to
the system, and the simultaneous voltage transient was recorded. The
magnitude of the current pulse must allow safe stimulation to avoid
redox processes in water environment and Jor electrode damage (i.e.,
exfoliation). CIC was calculated from the current pulse divided by the
geometrical surface area of the electrode.
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Preparation of Primary Hippocampal Cultures: Primary dissociated
cultures were obtained from postnatal rats (P2+P3) as previously
described.'”1%%% All experiments were approved by the local authority
and performed in accerdance with the ltalian law (decree 116/92)
and the EU guidelines (26/609/CE, 2007/526/CE and 2010/63/UE).
The Italian Ministry of Health approved the use of animals. All efforts
were made to minimize animal suffering and to reduce the number of
animals used.

Cells were plated on poly-1-ornithine-coated glass coverslips and on
CCVD-grown CNT substrates {uniform flat carpets or patterned). Before
using for culturing, CNT substrates were mounted on 12 X 24 mm?
glass coverslips (0.13+0.16 mm in thickness, Kindler, EU) by a thin
adhesive layer of PDMS cured at 100 °C In order to increase cell
adhesion, an air plasma-cleaner treatment was performed on glass and
CNT substrates, 1 h before plating cells. Subsequently, both substrates
were sterilized with UV light for 20 min. Cultures were incubated at
37 °C, in a humidified atmosphere enriched with 5% CO,, in a culture
medium containing Neurobasal Medium (Gibce), supplemented with
B27 (2%; Gibco), Glutamax (10 x 10 m; Gibco), and Gentamycin
(500 x 10% m; Gibco). Culture medium was renewed (60%) after
4 days from seeding. Plating was carried out at a nominal density of
200.000 £ 16.000 cells mL" (n = 4 different series of cultures). Cultures
were then used for experiments after 9+10 DIV.

Immuno-cytochemistry, Confocal Microscopy, and Electron Microscopy:
Cells cultured on CCVD-grown CNT carpets and onglass controls were fixed
after 910 DIV in a PBS solution containing 4% formaldehyde (prepared
from fresh paraformaldehyde) for 20 min at RT. Cells were subsequently
blocked and permeabilized in 1% Triton X-100, 5% fetal bovine serum
(FBS) in PBS for 30 min at RT. Samples were incubated with primary
antibodies (rabbit polyclonal anti-B-tubulin I, Sigma-Aldrich, 1:250
dilution; mouse monoclonal anti-GFAP, Sigma-Aldrich, 1:200 dilution)
diluted in PBS with 5% FBS, for 30 min at RT.®® Samples were
then incubated with secondary antibodies (Alexa 594 goat anti rabbit,
Invitrogen, dilution 1:500; Alexa 488 goat anti mouse, Invitrogen, dilution
1:500) and with DAPI (Invitrogen, 1:200 dilution) to stain the nuclei,
for 30 min at RT. Samples were mounted using Vectashield mounting
medium (Vector Laboratories) or with anti-fade medium Fluoromount
(Sigma-Aldrich) on rectangular coverslips of 0.120 mm in thickness,
to overcome the limitation introduced by CNT samples’ opagueness
preventing direct observation through the supporting surface. Upon
immunofluorescence staining, hippocampal cultures on both CNTs
and glass controls were imaged using an inverted confocal microscope
(Leica Microsystems GmbH, Wetzlar, Germany—HCX PL APO CS 40x,
N.A. 1.25, oil). Images were analyzed offline using the image-processing
package Fiji.l’®”! To get insight into neuronal network morphology when
plated en patterned CNT substrates, images of immunolabeled cultures
were obtained using a Niken Eclipse Ti2 inverted microscope connected
to a AIR confocal system (Nikon Instruments—CFl Apochromat
Lambda S 60x Oil, N.A. 1.4, Oil). Acquisition, images reconstruction
and analysis were accomplished using both NIS-Elements (Nikon) and
Fiji software.

SEM characterization was performed on a Gemini SUPRA 40 SEM
(Carl Zeiss GmbH, Oberkechen, DE) collecting just secendary electrons.
Prior to SEM visualization all cellular samples were washed with 0.1
cacodylate buffer (pH = 7.2) and subsequently fixed for 1 h at RT with
2% glutaraldehyde (Fluka, ltaly) in a 0.1 m cacodylate buffered solution.
Cultures were carefully rinsed with cacodylate buffer and dehydrated
soaking them in a sequence of water/ethanol solutions at progressively
higher alcohel concentrations (30%, 50%, 70%, 80%, 90%, 95%, and
100% ethanel) for 10 min each. Samples were then let to dry at 4 °C
overnight. In order to avoid charge accumulation during SEM analysis
all samples were Au metalized in a metal sputter coater (Polaron
SC7620). An accelerating voltage of about 5 keV was used for sample
visualization.

Calcium Imaging and Data Analysis: Ca®* imaging experiments were
performed by loading hippocampal cells with the cell permeable Ca?* dye
Oregon Green 488 BAPTA |-AM (Melecular Probes, final concentration
4% 1076 m) for 30 min.['*53] Cultures were then positioned in a recording
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chamber on an inverted microscope (Nikon Eclipse TiU), where
they were continuously superfused with physiological saline solution
containing (in x 107 m): 150 NaCl, 4 KCI, 2 CaCl, 1 MgCl,, 10 HEPES,
10 glucose (pH adjusted te 7.4 with NaOH; osmolarity 300 mOsm) at
5 mL min 1'% Video microscopy and Ca?*-imaging measurements
were performed at RT. The Oregon Green-loaded cultures were observed
with a 20x air objective (0.45 N.A., Nikon, |apan). All the recordings
were taken from randomly selected visual fields and performed from
visual fields (512 x 512 pixels?, binning 4). Images were continuously
acquired by means of a Hamamatsu ORCA Flash4.0 V2 sCMOS camera,
exciting the Ca?* dye at 488 nm wavelength by means of a fluorescence
cube filter set (Ex = 480/20 nm, Em = 520/40 nm, Dic = 500-510 nm,
Sernrock) coupled to a high-pressure Hg lamp (Nikon). Images were
recorded at 6 Hz for 30 min at 200 ms exposure time and simultaneously
displayed on a color monitor.

The imaging system was controlled by an integrating imaging
software (HCImage Live) using a dedicated workstation.

In order to induce rhythmic bursts, 20 x 10°¢ m bicuculline methiodide
(Sigma-Aldrich), diluted in the saline solution, was added after 10 min
recording; at the end of each experiment, 1 10°¢ m TTX (a voltage-
gated, fast Na* channel blocker) was added to the recording solution
to confirm the neuronal nature of the recorded signals %%l Recorded
images were analyzed off-line with Fiji (selecting region of interest, ROI,
around cell bodies), Clampfit (pClamp software, 10.2 version; Axon
Instruments), and Igor Pro Software (6.32A version; WaveMetrics, Lake
Oswego, Oregon, USA).

Intracellular Ca?* transients were detected as signals that exceed
at least five times the standard deviation of the noise and were
expressed as fractional amplitude increase (AFfF,, where Fy is the
baseline fluorescence level and AF is the rise over baseline).'*% The
IEl, reciprocal of frequency, as the difference between the onset of
consecutive Ca?* events, was then calculated.'%8% |E| values recorded
under the same experimental conditions were pooled together and
averaged for further comparison.

Fraction of active cells per field of view was evaluated for both CNT and
controls as the ratio between the number of cells showing an electrical
bursting activity and the total number of cells present in the field.

Electrical Stimulation through CNTs: Dissociated hippocampal neurons
were obtained from P2+P3 Wistar rats as previously reported.l'®!
Cultures were plated above a uniform crpet of CCVD CNTs and grown
at 37 °C, 5% CO, in neurobasal medium (Invitrogen) added with B-27
supplement (Thermo Fisher) and GlutaMAX (Thermo Fisher) to a 1x final
concentration. Gentamicin (Thermo Fisher) to a final concentration of
5 pg mL" was added to prevent culture contaminations. After 10 DIV,
cells were loaded with the Ca®* dye Oregon Green 483 BAPTA-1 AM
(Meolecular Probes). 10 uL DMSO (Sigma-Aldrich) was added to the 50 pg
stock of the dye, and cultures were incubated with a final concentration
of 4 % 10°¢ m for 40 min at 37 °C, 5% CO,. Samples were therefore
mounted on a fixed-stage upright microscope (Eclipse FN1, Nikon).
Cultures were continuously perfused at 5 mL min~' rate and at RT with
extracellular saline solution of composition (x 107 m): 150 x 10°* m NaCl,
43107 1 KCL 2 10°% 1 CaCly, 13 107 m MgCly, 10 % 10°% 1 HEPES,
and 10 x 10 m glucose (pH adjusted to 7.4 with NaOH; osmolarity
300 mOsm). Ca®*-dye was excited at 488 nm with a mercury lamp;
excitation light was filtered with a ND filter (1/32) and separated from the
light emitted from the sample using a 505 nm dichroic mirror. Spontaneous
calcium transients were recorded with a 20 water immersion objective
(UMPlanFl, 0.5 N.A.,, Olympus) using an EMCCD camera (iXen Ultra
897, Andor, Oxford Instruments) controlled by a computer through NIS-
elements D (Nikon). Images were acquired every 150 ms at 10 MHz
readout compensating the read noise with x 250 electron multiplying gain.
After 8 min of recording of spontaneous activity, the application of the
synaptic blockers (all from Sigma-Aldrich) DL-2-amino-5-phosphonovaleric
acid (APV) 25 % 10°% m (N-methyl-D-aspartate (NMDA) receptors selective
antagonist), bicuculline 10 x 10°® 1 (y-Aminobutyric acid type A (GABA,)
receptors antagonist), and cyanquixaline (CNQX) 10 x 10 b (a o-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)fkainate receptors
antagonist) completely silenced the network, as previously reported.!]
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In these conditions only evoked signals are visible in a Ca®* imaging
::.1(p\-:rimr:nt.[szl

In order to perform neuronal network stimulation experiments the
sample (8 % 8 mm?) was glued at the bottor of a polystyrene 35 mm Petri
dish. A Kapton insulated platinum wire was inserted through a hole into
the Petri and glued to the top conductive CNT layer of the sample
using conductive silver-paste (Ted Pella, Inc.)). All the bottom of the
Petri-dish with the exception of the active CNT surface of the sample
not being covered by silver paste was insulated with PDMS (Sylgard 184,
Dow Corning). The contacting wire was plugged into the active output of
the stimulating apparatus while its ground was plugged to an Ag/AgCl
pellet electrode immersed in the extracellular saline solution. Therefore,
a voltage pulse train with an isolated stimulator (Digitimer DS2A) was
manually triggered. At the end of each session, 1 10 ¢ m TTX (a voltage-
gated, fast Na" channel blocker; Latoxan) was added to impair also the
evoked activity and to confirm the neuronal nature of the recorded
signals (see Figure 6b,c). Analysis was accomplished with Image] (NIH)
and Clampfit (pClamp suite, 10.4 version; Axon Instruments) software in
off.line mode. Intracellular Ca** transients were expressed as fractional
amplitude increase (AF[Fy, where Fy is the baseline fluorescence level
and AF is the rise over baseline). The onset time of neuronal activation
was determined by detecting those events in the fluorescence signal that
exceeded at least five times the standard deviation of the noise.

Statistical Analysis: All data were presented as mean * standard
deviation (SD) of the mean (n is the number of cells, if not otherwise
indicated). Statistically significant difference between two data sets was
assessed using Student’s t-test (after checking variances homogeneity
by Leven's test) where a value of p < 0.05 was accepted as indicative
of statistically significant difference. Differences among multiple groups
were evaluated by F-statistic with two-way ANOVA, followed by the
Holm-Sidak test for multiple comparison.
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Interfacing Neurons with Nanostructured Electrodes

Modulates Synaptic Circuit Features

Ana Dominguez-Bajo, Beatriz Loreto Rodilla, Ivo Calaresu, Ana Arché-Nifiez,
Ankor Gonzdlez-Mayorga, Denis Scaini, Lucas Pérez, Julio Camarero,
Rodolfo Miranda, Elisa Lépez-Dolado, Maria Teresa Gonzdlez,* Laura Ballerini,*

and Maria Concepcién Serrano*

Understanding neural physiopathology requires advances in nanotechnology-
based interfaces, engineered to monitor the functional state of mammalian
nervous cells. Such interfaces typically contain nanometer-size features for
stimulation and recording as in cell-non-invasive extracellular microelectrode
arrays. In such devices, it turns crucial to understand specific interactions

of neural cells with physicochemical features of electrodes, which could be
designed to optimize performance. Herein, versatile flexible nanostructured
electrodes covered by arrays of metallic nanowires are fabricated and used to
investigate the role of chemical composition and nanotopography on rat brain
cells in vitro. By using Au and Ni as exemplary materials, nanostructure and
chemical composition are demonstrated to play major roles in the interaction
of neural cells with electrodes. Nanostructured devices are interfaced to rat
embryonic cortical cells and postnatal hippocampal neurons forming synaptic
circuits. It is shown that Au-based electrodes behave similarly to controls.
Contrarily, Ni-based nanostructured electrodes increase cell survival, boost
neuronal differentiation, and reduce glial cells with respect to flat counter-
parts. Nonetheless, Au-based electrodes perform superiorly compared to Ni-
based ones. Under electrical stimulation, Au-based nanostructured substrates
evoke intracellular calcium dynamics compatible with neural networks activa-
tion. These studies highlight the opportunity for these electrodes to excite a
silent neural network by direct neuronal membranes depolarization.

1. Introduction

For decades, scientists have been interested
in understanding the state of mamma-
lian cells from different perspectives (e.g.,
molecular, mechanical, structural, elec-
trical, and functional), as it highly relates to
physiology and pathology. In this scenario,
recent advances in nanotechnology tools
are broadening the technical possibilities
to do so. One particular example is the fab-
rication of interfaces with nanometer-size
features for neural stimulation and
recording. At present, neural activity can
be monitored locally by using intracellular
sharp/patch electrodes, extracellular sub-
strate-integrated microelectrode arrays, and
fluorescent indicators/genetically encoded
probes. Although advances at the level
of individual cells have provided unprec-
edented knowledge on neuronal func-
tioning, unraveling the connectivity routes
of nervous system nuclei and circuits must
rely more on the use of cell-non-invasive
extracellular microelectrode arrays.**! By
means of nano- and micro-technologies,
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the benefits of substrate-integrated extracellular electrode arrays
are being combined with those of intracellular electrodes to
improve the quality and performance of neural interfaces.”!
Importantly, nanotechnology allows for an improved design of
lower impedance and a more intimate interface with individual
neurons by better mimicking the native extracellular environ-
ment " Early studies reported the ability of high-density silicon
nanowire (NW) transistor arrays to record signals from up to 50
different spatial points in a single axon.”! Recent advances in the
field include gold mushroom-shaped microelectrodes function-
alized with RGD peptides,®! vertical NW electrode arrays|*l and
platinum-black electrodes with nanoscale roughness,™! to name
a few. Specifically, vertical nanoscale structures have demon-
strated to support the growth of a variety of mammalian cells in
vitro.™ From the chemical point of view, nanoelectrode fabrica-
tion has explored materials such as gold (Au) ™% platinum,™!
silicon®! iridium oxide™ and gallium phosphide.™ In these
approaches, the reduction in electrode size to the nanometer
scale enhances the precision of the stimulation point and then
optimizes the efficiency of the stimulating devices.”’)

Aiming to biomedical applications, the flexibility of the elec-
trodes becomes an essential factor to minimize the mechanical
mismatch at the interface and guarantee an effective cou-
pling.’! In this line, a series of flexible electrodes have been
proposed,™ ) but only a few combine flexibility with nano-
structure 23 For instance, Rogers and colleagues described a
bio-interfaced system based on ultrathin electronics supported by
bioresorbable substrates of silk fibroin,"® which assures minimal
stresses on the tissue and highly conformal coverage. Authors
proved the utility of these interfaces to record neural activity in
the feline visual cortex. By using a transparent silicone substrate,
Minev et al. patterned microfluidic channels for drug delivery
and soft platinum/silicone electrodes and stretchable gold inter-
connects for electrical stimulation and transferring electrophysi-
ological signals.? This e-dura proved utility for brain-machine
interfaces and electrochemical spinal neuromodulation. Dif-
ferently, vertically aligned carbon nanotubes (CNTs) have been
integrated on a flexible and biocompatible parylene substrate to
serve as flexible nanostructured electrodes with lower imped-
ance and larger interfacial capacitance for extracellular neuronal
recording and stimulation in rats!? On the basis of hydrother-
mally grown ZnO NWs over a metalized polyimide layer, Ryu
et al. described stable Hexible neural probes with low impedance
after a two steps coating process with gold and PEDOT! 8o, in
order to achieve flexibility, either non-metallic solutions are used,
at the cost of an increase in impedance, or a many-step growth
process is required to finally metalize the sample.

In this context, it turns crucial as well to understand the spe-
cific interaction of neural cells with topographical features so
electrodes can be designed and manipulated to achieve opt-
mized performance and biological responses. Indeed, cells have
the ability to respond to topography,?¥ especially in the fate of
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progenitor and stem cells.”* 2% Tn this sense, Carlberg et al. first
demonstrated that topographical cues could be used to induce
dopaminergic differentiation of human embryonic stem cells
(ESCs) by means of an electrospun polyurethane nanofiber scaf-
fold in the presence of neurotrophic factors.”! Other works that
followed supported this finding***| with polymeric grooved
substrates being one of the first and most extensively explored ¥
Regarding the use of metallic substrates, Au films varying in
surface nano-roughness have been proved to induce differential
responses in ESCs P! with higher adhesion and differentiation
profiles on those films with root mean square surface roughness
of =21 nm rather than 30 nm and plane (0.40 nm). In general
terms, surface nanotopography has been stated to significantly
accelerate neuronal development in vitro and induce a preferen-
tial differentiation of stem cells to neuronal lineages, along with
a remarkable impact on neuronal guidance, neurite outgrowth
and alignment "% [n this scenario, pillar structures and NWs
are being pursued as a source of “interrupted” topographical
features for neural cells, with a wide range of customizable
configurations including isotropic and anisotropic forms.*l
Thus, topographical cues in the shape of pillar structures at the
nanoscale are desirable advances to improve spatial control in
neural interfacing and to guide relevant biological behaviors.

In this work, we have designed thin metal electrodes whose
surface is nanostructured by arrays of vertical metallic NWs
grown by template-assisted electrodeposition to improve perfor-
mance by reducing impedance and more intimately interfacing
individual neurons. Differently from most previously reported
nanostructured metallic electrodes, the ones presented herein
are flexible, allowing an easier implementation in medical
interfaces by improving conformal implantation and reducing
mechanical stresses on the neural tissue. On the other hand,
our technique allows to produce metallic nanostructures in a
simple way, guaranteeing a good electrode conductance and
low impedance without the need of a multiple-layer growth pro-
cess. We have investigated the role that both chemical composi-
tion and nanotopography play on the biological behavior of rat
brain cells in vitro. Morphology, viability and neural differentia-
tion parameters are first studied. We then extend this investi-
gation by challenging the nanostructured electrodes with post-
natal hippocampal cultures. Neuronal and glial cells are seeded
at the interface of NW arrays to investigate, by confocal micros-
copy and live calcium imaging, the formation and function of
postnatal synaptic networks together with glial cell reactivity.
Finally, we verify the ability of these flexible arrays to evoke
neuronal action potentials by delivering electrical stimulation
and monitoring single cell responses by live calcium imaging.

2. Results and Discussion

2.1. Nanostructured Metallic Arrays Fabrication and
Characterization

We fabricated flexible nanostructured electrodes composed of
vertical arrays of either gold (Au-NWs) or nickel (Ni-NWs) NWs
grown on top of Au substrates. These two different metals were
selected to form two different kinds of nanostructured electrodes
based on their largely different physicochemical properties.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 1. a) Representative SEM image showing the flexibility of the electrodes. SEM image in b) top view and c) cross-section of an Au-NWs elec-
trode in which both, the base and the nanostructured active part can be seen. d) Representative SEM image of a planar Au-Flat electrode. Scale bars

represent 1 um in all the images.

Specifically, the selection of Au was driven by its extensive appli-
cability and biocompatibility, while Ni was chosen by its superior
robustness and better mechanical properties than Au. We deter-
mined the optimum thickness of the Au substrate to be 1 um.
This is the minimum thickness that preserves both the substrate
and the NW-network integrity, allowing the electrode manipula-
tion without damages, while maximizing their flexibility. As illus-
trated in Figure 1, we observed no damage, plastic deformation,
break or crack after bending our electrodes with a curvature radius
down to 0.3 mm. Importantly, this makes the electrodes adaptable
and, therefore, versatile as part of applied neural interfaces.
These arrays were fabricated by template-assisted electro-
deposition using polycarbonate nanoporous membranes as
templates (details described in the Experimental Section and
Figure S1, Supporting Information). After the growth, the
template was chemically dissolved, leaving a network of ver-
tical NWs attached at their bottom to the Au flat base. By this
methodology, homogeneous and reproducible nanostructured
electrodes composed of either Au or Ni NWs were fabricated.
Figure 1 shows a representative scanning electron microscopy
(SEM) image in top view (panel b) and cross-section (panel
¢) of an Au-NWs electrode in which both, the base and the
nanostructured active part can be seen. Similar images were
obtained for Ni-NWs electrodes (Figure S2, Supporting Infor-
mation). For proper evaluation of the nanostructure effect, we

Adv. Biosys. 2020, 2000117
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also fabricated flat electrodes, either composed of Au (Au-Flat)
or Ni (Ni-Flat), as reference samples (Figure 1d). Interestingly,
we found the impedance of both Au-NWs and Ni-NWs elec-
trodes to be very similar, 106 + 3 and 108 + 3 €, respectively,
which is less than half of the impedance measured in a planar
Au electrode of the same area (232 + 3 Q), showing that nano-
structure clearly reduced the impedance of the electrode as
expected, due to a larger electrode effective area. Also, imped-
ance values a 10% lower were observed when bending the NWs
electrodes as described above. A denser NWs network covering
more tightly the base surface would reduce further the final
electrode impedance. We are presently working on obtaining
this type of nanostructure.

2.2. Nanotopography and Chemical Composition affect
Embryonic Cortical Cell Differentiation In Vitro

To initially assess mammalian brain progenitor fate in contact
with the electrodes fabricated, neural cells derived from pro-
genitor cells isolated from the cerebral cortices of rat embryos
(rNCCs) were used. Preliminary studies on bare electrodes,
either Au-NWs or Ni-NWs, revealed a poor adhesion of these
cells, with high-size spheroid-like clumps (Figure S3, Supporting
Information). In order to facilitate rNCCs adhesion, samples

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. Morphological evaluation of rNCC cultures at high- and low-density seeding conditions on a—c) Au-NWs and d-f) Ni-NWs electrodes.
Representative SEM, FESEM, and TEM micrographs of cultures at 14 DIV are shown. Scale bars represent: (a,d) 100 um (top) and 20 um (bottom);
(be): 1 um (left) and 200 nm (right); and (c,f): 5 um (left) and 0.5 pm (right).

were thereafter functionalized with poly-r-lysine (PLL) mole-
cules. Immunofluorescence studies with PLL-FITC confirmed
the homogeneous functionalization of the arrays surfaces when
coated with PLL (Figure S4, Supporting Information). After
14 days in vitro (DIV), rNCCs properly attached and spread on
top of PLL-coated Au-NWs platforms colonizing the totality of
the substrate surface (Figure 2a) when cultured at favorable high
density conditions (75 000 cells cm™) as shown by SEM. When
challenged at low density (25 000 cells cm™), these cells also
adhered to the arrays retaining their typical neural morphology
and forming interconnected cultures. Detailed observation by
field-emission scanning electron microscopy (FESEM) revealed
a close contact of both somata and neurites with the Au-NWs
(Figure 2b), without evidences of either neural cell membrane
piercing or perforation, as also confirmed by transmission
electron microscopy (TEM) studies (Figure 2c). Standard glass
coverslips served as a reference control material for compar-
ison (Figure S5, Supporting Information). When Ni-NWs elec-
trodes were investigated, a comparable degree of cell adhesion

Adv. Biosys. 2020, 2000117
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and close interaction with the NWs arrays surface was found
(Figure 2d-f), both at high and low density seeding conditions.
Importantly, both Au-NWs and Ni-NWs substrates supported
the growth of highly confluent cultures of rNCCs at 21 DIV
(Figure S6, Supporting Information). At 28 DIV, however,
Ni-NWs electrodes seemed less adhesive to cells than Au-NWs
ones so highly compact cell monolayers started to detach
(Figure S7, Supporting Information). This inferior performance
of Ni substrates with brain cells could be related to some toxicity
effects derived from their chemical composition. To this regard,
individual Ni NWs produced deleterious effects on diverse cell
types such as human WI-38 fibroblasts,* monocytic THP-1
cells® and rat marrow stroma cells.**! In Hela cells, individual
Ni NWs (1 pm in length and 50 nm in diameter) induced cell
cycle arrest and apoptosis, with significant dose- and length-
dependent effects.’” We hypothesize that, in our case, the fact
of being arranged in a nanostructured array, in which individual
wires cannot be internalized by cells, significantly improved cell
responses with respect to previous work by others.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. Viability studies of rINCC cultures on the different electrode substrates at 14 DIV by CLSM. Alive cells are labeled in green (calcein) and dead
cells in red (EthD-1). a) Au-Flat, b) Au-NWs, c) Ni-Flat, d) Ni-NWs electrodes, and e) glass coverslips (control). f) Normalized positive area for alive
and dead cells (mean * standard deviation; n = 5 for each condition). Statistics: *p = 0.021 (Ni-Flat vs control); one-way ANOVA followed by Games-
Howell post-hoctest. For the rest of comparisons, not statistically significant differences were found {one-way ANOVA). Significance symbol: * p < 0.05.

In order to elucidate the role that nanotopography might be
playing on the neural cell responses found, we next explored
equivalent flat electrodes, either fabricated as Au-Flat or Ni-Flat,
in comparison to NWs-based ones. tNCC cultures were formed
on both flat materials, although cells on Ni-Flat showed a pro-
nounced tendency to clump and fasciculate neurites, as demon-
strated by morphological SEM studies (Figure S8, Supporting
Information). Then, cell viability was evaluated in all four sub-
strates (Au-Flat, Au-NWs, Ni-Flat, and Ni-NWs) (Figure 3a-e).
As these neural cells tend to group in culture and slightly vary
in size, it becomes difficult to accurately identify the number of
individual live cells, so viability was measured from the images
as the area covered by calcein-labelled cells (i.e., live cells). In
both types of nanostructured electrodes (Au-NWs and Ni-N'Ws),
a majority of the surface was covered by live cells (green fluo-
rescent as labelled with calcein). When quantified (Figure 3f),
cells cultured on nanostructured electrodes were similarly
viable to those on control glass substrates (104.3% for Au-N'Ws
and 774% for Ni-NWs; p > 0.999, Au-NWs vs control, and p =
0.739, Ni-NWs vs control). Regarding flat electrodes, while
Au-Flat electrodes reached control values, Ni-Flat ones were
more poorly colonized than the control with a significantly
inferior surface area covered by viable cells (*p = 0.021, Ni-Flat
vs control), thus demonstrating a significant impact of nano-
topography on the survival of rNCCs in the case of Ni-based
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electrodes. In agreement with this finding, neural cells in con-
tact with epitaxial gallium phosphide NWs (2.5 pm long and
50 nm wide) also experienced an improvement in cell survival
with respect to respective planar substrates.*) No statistically
significant differences were found when comparing the area of
live cells between flat and nanostructured electrodes for each
chemical composition (either Au or Nij, although found in the
case of Ni-Flat with respect to the control. The area of dead cells
was statistically similar in all substrates, including the control,
thus indicating an equal degree of cell death sustained in the
cultures at 14 DIV.

Differentiation to either neuronal or non-neuronal pheno-
types was then investigated by immunofiuorescence studies of
map-2 (neuronal cytoskeleton protein) and vimentin (non-neu-
ronal cytoskeleton protein) (Figure 4a—e). In both nanostruc-
tured electrodes, there was a predominant presence of neuron-
differentiated cells, as occurred on control substrates and
expected for this cell type and these culture conditions. When
quantified (Figure 4f), cells on Au electrodes (both flat and nane-
structured) displayed a similar differentiation profile than that
found on glass coverslips (map-2: p = 0.794, Au-Flat vs control,
and p = 0.248, Au-NWs vs control; vimentin: p = 0.380, Au-Flat vs
control, and p = 0.886, Au-NWs vs control). On the contrary, on
Ni electrodes, TNCC differentiation profiles seemed dependent
on both chemical and nanotopography features. While Ni-Flat

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. Differentiation studies of rNCC cultures on different electrode substrates at 14 DIV by CLSM. Neurons are labeled for map-2 (green) and
non-neuronal cells including glial cells for vimentin (red). In all cases, cell nuclei were stained with DAPI (blue). a) Au-Flat, b) Au-NWs, c) Ni-Flat,
d) Ni-NWs electrodes, and e) glass coverslips (control). f) Normalized positive area for neurons (map2*) and non-neuronal cells (vimentin®) (mean +
standard deviation; n 2 5 for each condition). Statistics: *p = 0.037 (Ni-Flat vs control), *p =0.035 (Ni-NWs vs control) and #p =0.032 (Ni-NWs vs
Au-NWs); in all cases, one-way ANOVA, followed by Games-Howell post-hoc tests. For the rest of comparisons, not statistically significant differences
were found (one-way ANOVA). Significance symbol: * p < 0.05 in comparisons with respect to control and # p < 0.05 in comparisons to Au-NWs.

substrates hampered neuronal cells appearence (*p = 0.037, Ni-
Flat vs control), nanostructured ones significantly reduced the
presence of glial phenotypes (*p = 0.035, Ni-NWs vs control, and
*p=0.032, Ni-NWs vs Au-NWs). Based on this, nanotopography
features of Ni-based substrates seemed to promote a higher
predominance of neurons in comparison to their plane coun-
terparts. This effect, however, was not observed in Au-based
electrodes, thus pointing toward an additional role of chemical
features on these responses. To this regard, Cho and colleagues
described a preferential neuronal differentiation of neural stem
cells induced by hierarchically patterned substrates containing
both microgroove (1.5 pm) and nanopore (10 nm in diameter)
patterns.*l At the molecular level, they related these effects to
the Bl integrin-mediated binding and the intracellular Rho-
associated protein kinase pathway. Topography-dependent differ-
entiation patterns have been also described for human ESCs.®!
Specifically, hESCs preferentially differentiated into neural phe-
notypes when cultured in anisotropic substrates like gratings,
while isotropic patterns including pillars and wells favored their
glial differentiation. In this particular approach, topography and
size were identified as key parameters to induce cell lineage dif-
ferentiation. The significant differences in terms of cell type and
material configuration (composition, size and inter-distance) of
pillars (1 pm in length, 6.5 pm of pitch, and 1 pm in height) with
respect to NWs in our study make difficult a direct comparison
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and expected the differing biological impact. Interestingly,
studies by Stevens and colleagues pointed out toward a siner-
gistic action of nanoscale chemistry and topography on ESCs
differentiation when cultured on metallic thin films.*!

2.3. Au-NWs Impact Glial Cell Density and Synaptic Activity in
Postnatal Hippocampal Cell Cultures

Previous experiments on neural progenitor cells suggested
Au-based NWs as the most advantageous material for neural
interfacing; so we next challenged such substrates by post-
natal hippocampal network. Hippocampal dissociated cultures
obtained from rat pups have been extensively used as a standard
model for functional studies of nanomaterial-to-neuron inter-
faces**! The morphological adaptation of the most repre-
sented cell types in this culture model, namely mature neurons
and astrocytes, was therefore investigated. Figure 5a shows the
appearance of cultured neurons on Au-NWs and compared with
Au-Flat and control (glass) substrates, visualized by Stubulin
III immunofluorescence (in red). In all cases, we observed
an extensive regrowth of neurites and axons (Figure 5a, left
column) and neuronal cell densities were comparable in the
three conditions, summarized in the box plot of Figure 5b.
When investigating astrocytes by GFAP immunolabelling

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 5. Hippocampal synaptic network formation onto Au-NWs electrodes studied by immunocytochemistry and calcium imaging experiments.
a) From left to right, confocal micrographs of immunolabeled cultures, large fields are shown in the first column. Neurons are visualized by anti
Btubulin 111, in red, glial cells by anti-GFAP, in green, and nuclei by DAPI, in blue. Scale bar = 100 pm. Snapshots of 3 representative fields of hip-
pocampal dissociated cultures labeled with Oregon green 488-BAPTA-1 AM. Scale bar =100 um. Yellow circles indicate the selected regions of interest
(ROI) from which calcium events were measured. On the right of each field, representative traces of spontaneous network activity for each condition
are also shown. TTX was used at the end of each recording to assess the neuronal nature of the signals. Calcium transients are expressed as fractional
amplitude increase (AF/Fp). b) Left box plots summarize neuronal (top) and astrocytes (bottom) densities in the three conditions (n =47 for control,
n =39 for Au-Flat and n = 44 for Au-NWs). Statistics: ***p < 0.001; Kruskal-Wallis test, p-value was adjusted for multiple comparisons with Dunn’s
correction. c) Top, cumulative probability distribution of the interevent intervals (IEls); bottom, box plot highlights |Els distribution around the median
values (n =42 for control, n = 53 for Au-Flat and n =49 for Au-NWs). Statistics: ***p < 0.001; both Kolmogorov-Smirnov test and Kruskal-Wallis test
on ranks suggested a marked difference in the IEls distribution among the different substrates, Dunn’s correction for multiple comparisons was also
used. Significant symbol: ***p < 0.001 (for both b,c).

(Figure 5a, in green), we detected a significant and selective  (Au-Flat, 327 + 88 cells mm™ summarized in Figure 5b, lower
reduction in GFAP* cell density when cultures were interfaced  left box plot, ***p < 0.001). The lower amount of GFAP* cells
to the nanostructured surfaces (Au-NWs, 202 + 96 cells mm™)  in Au-NWs might be relevant for future applications requiring
in comparison with glass (348 + 67 cells mm™) or plane Au  diminished glial reactivity. This seems to be a well-known
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feature of nanoscale surface patterning, consisting in a selec-
tive reduction of astroglial cell adhesion.|¥! Nonetheless, this
was unrelated to Au interaction with cells, since plane Au
surfaces showed a comparable astrocyte density to glass. This
preferential reduction in glial cells was also found previously
with rNCCs cultured on Ni-NWs, not on Au-NWs though, thus
evidencing that the specific cell source and inherent character-
istics of each neural cell type play a relevant role in the overall
biological responses found.

Primary cultured neurons display spontaneous and tempo-
rally structured electrical activity!®! We explored the network
dynamics in hippocampal cultures by calcium imaging, that
allows monitoring simultaneously singlecell calcium transients
in a population of neurons.*”) Neurons, stained by a membrane
permeable calcum dye, were visualized within the sampled
area (Figure 5a, right panels). In all culture groups, we detected
spontaneous and repetitive calcium events emerging from epi-
sodes of synaptic, action potential-dependent, bursts of activity,
fully blocked by tetradotoxin (TTX) application (Figure 5a,
fluorescence tracings). Next, we quantified the occurrence of
spontaneous calcium episodes in active cells by measuring the
inter-event interval (IEI), the time interval between the onset of
a calcium burst and the beginning of the next one. As shown
by the cumulative probability distribution and box plots in
Figure 5b, Au-Flat and Au-NW substrates increased sponta-
neous activity, when compared to control, detected as a shift
of the IEI toward smaller values (***p < 0.001). This peculiar
feature was not observed in prior reports where the interac-
tion between plane Au surfaces and hippocampal dissociated
cultures was studied at the single-cell level by means of patch-
clamp technique.[*! Tn this previous study from our group, only
PSCs (post-synaptic currents) frequency was monitored via
voltage-clamp of single neurons and no indication was provided
about the calcium-related collective behavior of the network,
which is predominant in our conditions. Indeed, monitoring
isolated PSCs provides a measure of synaptic inputs with high
temporal resolution, allowing the investigation of individual
synaptic changes. Conversely, calcium activity, whose neuronal
and synaptic nature was supported by TTX experiments, are
reflecting synaptic event due to synchronous firing of neurons,
thus reporting neuronal activity occurring at network, more
than at cellular resolution. !l

2.4, Nanostructured Electrodes Enable Electrical Stimulation of
Brain Cell Cultures

Finally, we provide a proof-of-concept for the Au-based sub-
strates to electrically stimulate neural networks in vitro.
Regardless the improved network signaling, apparently due
to the Au substrates (chemical composition), we further
investigated the functionality of Au-based nanocelectrodes in
delivering electrical stimulations leading to evoked depolari-
zations in neurons reaching the threshold for the generation
of action potentials. To this aim, we customized a recording
chamber to deliver a charge injection from the Au substrates
while cultured neurons where monitored by fluorescence cal-
cium imaging (Figure 6ab, sketch and stimulation protocol).
After 10 min of recording of sustained spontaneous synaptic
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activity (Figure 6¢), a cocktail of synaptic receptor antagonists,
containing APV (25 % 10°¢ m), BIC (10 x 107* m), and CNQX
(10 % 107% M), was applied to functionally disconnect neurons
from the network activity***' This condition allowed testing
the efficacy of electrical stimuli delivered via the Au substrates
in directly depolarizing the monitored neurons, eventually
inducing a burst of action potentials. Figure 6d shows such
recordings where five biphasic low-voltage steps, repeated three
times (Figure 6b, lower left sketch), were delivered either via
Au-Flat or Au-NWs electrodes. The observed positive responses
are a straightforward link to the ability of Au electrodes to
directly depolarize neuronal cell membranes, ultimately leading
to evoked action potentials, as confirmed by subsequent TTX
application removing all the evoked activity (Figure 6d, under-
neath traces). These results highlight the possibility to excite a
silent network through this novel Au-NWs array by direct neu-
ronal membranes depolarization, leading to action potential
propagation. In line with this result, a recent work described
a device formed Dby a forest of randomly oriented Au-coated sil-
icon NWs to enable non-invasive extracellular recording of the
slow-frequency oscillations generated by differentiated primary
astrocytes.' In this case, flat electrodes failed on recording
signals from undifferentiated cells. Differing from array-like
configurations, single Au NWs, with a similar diameter to ours
but longer lengths (100-200 nm in diameter and over 10 pm
in length), have been also proposed as stimulator/detector sys-
tems for electrical stimulation and electrochemical analysis of
dopamine exocytosis from PC-12 cells."!| These individual elec-
trodes, fabricated by using a vapor transport method,"” pro-
moted dopamine release attributed to Ca** channels opening
(pulse voltage tuned from 0.3 to —0.3 V).

Besides their intrinsic interest as advanced platforms for
neural stimulation and recording, this type of NWs could also
be incorporated into scaffolds to recreate 3D environments for
optimal cellular interactions. For example, comparable Au NWs
arrays fabricated by template-assisted electrodeposition have
been described as highly efficient platforms for the capture and
electrochemical release of circulating human leukemic lympho-
blasts (tumor cells) when functionalized with aptamers.”?l By
using electrochemical deposition on anodic aluminum oxide as
a template, the arrays fabricated were able to capture target cells
with much higher yield and to release them with little damage
through an electrochemical desorption process. Silicon NWs
(150 nm in diameter and 2.6 pm in length) decorated with Au
are being also explored as highly efficient near-infrared (NIR)
hyperthermia and photothermal agents for cancer treatment.™!
Other than metallic, free-standing single coaxial silicon NWs
have been recently described as useful materials for photo-
electrochemical modulation of neuronal activity”®! Curiously,
these authors demonstrated that the presence of atomic Au
diffused on the NW surface during material growth (where Au
nanoclusters were used as a catalyst in a chemical vapor depo-
sition process) enhanced the photoelectrochemical process
involved in the stimulation of action potentials in primary rat
dorsal root ganglion neurons. The versatility of our fabrication
system allow us for the configuration of NWs in the shape of
flexible millimeter size arrays as well as individual electrodes if
needed, so they can be customized for a plethora of biomedical
applications.
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Figure 6. Au-Flat and Au-NWs act as electrode delivering electrical stimulation to cultured neurons. a) A sketch of the experimental setting: a dry
connection was ensured between the stimulating electrode and the gold sheets. b) The stimulation pretecol applied in this proof-of-concept con-
sisted of five biphasic voltage steps repeated three outdistanced times. Increasing bipolar steps from 0 to 1000 mV were sent at 0.2 Hz and each
phase lasted 300 ps for a total stimulus length of 25 s. ¢) Two representative snapshot of the imaged field of hippocampal dissociated cultures
(scale bar = 50 um) grown for 10 DIV onto Au-Flat and Au-NWs electrodes are shown. Cells were labelled with Oregon green 488-BAPTA-1 AM
and a circular ROI (region of interest, yellow circle) was drawn around spiking neurons, the mean grey value of the pixels in the ROls was used
to plot the calcium transient course over the time. On the right side of the snapshots a representative trace of the sustained spontaneous
synaptic activity corroborates the state of health of tested cells in both conditions. d) The physiclogical spontaneous synaptic activity of the
network was fully blocked (upper traces) by a drug cocktail containing the NMDA receptor antagonist APV (25 x 10°° m), the GABA, receptor
antagonist BIC (10 x 10°® m) and the AMPA/kainate receptor antagonist CNQX (10 x 1075 m). In this condition only stimulus-evoked activity
could be observed. Representative flucrescence tracings depict neuronal responses evoked by extracellular pulse stimulations (25 s long red
dashes) applied through the Au-Flat (left traces) or Au-NWs electrodes (right traces). Neuronal cells ability to fire action potentials after voltage
stimuli was totally abolished by TTX (1 1078 m) treatment {underneath traces) ensuring the neuronal origin of the signals evoked in APV/BIC/
CNQX condition. Calcium transients are expressed as fractional amplitude increase in the fluorescence signal (AFfFg, where Fyis the baseline
fluorescence level and AF is the rise over baseline).

3. Conclusion 4. Experimental Section

Material: Chemical reagents and biological molecules were purchased
from Sigma-Aldrich and Panreac and used as received, unless otherwise
indicated. Antibodies were bought from Sigma-Aldrich and Invitrogen.
Neurcbasal media and B-27 supplement were purchased from Invitrogen
and Thermo Fisher. All additional cell culture media supplements and
reagents were obtained from Lonza. All materials and biclogical samples
in this study were manipulated according to standard regulations so no
safety concerns arise.

Fabrication and Characterization of Electrodes Covered by Arrays of
Metallic NWs: Nanostructured electrodes were prepared by template-
assisted electrochemical deposition (schematics shown in Figure S1,
Supporting Information) using as templates polycarbonate nanoporous

By using Au and Ni as exemplary materials, we have dem-
onstrated that both nanostructure and chemical composi-
tion, along with biological features such as cell source and
type, play a major role in the interaction of neural cells with
electrode arrays. Particularly, Ni-NWs increase neural cell
survival, boost neuronal differentiation and reduce glial
cell content with respect to their flat counterparts. For Au-
based substrates, nanotopography seems to have negligible
effects on the survival and differentiation of cortical neural
cells. However, Au-NWs induce a significant reduction

in glial cell density on primary hippocampal cell cultures
when compared to Au-Flat substrates, as also identified on
Ni-NWs electrodes. When challenged under electrical stimu-
lation, these Au-NWs substrates sustain intracellular calcium
dynamics compatible with functional neural networks. More-
over, our studies highlight the possibility to excite a silent
network through these nanostructured arrays by direct neu-
ronal membranes depolarization, leading to action potential
propagation.
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membranes, with 100 nm pore diameter (Whatman). The pores density
of the template was 10° cm 2 Electrodeposition was carried out in a
three-electrode electrochemical cell with a Metrohm Autolab PGSTAT204
potentiostat, using a Pt mesh as a counter electrode and an Ag/AgCl
(3 m NacCl) electrode as a reference electrode. Before electrodeposition,
a 100 nm thick Au film was sputtered on one side of the membrane
using a Leica EM ACEG00 sputtering, which was thicken to 1 um using
pulse-plating Au electrodeposition, with an on pulse at 1.5 V and an
offfrest pulse of 0 V. The use of pulsed electrodeposition allowed to
release the stresses during Au thickening, so noncracked flexible Au
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thin layers could be obtained. This Au film constituted the base of the
final electrode over which the nanowires were deposited. Electrodes
with nanowires of either Au (Au-NWs) or Ni (Ni-NWs) were prepared,
in order to explore two materials with significantly different physico-
chemical properties. For Au electrodeposition, an Orosene commercial
electrolyte (ORE+4, Italogalvano) was used at room temperature (RT),
with a growth potential of —1.5 V versus RE; whereas for Ni growth a
Watts-type electrolyte composed by NiSQO, (0.8 m), NiCl, (0.2 m), and
HiBO;y (0.4 M), working at 45 °C was used, with a growth potential
of 1.0 V versus RE. Finally, dichloromethane was used to remove
the templates, followed by extensive washing in acetone, ethanol and
deionized water, while leaving the network of vertical NWs attached to
the Au base. After growth, the morphology of the arrays of metallic NWs
was studied by SEM using a ZEISS EVO HD15 microscope. Plane flat
Au (Au-Flat) and Ni (Ni-Flat) electrodes were also prepared as reference
materials. For Au-Flat, the bases described above were used without
performing NW growth, while, for Ni-Flat, a thin Ni layer was deposited
on top of the Au bases under the same electrochemical conditions as
those used for Ni-NWs growth.

Electrochemical Impedance: The impedance of the electrodes
was measured at room temperature by a three-electrode cell using
a Metrohm Autolab PGSTAT204 potentiostat with a Pt mesh as a
counter electrode and an Ag/AgCl (3 m NaCl) electrode as reference.
Measurements were carried out in phosphate buffer saline (PBS) with
bovine serum albumin (0.2 mg mL"), with a modulation of 10 mV at
250 Hz, in circular electrodes of 4 mm in diameter.

Cell Isolation and Culture: Rat Neural Cortical Cells (rNCCs): Neural
progenitor cells were obtained from cerebral cortices of E18 Wistar rat
embryos as previously described [%! All the experimental protocols for
cell collection adhered to the regulations of the European Commission
(directives 2010/63/EU and 86/609/EEC) and the Spanish government
(RD53/2013 and ECC/566/2015) for the protection of animals used
for scientific purposes. Adult female Wistar rats were provided by
a commercial supplier {Harlan Ibérica, Spain) and sacrificed when
gestation reached 16-18 days. A total of 5 independent cell cultures from
5 different animals with a minimum of 3 replicates per condition in each
culture were carried out (N =15 arrays per condition). The viability of
the so-isolated cells was 90 + 4% in all cases. For high-density assays,
a total of 7.5 x 10* cells contained in a small fraction of media (typically
20-50 pL) was seeded on the top part of each array and allowed to attach
for 10 min. Immediately after, samples were completely covered with 500
uL of complete Neurobasal media containing: B-27 supplement (2%),
streptomycin (100 Ul mL™"), penicillin (100 Ul mL"), and L-glutamine
(1% 10 m). For low-density assays, cells were seeded at a density of
2.5 % 10* cells cm ™2 After 2 h of adhesion in a sterile incubator at 37 °C
in a CO, atmosphere (5%), culture media were replaced and cultures
maintained for up to 2 weeks. Culture media were half replaced every 3—4
days. Cell culture was monitored in the periphery of the substrates and
control samples by using an Axiovert CFL-40 optical microscope with a
coupled Axiocam ICC-1 digital camera (Zeiss). Prior to cell culture, all
electrodes were first sterilized by UV radiation in a biosafety cabinet and
then functionalized by adserbing low malecular weight PLL molecules
(30 000-70 000 Da; 45 ug mL"). The homogeneity of the coating was
confirmed by immunofluorescence by using PLL-FITC. Control glass
substrates were functionalized following the same protocol as for
metallic electrodes.

Cell Isolation and Culture: Rat Hippocampal Cells: Dissociated
hippocampal neurons were isolated from post-natal 2-3 days old Wistar
rats as previously reported.*l Au-Flat and Au-NWs electrodes were
washed preliminarily with 5 min long washes on milliQ H;O and then
in ethanol 90%, H;0 and ethanol were previously filtered with 0.22 um
cutoff filter (Merck Millipore). The electrodes were dried at 90 °C and
their surfaces were activated under low-pressure air plasma (Harrick
PDC-32G Plasma Cleaner) for 7 min at RT (20-22 °C), with RF coil
powers of 9 W. A 20 min long exposure to ultraviolet (UV)-radiation was
finally used to sterilize the substrates. One hour prior to cell culturing,
PLL (50 pg mL, Merck) coating was performed onto all tested
substrates, including control glass, to enhance positive surface charging,
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thus facilitating cell adhesion. About 600 cells mm % were plated onto
contral glass, Au-Flat and Au-NWs electrodes, then incubated at 37 °C,
5% CO; in Neurobasal medium added with B-27 supplement (Thermo
Fisher) and GlutaMAX (Thermo Fisher) both to a 1 x final concentration.
Gentamicin (5 pg mL'; Thermo Fisher) was also added. Cultured cells
were grown until 8-12 DIV by renewing half of the medium once in this
period.

Cell Morphological Studies by Electron Microscopies: All studied samples
were rinsed in PBS twice and fixed with glutaraldehyde (2.5% in PBS) for
45 min as a conventional fixation method for examination by electron
microscopy. After washing in distilled water, dehydration was performed
by using series of ethanol solutions for 15 min (2 washes) and a final
dehydration in absolute ethanol for 30 min. Samples were then dried
at RT for at least 24 h. After mounting in stubs and gold coating under
vacuum, the morphology of the samples was characterized by using a
Hitachi S-3000N electron microscope and a field-emission Philips X130
5-FEG microscope.

Alternatively, in vitro culture samples were first fixed with a mixture
of paraformaldehyde 4% and glutaraldehyde 1% in phosphate buffer
for 1 h and then postfixed in osmic tetroxide (1% in distilled water) for
an additional hour. Dehydration was then carried out by immersion in
successive solutions of ethanol at increasing concentrations (30%,
50%, 70%, 95%, and 100%), with a final step in pure acetone. Samples
were included in the resin Durcupan by consecutive immersion steps at
increasing concentrations (1:3, 1:1, 3:1 in acetone). The final samples in
pure resin were then polymerized at 60 °C for 48 h. Ultrathin sections
(=60 nm) were obtained and subsequently stained with uracil acetate
and lead citrate. The visualization was carried out by using a Jeol JEM
1010 microscope (Japan) at 80 kV with a coupled camera (Gatan SC200,
USA) for image acquisition.

Cell Viability Studies by Confocal Laser Scanning Microscopy (CLSM):
To test cell viability, cells cultured on the different substrates were
analyzed by using a Live/Dead Viability kit according to manufacturer’s
instructions. This kit is based on the use of calcein and ethidium
homeodimer-1 (EthD-1). Calcein is a non-fluorescent cell-permeable dye
that gets converted into a strongly green-light emitting compound after
contact with intracellular esterases and so retained inside live cells.
On the contrary, EthD-1 is a DNA-intercalating agent that penetrates
cell membranes in dead cells and emits orange/red fluorescence
when inserted into the DNA double helix. After staining, samples were
visualized by using a Leica SP5 CLSM. The fluorescence of both probes
was excited by an Argon laser tuned to 488 nm. After excitation, emitted
fluorescence was separated by using a triple dicroic filter 488/561/633
and measured at 505-570 nm for green fluorescence (calcein) and
630750 nm for red fluorescence (EthD-1). Physical reflection from the
metallic electrodes (non-transparent) after excitation at 488 nm was also
recorded and used to visualize the material structure and the relative
cellular location.

Brain Cells Differentiation Studies by CLSM: rNCC cultures on the
different substrates were fixed with paraformaldehyde (4% in PBS) at RT
for 12 min and then incubated with the following primary antibodies: 1)
Map-2 for somas and dendrites in neurons and 2) Vimentin for non-
neuren cells including glial cells. The secondary antibodies used were:
Alexa Fluor 488 anti-mouse in goat lgG (H+L) and Alexa Fluor 594
anti-rabbit in goat IgG (H+L) (Life technologies). Both primary and
secondary antibodies were dissolved in PBS containing saponin (0.25%)
and fetal goat serum (2%) to guarantee cell permeability and to block
any non-specific bindings, respectively. Each antibody was incubated
for 1 h at RT in darkness. Cell nuclei were labeled with 4',6-diamidino-2-
phenylindole [DAPI, 3 %10 m, 5 min). After immunostaining, samples
were visualized by using a Leica TCS SP5 microscope. The fluorescence
of the different fluorochromes was excited and measured as follows:
Alexa Fluor 488 excitation at 488 nm with an argon laser and detection
in the range 507-576 nm, Alexa Fluor 594 excitation at 594 nm with a
helium-neon laser and detection in the range 625-689 nm and DAP|
excitation at 405 nm with a diode UV laser and detection in the range
423-476 nm. Capture conditions in each case were established by using
appropriate positive and negative controls and maintained during the
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acquisition of all the images. Reflection mode images were taken to
observe the metallic electrodes surface in all cases.

Hippocampal cultures were fixed in 4% formaldehyde (prepared from
fresh paraformaldehyde) in PBS and permeabilized for 30 min with 0.3%
Triton-X-100 (Carlo Erba) in PBS added with 5% FBS (Gibco) and 4%
BSA to prevent non-specific binding of primary antibodies. Samples
were subsequently incubated with primary antibodies for 30 min at RT
and, after being washed with PBS, with secondary antibodies for 45 min.
Mounting was performed with anti-fade medium Fluoromount on
1 mm thick microscope glass slides. Neurons were labeled for anti-f-
tubulin 1l and visualized with Alexa 594 anti-rabbit in goat as secondary
antibody. Astrocytes were instead stained for GFAP and visualized with
Alexa 488 anti-mouse in goat as secondary antibody. Nuclei were stained
with DAPL. Nikon Eclipse Ti2 inverted microscope connected to a AIR
confocal system was used to acquire confocal reconstructed images
{20 % Plan Apo HL, 0.75 NA).

Calcium Imaging: Hippocampal dissociated cultures were loaded
with cell permeable Ca?* dye Oregon Green 488 BAPTA-1 AM (Molecular
Probes); 10 pL DMSO was added to the stock 50 pg of the dye and
cultures were incubated with a final concentration of 4 x 10° m for
30 min at 37 °C, 5% CO,. Samples were therefore placed in a recording
chamber mounted on an inverted microscope (Nikon Eclipse Ti-U).
Cultures were continuously perfused at 5 mL min™' rate at RT with
extracellular saline solution of composition (> 107 m): 150 Nacl, 4 KCI,
2 CaCl, 1 MgCly, 10 HEPES, 10 glucose (pH adjusted to 7.4 with NaOH;
osmolarity 300 mOsm). Ca™-dye was excited at 488 nm with a mercury
lamp; excitation light was separated from the light emitted from the
sample using a 505 nm dichroic mirror and ND filter (1/32). Oregon
loaded cultures were observed with a 20 x objective (PlanFluor, 0.45 NA)
and images were continuously acquired (exposure time 150 ms) using
an ORCA-Flash40 V2 sCMOS camera (Hamamatsu). The imaging
system was controlled by an integrating imaging software (HClmage
Live) and the camera was set to operate on 2048 > 2048 pixels at binning
4. Cultures accustomed to extracellular solution for about 10 min.
Spontaneous activity was thereafter recorded for 10 min. At the end
of each recording session, 1 x 10°° M TTX (a voltage-gated, fast Na’
channel blocker; Latoxan) was added to confirm the neuronal nature of
the recorded signals. 1 field was recorded from each sample and 12 +
2 cells out of each recording were selected by drawing regions of interest
(ROIs) around cell bodies. Images were analyzed with Image| software
(NIH) and the corresponding traces were studied with Clampfit software
(pClamp suite, 10.4 version; Axon Instruments) in offline mode and
with MATLAB (MathWorks, Inc.). The difference between consecutive
peaks onset times was computed, to obtain the inter-event interval.
Intracellular Ca?* transients were expressed as fractional amplitude
increase (AF/Fg, where Fy is the baseline fluorescence level and AF is the
rise over baseline); the onset time of neuronal activation was determined
by detecting those events in the fluorescence signal that exceed at least
five times the standard deviation of the noise.®!

Spontaneous and Evoked | Hular Caleium Dy Studies under
Electrical Stimulation: For the electrical stimulation of the conductive
substrates, the bottom of a 35 mm petri dish (Falcon) was modified to
include either Au-Flat or Au-NWs squared electrodes of about 6 x 6 mm.
The junction between the petri and the Au-Flat or Au-NWs electrodes
was sealed by PDMS silicon elastomer (Sylgard 184 - Down Corning
Co.). This setting allowed positioning of a stimulating electrode in
direct contact with the Au-Flat and Au-NWs films in a dry environment.
In the modified petri dishes, hippocampal cultures were grown for
10 DIV. To deliver stimuli, the positive output of an STG 4002 stimulater
{Multi Channel Systems) was plugged to a platinum wire in direct
contact with the Au-Flat and Au-NWs electrodes as described above,
while the ground output was plugged with an AgfAgCl pellet electrode
submerged in the extracellular saline solution. The extracellular stimulus
pattern was designed with MC_Stimulus Il (Multi Channel Systems)
and the stimulator was controlled by a computer. In these conditions,
for calcium live imaging, cells were loaded with the cell permeable
Ca®* dye as described above. After incubation, the petri dish with the
substrate was mounted in a fixed-stage upright microscope (Eclipse
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FN1, Nikon) and was continuously superfused at 5 mL min™' rate, at
RT, with the extracellular saline solution (see above). The Ca™-dye was
excited at 488 nm with a mercury lamp; a dichroic mirror and ND filter
(1/32) was used to separate the excitation light from the light emitted
by the sample. Spontaneous calcium transients were recorded with a
20 x water immersion objective (UMPlanFl, 0.5 NA, Olympus) using
an EMCCD camera (IXon Ultra 897, AndorTM, Oxford Instruments)
controlled by a computer through NIS-elements D (Nikon). Images were
acquired each 150 ms at 10 MHz readout compensating the read noise
with 250 x electron multiplying (EM) gain. 20 min of basal spontaneous
activity was recorded then the following antagonists were applied: APV
25% 10 m (glutamate NMDA receptor selective antagonist), bicuculline
10 % 10°° m (BIC, GABA, receptor antagonist) and CNQX 10 x 10 m
(glutamate AMPA/kainate receptor antagenist) to remove all ongoing
synaptic activity.*®! This experimental condition was used to detect the
evoked Ca?* transients due to direct excitation of cells and generation
of action potentials via either Au-Flat or Au-NWs electrodes electrical
stimulation. The neuronal nature of the recorded calcium episodes
was ensured by applying 1 x 10°® m TTX which readily abolished any
evoked responses. All off line analyses were accomplished by the Image)
software (NIH) and the Clampfit software (pClamp suite, 10.4 version;
Axon Instruments).

Statistical Analysis: The procedure used for the quantification of the
immunofluorescence images from viability and differentiation studies of
rNCCs was based on an automatized protocol created by using the Fiji
software in which the observer must only define a threshold of positive
staining for each marker established from the negative controls. In order
to minimize bias effects, quantifications were carried out blind by two
independent observers. The positively stained area for each particular
marker was expressed as a percentage of the total image area. Quantified
parameters were expressed as the mean * standard deviation. For each
parameter under study and substrate, images were randomly acquired
from a minimum of 3 independent experiments (n = 5). For parametric
analysis to compare more than 2 groups, one-way analyses of variance
(ANOWVA) followed by either Scheffé or Games—Howell post-hoc tests
(homogeneous and heterogeneous variances, respectively, according
to Levene's test) was used. For non-parametric analysis, the Mann-
Whitney U test was used for comparisons between groups. In studies
with rNCCs, the statistical significance levels were defined as: *p < 0.05,
*#p < 0.01, and ***p < 0.005. Statistical analyses were performed by
using the Statistical Package for the Social Sciences software (SPSS,
version 17.0).

Quantitative data for neuronal and astrocytes densities from
hippocampal cells were presented as box plots. Images were randomly
acquired from 3 independent culture series, 4 cultures each, and at
least 3 fields per culture dish. Statistical comparisons were done by the
Kruskal-Wallis test, being the p-value adjusted for multiple comparisons
with Dunn's correction. Distribution of |Els in hippocampal cells was
presented as cumulative probability and box plots. Caleium imaging
was recorded in hippocampal cells from at least 3 independent cultures
per treatment. Statistical comparisons were done by the Kolmogorov—
Smirnov test and the Kruskal-Wallis test on ranks, using also Dunn's
correction for multiple comparisons. In studies with hippecampal cells,
the statistical significance level was defined as: ***p < 0.001. Statistical
analyses in this case were performed by using the Prism 6 software.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Abstract

The use of nanostructured materials and nanosized-topographies have the potential to
impact the performance of implantable biodevices, including neural interfaces, enhancing
their sensitivity and selectivity, while reducing tissue reactivity. As a result, current trends
in biosensor technology require the effective ability to improve devices with controlled
nanostructures. We exploited nanoimprint lithography to pattern surfaces with high-
density and high aspect ratio nanopillars (NP) made of polystyrene (PS-NP, insulating), or
of a polystyrene/carbon-nanotube nanocomposite (PS-CNT-NP, electrically conductive).
Both substrates were challenged with cultured primary neurons. They demonstrated to
support the development of suspended synaptic networks at the NPs’ interfaces
characterized by a reduction in proliferating neuroglia, and a boost in neuronal emergent
electrical activity when compared to flat controls. We successfully exploited our conductive
PS-CNT-NPs to stimulate cultured cells electrically. We then tested the ability of both
nanostructured surfaces to interface tissue explants isolated from the mouse spinal cord.
The integration of the neuronal circuits with the NP topology, the suspended nature of the
cultured networks, the reduced neuroglia formation, and the higher network activity
together with the ability to deliver electrical stimuli via PS-CNT-NP reveal such platforms

as promising designs to implement on neuro-prosthetic or neurostimulation devices.
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1. Introduction

In the design of neural interfaces, nanomaterials and nanostructured topologies are tools
which may enable an improved interfacing with the nerve tissue. Nanotechnology-based
engineering of neuronal interfaces aims at overcoming some of the current limitations of
implantable devices, such as the mechanical matching with the central nervous system
(CNS) tissue and the biological tolerance.l*] Nanofabrication allows for bio-camouflage of
interfacing electrodes via emulating extracellular matrix (ECM) features, or allowing for
three-dimensional interfacing.[2] Surfaces patterned with vertically aligned nanopillars
(NPs) have been exploited as bio-interfaces.[3] Mouse embryonic stem cells, neural
progenitors and hippocampal neurons, to name a few, were successfully cultured on NP
substrates of different size, aspect ratio, shape, or density, with the aim to target the
influence of surface topographical features on biological responses, including cell viability,
proliferation, morphology, differentiation, adhesion, and motility.[4-9]

In particular, for neuronal or progenitor cell cultures, NP patterned substrates have been
designed to significantly influence proliferation and guidance, neural differentiation,
outgrowth, and development.[*2.11] In the field of neuroscience , vertical nanowires (NW) or
NPs have been shown to support the formation of axons in hippocampal neurons, and that
of functional neuronal networks.[%:121 Vertical NWs have also been employed for single-cell
stimulation and recording in experimental bioelectric interfaces.['3] In most cases, NPs
have been made out of hard materials like gallium phosphide (GaP) semiconductors,
silicon, or metals.[12.14-16] Despite their remarkable features, semiconductors or metal NPs
require long growth times and their production is time expensive. These materials are
characterized by high Young’s modulus which renders these NPs stiff and tedious to handle
in bioassays, due to their fragility. Moreover, CNS tissues are soft, and as such, there is a
substantial difference in stiffness between these NPs and the CNS tissues, leading to low

mechanical compatibility. This mismatch in mechanical properties is believed to cause glia
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over proliferation and gliosis, once implanted in vivo.['7] Polymeric, high aspect ratio,
nanoscale topographies with a lower effective modulus would be more compliant with a
good potential for improved biocompatibility.[:8]

Here, we developed an easy and affordable fabrication strategy based on nanoimprint
lithography to pattern polystyrene (PS) surfaces with high-density, high aspect ratio NPs.
Two different substrates were investigated: insulating NP surfaces (PS-NP), fabricated
from pristine polystyrene, and conductive NPs (PS-CNT-NP), produced from a polystyrene
nanocomposite where single-walled carbon nanotubes (SWCNTs) were used as conducting
filler. These NP substrates were optimized to support the development of primary neuronal
cultures allowing the growth of planar neuronal circuits comprised of neural cells soma
and axons, making functional synapse networks, and having a three-dimensional exposure
to the extracellular environment. We discovered that neuronal networks developed on NP
substrates, compared to those grown on flat glass or flat PS surfaces, presented a reduction
in glial cell density and a boost in spontaneous electrical activity. We suggest that these
features result from the 3D-like microenvironment exposure of cells when suspended
among NPs, emulating natural surroundings of cells as in in vive conditions.

We successfully validated the possibility of using PS-CNT-NP to deliver electrical stimuli to
the neural network and, finally, we showed that PS-NP and PS-CNT-NP were able to

interface with and sustain the development of organotypic slices of mouse spinal cord.

2, Results and Discussion

2.1 Topography fabrication and characterization

Dense arrays of high aspect ratio NPs of 500 nm in diameter and 1 um pitch were selected
as cell culture platforms to provide a substrate topography where, due to the small spacing
and size exclusion, interaction and adhesion of neuronal cells will be forced to take place

only at the top of the topography (Figure 1).
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An anisotropic square pillar arrangement was chosen rather than a compact hexagonal one
to maximize interpillar space, ultimately filled by extracellular solution, while providing
physical support for developing a planar neural network suspended at the top of NPs.[4]
NPs surfaces were prepared by soft thermal nanoimprint lithography (T-NIL). This
technology allowed us to imprint NPs with the same dimensions in both insulating PS and
in a polystyrene/carbon-nanotubes composite (PS-CNT), thus providing precisely the
same spatio-mechanical cue to the neuronal cells cultured on each of the substrates.

In Figure 1A, a scheme of the nanoimprint process is depicted, while Figure 1B shows a
scanning electron microscopy (SEM) image of one of our high aspect ratio NP arrays (500
nm in diameter, 2 um in height, in a square arrangement with a pitch of 1 pm). PS-NP
substrates were produced by imprinting a PDMS working mold onto pristine PS films
under optimum time, temperature, and pressure conditions (see Experimental Section for
details). PS-CNT-NP substrates were produced in the same way by imprinting the
nanopillar structures on a composite material constituted by a polystyrene matrix filled
with single-wall carbon nanotubes (SWCNTs, 1% w/w).

Localized confocal Raman spectroscopy was performed to verify the presence of SWCNTSs
dispersed within the imprinted PS-CNT nanopillars. Specifically, a laser light of 532 nm
wavelength, providing a depth resolution of about 400 nm, was utilized to detect the
SWCNTs inside the nanopillars.['91 Figure 1C compares the Raman spectra of pristine PS
nanopillars to PS-CNT ones, confirming SWCNTs’ characteristics bands (D, G, and G").
This fingerprint is not present in pristine PS-NPs. The formation within the polymeric
matrix of a percolation network of SWCNTs was confirmed by measuring the through-
plane conductivity employing dielectric spectroscopy measurements (see Experimental
Section). A value in the range of 10-100 mS-cm' was measured for PS-CNT

nanocomposite films.
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Nanoindentation tests were conducted to determine the changes in surface stiffness upon
patterning the substrates under study, and possibly identify a stiffness-dependent cellular
adaptation on the different topographies.

Figure S1 shows representative nanoindentation curves obtained from pristine PS, PS-NP
and PS-CNT-NP samples. The apparent stiffness (k), defined as the rate of change of probe
depth with applied load, was determined from the slope of the unloading curves at the
beginning of the loading-unloading nanoindentation cycles (elastic regime, low
penetration values). The stiffness of the unstructured PS substrate (1.6+0.15 pN-nm-1)
decreased by 84% after just surface (nano)patterning, and the apparent stiffness on the PS-
NP topography set to values down to 0.25+0.03 pN-nm-t. Upon the reinforcement of the
PS-NP with SWCNT, the PS-CNT-NP patterned surface apparent stiffness increased
slightly to 0.31+0.03 uN.-nm-. These marked changes in the surface apparent stiffness can
be inferred from the nanoindentation graphs displayed in Figure S1.

2.2 Characterization of Primary Hippocampal Cultures interfaced to NP
substrates

In our first set of neurobiology experiments, we tested the stability of PS-NP (non-
conductive and nanostructured) and PS-CNT-NP (conductive and nanostructured) once
exposed to cells grown seeded on top of the NPs and submerged in cell culturing media for
days. In particular, we investigated the substrates’ ability to support neuronal adhesion
and formation of neuronal networks. Neonatal rat hippocampal cells successfully adhered
and grew on both substrates and were analyzed after 8 to 12 days in vitro (DIV; Figure 2),
a time known to allow functional synaptic network development in in vitro
conditions.[20.21] The structural stability of both NP platforms, and their interaction with
cultured hippocampal cell soma, axons and dendritic arborizations, were assessed by SEM.
Figure 2A shows SEM micrographs at increasing magnifications (left to right) of control

cells developed on poly-ornithine-coated glass coverslips (top row) and on the two
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nanostructured substrates (PS-NP and PS-CNT-NP, second and third rows, respectively).
At low magnification (left panels), neuronal cell bodies characterized by prominent
neurites and glial cells branching are evident and appear in all three conditions. Higher
magnification (Figure 2A, middle) reveals well-formed cell somas and neurites. At this
magnification, it is possible to appreciate that NPs are slightly tilted at cell-bodies’
boundaries, suggesting cell ability to exert peripheral tangential forces through focal
adhesions engagement of the NPs heads and actomyosin-driven cytoskeletal
contractions.[22] These features are usually correlated to a healthy neuronal adhesion and
growth.[23.24] Further magnification (Figure 2A, right), allows visualizing distinct neuronal
processes. NP substrates induced the formation of planar networks of neuronal processes
apparently similar to those developed on Controls. However, neurites ability to navigate by
surfing on the top of NPs generated a suspended network architecture, whose axons and
dendrites are exposed to the inter-pillars extracellular milieu with cell media flowing below
as well on top of them (Figure S4). We further investigated the size of the cultured
networks and their cellular composition via immunofluorescence microscopy, labeling the
specific cytoskeletal components B-tubulin III, to visualize neurons, 4’,6-diamidino-2-
phenylindole (DAPI), to highlight cell nuclei, and glial fibrillary acidic protein (GFAP) to
visualize astrocytes (Figure 2B). We compared Control, PS-NP, and PS-CNT-NP
hippocampal networks morphology and cell composition. Control (n = 77, from 5 culture
series), PS-NP (n = 73, 5 culture series) and PS-CNT-NP (n = 80, 5 culture series) showed
a comparable density of B-tubulin III positive neurons (highlighted in red in Figure 2B,
and quantified in the box plot in Figure 2C). The density of neuroglia cells, a
heterogeneous population of cells that includes oligodendrocytes, astrocytes, and microglia,
was quantified as non-neuronal stained nuclei (Figure 2B, top row; see Experimental
Section). This measure pointed out a significant reduction in the overall number of glial

cells on both PS-NP and PS-CNT-NP substrates (774 + 347 and 675 + 227 neuroglial
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cells/mmz2, respectively) when compared to Control (1113 + 249 neuroglial cells/mm2; ***p
< 0.001; box plot in Figure 2D). Interestingly, when we focused on the GFAP positive
astrocyte (in green in Figure 2B, bottom row), a substantial change in astrocyte
morphology between flat and nanostructured substrates was qualitatively observed. In
Controls, astrocytes appear more spread and flatten than on both nanostructured
substrates where they appear with a stellate shape (see arrows in Figure 2B, second row).
In a further set of experiments (4 culture series) we selectively quantified the number of
GFAP-positive cells comparing Control, PS-NP, PS-CNT-NP and PS-flat substrates, to rule
out the possible contribution of polystyrene per se (Figure S2). Consistently with our first
group of results, both flat substrates (PS-flat, n = 46 fields, and Control, n = 42 fields)
showed comparable astrocyte densities (297 + 49 cells/mm2 and 274 + 54 cells/mm2,
respectively), while in the nanostructured substrates (PS-NP, n = 45 fields, and PS-CNT-
NP, n = 45 fields) GFAP positive cells density was significantly reduced (199 + 42
cells/mm2 and 138 + 51 cells/mmz2, respectively; ***p<0.001). No difference was depicted
in neuronal densities comparing PS-flat substrates with the other conditions (results
summarized in Figure S2A and S2B).

We suggest that the decrease in glial cell density brought about by NP-structured
substrates may be ascribed to mechanisms related to the cell focal contact modulation by
the topography and related mechanotransduction processes.[25-281 In addition, other
features such as the reduced apparent stiffness of the nano-topographies may induce this
cellular response.[29] Furthermore, a reduced glial cell proliferation may have been favored
by the suspended configuration these cultures adopt in the high aspect ratio topography.
In any case we can rule out a mere inhibition of proliferation due to the PS chemical
characteristics since the behavior is not consistent in all the substrates being made of the

same polymer matrix. Regardless of the mechanisms reducing glial cells
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adhesion/proliferation on NPs substrates, this feature might imply a lower reactive gliosis
when interfacing CNS tissue with the NP substrates.[18:30]

2.3 Nanopillars-based substrates increase synaptic network performance
Upon ex vivo reorganization of synaptic networks, primary cultured neurons display
spontaneous and temporally structured electrical activity.[31:32] We explored the network
dynamics in Control, PS-NP, and PS-CNT-NP hippocampal cultures (g9 — 12 DIV; 5 culture
series) by fluorescent imaging with calcium indicators (Figure 3). This is a minimally
invasive approach that allows monitoring neuronal activity following the calcium
transients occurring in a neuronal network at a single-cell level.[33] Living neurons, stained
with the membrane-permeable dye Oregon Green 488-BAPTA-1 AM, were visualized
within randomly chosen sample areas (660 x 660 umz, Figure 3A, left images) and, on
average, 135 + 30 fluorescent cells were analyzed for each experimental condition (see
Experimental Section).

In all culture groups, we detected spontaneous and repetitive calcium events emerging
from episodes of synaptic, action potential-dependent, bursts of activity (Figure 3A,
tracings). This electrical activity was entirely blocked by Tetrodotoxin (TTX, 1 uM; a
blocker of fast voltage-gated Na+ channels) applications, demonstrating its dependence
upon neuronal firing and synaptic activation (Figure 3A, right traces).[331 We quantified
spontaneous calcium episodes in active cells by measuring the inter-event interval (IEI),
the time interval between the onset of a calcium burst and the beginning of the next one.
TEI values were significantly reduced (thus activity increased) in PS-NP and PS-CNT-NP
substrates compared to Control ones (results summarized in the box plot of Figure 3B; **p
< 0.01 and ***p < 0.001, respectively for Control vs. PS-NP, and Control vs. PS-CNT-NP).
Network activity was not affected by PS-flat, again ruling out a role of polystyrene per se
(Figure S2 C, left traces). A distinct feature of network dynamics is the emergence of

synchronized calcium events in cells located within the same field of view. We quantified
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this parameter by measuring the cross-correlation function among pairs of cells (Figure
S3, see Experimental Section for details). Neurons displaying a Pearson correlation
coefficient (CCF) that was significantly larger than that expected by chance, were
considered positively correlated. The bar plot in Figure 3C shows that in Control 46 + 1% of
cell pairs (n = 661 pairs) were positively correlated, this value raised to 86 + 2% and 96 +
2% in PS-NP (n = 876 pairs) and PS-CNT-NP (n = 983 pairs), respectively.

To investigate the mechanism responsible for the increased activity observed in NP
substrates, we performed single neuron, whole-cell, patch-clamp recordings directly
comparing synaptic activity recorded in flat substrates (Control) with the nanostructured
ones (PS-NP) (Figure 4).

Figure 4A shows current tracings characterized by heterogeneous events of inward
currents which represent basal spontaneous synaptic activity of a Control neuron and a PS-
NP one.[20] No significant variations in the mean amplitude values of the postsynaptic
currents (PSCs) was measured between the two conditions (n = 11 cells for Control, n = 17
cells for PS-NP). Conversely, we detected a significant increase (**p = 0.009) in the PSCs
frequencies when comparing the two conditions (Control: 0.9 + 0.3 Hz; PS-NP: 2.1 + 0.4
Hz; Figure 4A, right box plot), confirming the presence of increased network activity in NP
cultured neurons. In Figure 4B we recorded miniature PSCs (mPSCs) in the presence of
TTX (1 pM) in both Control and PS-NP conditions. Recording mPSCs allows
disambiguating dynamical from structural changes of neural circuit activity. mPSCs, in fact,
reflect the stochastic release of vesicles from the presynaptic terminals and mPSC
frequency depends on the number of synaptic contacts, while their amplitude depends on
postsynaptic receptor sensitivity.[34] In these experimental conditions, we did not detect
any significant variation in mPSCs mean amplitude values (n = 8 cells for Control, n = 9
cells for PS-NP). Instead, we measured a significant increase (p = 0.012) in mPSCs

frequencies when comparing Control to PS-NP samples (0.6 + 0.2 Hz vs. 1.6 + 0.3 Hz,
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respectively; Figure 4B, right box plot). In all recordings we never detected changes in
neuronal passive membrane properties (for capacitance, Control: 84 + 33 pF; PS-NP: 97 +
32 pF; p = 0.20; and input resistance, Control: 436 + 211 MQ; PS-NP: 361 + 190 MQ; p =
0.22; Figure 4C).

To estimate whether changes in synaptic density may account for the enhanced mPSC
frequency observed in NP neurons, cultured hippocampal neurons were co-
immunostained for p-tubulin ITI, DAPI and the synaptic marker Bassoon.[35]

We quantified the number of synaptic contacts in the two conditions evaluating the
volumetric ratio between Bassoon's presynaptic marker, which labels the presynaptic
active zone, and the neuronal tracer -tubulin III. Results are summarized in the box plot
in Figure 4E, where a significant increase in synaptic-related signal is evincible in PS-NP
samples in comparison to the Control condition (Control: 0.06 + 0.01; PS-NP: 0.16 + 0.01;
n = 23 and 25, respectively; p = 0.0015). All results presented so far indicate that
synaptogenic processes are facilitated in neuronal networks developed above nanopillar-
surfaces, that is in the suspended bidimensional configuration.

2.4 Carbon-based nanostructures as a platform for effective electrical
neurostimulation

We further evaluated the possibility of exploiting our conductive nanostructured
substrates (PS-CNT-NP) as a neuro-stimulating platform (Figure 5). We monitored
neuronal responses during electrical stimulation through PS-CNT-NP with a two-electrode
system.[36] For this purpose, we used the experimental setup sketched in Figure 5A, where
a PS-CNT-NP surface was exploited concurrently as culturing substrate and planar
working electrode against an Ag/AgCl pellet reference electrode, both placed in the
physiological saline solution. The emergence of evoked neuronal activity upon external
electrical stimulation was monitored via real-time calcium imaging visualization.[37.38]

Spontaneously active neurons were selected and pharmacologically decoupled from the
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network by a cocktail of receptor antagonists (APV/CNQX/bicuculline, see Experimental
Section for details), to block ionotropic glutamate receptors subtypes and GABAa ones
(Figure 5B). Under this recording condition synaptic activity was silenced, allowing to
monitor the appearance in the neurons of activity burst only evoked by the electrical
stimulation delivered via the CNT nanopillars.[39401 We tested a stimulation protocol
where five consecutive cathodic voltage squared pulses at 0.2 Hz (1 V/mmz2, train-to-train
frequency 0.01 Hz) were delivered by the PS-CNT-NP extracellular surface/electrode
(Figure 5C). As shown in Figure 5D (top calcium imaging trace), such a stimulation reliably
evoked calcium bursts that were abolished by tetrodotoxin (TTX, see Experimental
Section) administration (Figure 5D, bottom trace), thus confirming the neuronal origins of
the observed signals and the ability of PS-CNT-NP substrates to interface the neuronal
network electrically. Such a phenomenological observation suggests that PS-CNT-NP
platforms might represent a reliable interface to physically and electrically interface
neuronal tissues.

2.5 Nanopillars interfacing to a complex tissue

Cultured CNS explants provide an in vitro model of a complex neuronal network. In the
last set of experiments, we decided to validate the long-term biological tolerance of
nanostructured substrates (i.e., PS-NP and PS-CNT-NP) by interfacing them with spinal
cord organotypic cultures for weeks. Organotypic spinal slices represent a biological model
of segmental microcircuits which is maintained in in vitro conditions for weeks (Figure
6).1411 We used immunofluorescence labeling and confocal microscopy to study the
adhesion, development, and final morphology of explanted spinal tissues and their axonal
re-growth when chronically interfaced to PS-NP, PS-CNT-NP, and Control substrates for
21 — 24 DIV (see Experimental Section for details). Immunofluorescence confocal images
at low magnification of the three conditions are depicted in Figure 6A. It is possible to note

the healthy and complex structure of the spinal explants when grown interfaced with the
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three substrates. The entire spinal cross-section is visible including the spinal slice, at the
center, the peripheral dorsal root ganglia (DRGs), and a dense mesh of neurites in the
surrounding outgrowth belt, highlighted by B-tubulin III positive neurites (in red) and the
specific antibody against axonal neurofilament H (Smi-32, in green). No alterations in the
growth and morphology of explanted spinal cord cultures were observed between the three
conditions.

We further tested the functional impact of interfacing spinal slices on both nanostructured
substrates. Organotypic spinal cord slices exhibit an intense spontaneous synaptic activity,
monitored via live calcium imaging as spontaneous bursts emerging as irregular
synchronized firing epochs (Figure 6B and 6C).[42] Fluorescent cells can be observed within
the ventral area (pre-motor area) of each slice culture (arrows in Figure 6B). Spontaneous
neuronal activity was measured by simultaneously imaging the intracellular calcium
dynamic of selected neurons; these transients were fully blocked by TTX application
demonstrating their neuronal origin (left and right traces in Figure 6C). Spontaneous
calcium episodes were analyzed, and the resulting frequency (in Hz) was highly conserved
between all tested conditions (Figure 6D). This result provides evidence of an appropriate
maturation and development of the spinal cord slice when interfaced to nanostructured
substrates.

The absence of a substantial increase in the electrical activity in suspended slices when
compared to dissociated hippocampal cultures might be due to the different CNS
anatomical origin (spinal cord vs. cortex) and by the long-term interfacing of organ
cultures, leading to homeostatic adjustments of neuronal activity.[43]

Indeed, differently from a newly formed network of dissociated neurons, organotypic slices
are characterized by complex three-dimensional cytoarchitecture governing the

electrophysiological behavior of the network. The resulting robust network activity,
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reflecting the spinal activity of the original tissue, might be more difficultly altered in the
long term by the NP structure.

3. Conclusion

We successfully developed insulating and conductive high aspect ratio nanopillar-based
interfaces, constituted by cylindrical structures of 500 nm in diameter square-organized
with a pitch of 1 um, able to successfully support the development of healthy and
functional neuronal networks characterized by a suspended topology. These networks
show similar cellular organization and neuronal cell content of Control cultures, but a
significant reduction in the densities of astrocyte cellular population. This is not due to the
mere chemical nature of PS but, more likely, to the combined effect of the surface
(nano)morphology and the reduced apparent stiffness of the substrate compared to flat PS
surfaces. In addition, the suspended organization of cultured cells might discourage the
formation of glial layers interposed between the substrate and the neuronal cells.[44] This
supportive cell layer could be less needed to the circuit formation due to the
nanostructured surfaces of NP inducing submicrometrical surface adhesivity.

Valuably, both the tested substrates (PS-NP and PS-CNT-PS) allowed the development of
suspended networks, characterized by increased network activity and higher degree of
synchronization among cells pairs. It is tempting to speculate that, in the case of
dissociated cultures, this configuration mimics the exposure of cell membrane (Figure S4,
left) to a 3D geometry, providing neurons and neuronal connections with an improved
efficiency, due to their accessibility to the third dimension.[33.45]

Finally, we validated these novel conductive nanostructured substrates (PS-CNT-NP) as a
reliable device to electrically interface neural tissues demonstrating the possibility to elicit
electrical activity, in the form of evoked calcium bursts, by extracellular stimulation of the

conductive NPs. With the possible application of our nanostructured surfaces as a
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neuroelectric interface for in vivo stimulation in mind, we validated PS-NP and PS-CNT-
NP ability to support the long-term growth in vitro of spinal cord explants.

These experiments open to the possible applicability of our high aspect ratio PS-NP and,
more interestingly, our PS-CNT-NP patterned substrates as a nerve tissue interfacing
platform, with the advantage of inducing low gliosis, preserving intact tissue physiological
activity, and the possibility to effectively electrically stimulate the nervous tissue.

4. Experimental Section

Fabrication and characterization of high aspect ratio nanopillar substrates

The PS-CNT nanocomposites films with ca. 1% w/w of functionalized single-wall carbon
nanotubes (P3-SWCNT, Carbon Solutions Inc.) were prepared beforehand by solution
blending, which is a commonly used method for the preparation of polymer-carbon
nanotubes nanocomposites.[4¢] Briefly, a stable dispersion of SWCNT was initially
prepared in toluene (99.8%, Acros Organics) by tip-sonication. A fixed volume of the
dispersion was subsequently added to a PS solution prepared in toluene too. Using a
dispersion tool (Ultraturrax, 10000 rpm), three stirring-sonication cycles were carried out
to ensure good mixing and dispersion. Next, the nanocomposite was coagulated by the
dropwise addition of the solution to cold methanol (reagent grade, Scharlau) under intense
stirring. The obtained precipitate was filtered using a Buchner funnel, repeatedly washed
with methanol, and dried in vacuum at 80 °C overnight. 200 — 300 um thick self-standing
PS and PS-CNT films were obtained by melt pressing using a hydraulic press with heating
plates adapted (Specac Atlas 15T, temperature set at 140 °C and pressure at 10 tons).

PDMS molds with a pore size of 500 nm in diameter and 2 pm in length obtained from a
silicon master by soft lithography, were used to fabricate high aspect ratio nanostructured
substrates by thermal nanoimprint lithography (T-NIL), employing an EITRE Nano

Imprint Lithography system (Obducat AB, Sweden). The thermal imprinting conditions
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were T = 130 °C; P = 30 bar and t = 5 min for pristine PSand T = 140 °C; P = 30 bar; t = 5
min for the SWCNT nanocomposite (PS-CNT).

A confocal Raman microscopy (SENTERRA, Bruker) was employed to verify the dispersion
and penetration of the SWCNT into the nanopillars working at wavelengths of 532 and 785
nm.

The nanopillars' apparent stiffness was evaluated by performing nanoindentation tests
using a Hysitron TI-950 TriboIndenter employing a diamond probe with a tip radius of 10
pm. Nanoindentations measurements were performed by making 20 load-hold-unload
cycles (1 second/segment) on different areas of the imprinted substrates. Unloading values
up to 50% were employed in each cycle until a maximum load of 40 uN was reached. The
minimum critical buckling load for uniaxial compression was estimated trough the
geometrical parameters of an individual pillar to be about 25 uN, assuming a modulus of
3.2 GPa for the polystyrene (according to manufacturer specifications).

The trough-plane conductivity of the nanocomposites was evaluated by broadband
dielectric spectroscopy using a Novocontrol broadband dielectric spectrometer. 10 mm
diameter gold electrodes were first deposited by sputtering on both surfaces before the

measurements.
Primary Cultures

Dissociated hippocampal neurons were obtained from P2 — P3 old Wistar rats, as
previously reported.[20.21]1 All procedures were approved by the local veterinary authorities
and performed in accordance with the Italian law (decree 26/14) and the UE guidelines
(2007/526/CE and 2010/63/UE). Animal use was approved by the Italian Ministry of
Health (no. 22DABNQYA). All efforts were made to minimize suffering and to reduce the
number of animals used. PS-flat, PS-NP, and PS-CNT-NP substrates were carefully rinsed
with three 5 minutes-long washes with milliQ water (Merck Millipore). Samples were
therefore dried at 60 °C, and their surfaces were activated under a low-pressure air plasma
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(Harrick PDC-32G Plasma Cleaner) for 7 minutes at room temperature (RT), with a
radiofrequency (RF) coil power set to 9 Watt. A 20 minutes-long exposition to ultraviolet
(UV)-radiation was finally used to sterilize the substrates immediately before cell
plating.[471 About 800 cells/mm2 were plated onto poly-L-ornithine-coated (Sigma-
Aldrich) glass coverslips (Control), PS-flat, PS-NP, and PS-CNT-NP substrates, and
incubated at 37 °C, 5% CO: in Neurobasal medium (Invitrogen) added with B-27
supplement (Thermo Fisher) and GlutaMAX (Thermo Fisher) both to a 1x final
concentration. Gentamicin (Thermo Fisher) was also added to a final concentration of 5
pg/mkL to prevent contamination. Cultured cells were grown until 8 — 12 days in vitro
(DIV) by renewing half of the medium once in this period.

Immunocytochemistry and Fluorescent Microscopy

Cultures were fixed in 4% formaldehyde, prepared from fresh paraformaldehyde, in PBS
1x and permeabilized for 30 min with 0.3% Triton-X-100 (Carlo Erba) in PBS 1x added
with 5% FBS (Gibco) and 4% BSA (Sigma-Aldrich) to prevent non-specific binding of
primary antibodies. Samples were subsequently incubated with primary antibodies for 30
min at RT and, after being washed with PBS 1x, with secondary antibodies for 45 minutes.
Mounting was performed with anti-fade medium Fluoromount (Sigma-Aldrich) on 1 mm
thick microscope glass slides. Neurons were labeled through anti-p-tubulin IIT primary
antibody (1:800, Sigma-Aldrich) and visualized with Alexa 594 anti-rabbit in goat as the
secondary antibody (1:800, Invitrogen). Astrocytes were instead stained with mouse anti-
GFAP primary antibodies (1:800, Sigma-Aldrich) and visualized with Alexa 488 anti-
mouse in goat as the secondary antibody (1:800, Invitrogen). Nuclei were stained with
4’,6-diamidino-2-phenylindole (DAPI, 1:800, Invitrogen). To estimate neurons and
astrocytes number, images of immunolabeled cultures were acquired using a Leica
DMo6ooo Epifluorescence Microscope, either using 10x or 20x objectives (HC PL Fluotar,

0.30 NA and 0.50 NA, respectively). We collected 8 — 10 fields per culture in two cultures
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per series from 4 — 5 different culture series. We manually counted the total number of
nuclei in each field and the number of neurons and astrocytes. Image analysis and
reconstruction were accomplished using NIS-Elements (Nikon) and ImageJ (NIH)

software.
Scanning Electron Microscopy

The interaction between neurons and pillars was qualitatively assessed through scanning
electron microscopy (SEM). Images were acquired collecting secondary electrons on a
Gemini SUPRA 40 SEM (Carl Zeiss NTS GmbH, Oberkochen, Germany). Primary cultures
onto PS-NP and PS-CNT-NP were fixed in with 2% glutaraldehyde dissolved in cacodylate
buffer (0.1 M, pH 7.2) in the dark for 1 hour at room temperature. After fixation, samples
were carefully rinsed with cacodylate buffer; the dehydration process followed by dipping
the sample in water/ethanol solutions at progressively higher alcohol concentrations (50%,
75%, 95%, and 100% ethanol for 3 minutes each). Samples were left to dry overnight at
4 °C temperature in the dark. Before SEM imaging, samples were metalized in a metal
sputter coater (Polaron SC7620). Cells were visualized at low accelerating voltages (1 — 2

keV) to prevent electron-induced surface charging.
Calcium Imaging

Hippocampal dissociated cultures were loaded with cell-permeable Ca2+ dye Oregon Green
488 BAPTA-1-AM (Molecular Probes); 10 ul. DMSO (Sigma-Aldrich) was added to the
stock 50 pg of the dye, and cultures were incubated with a final concentration of 4 pM for
30 min at 37 °C, 5% CO.. Samples were therefore placed in a recording chamber mounted
on an inverted microscope (Nikon Eclipse Ti-U). Cultures were continuously perfused at 5
mL/min rate and room temperature (RT) with an extracellular saline solution of
composition (mM): 150 NaCl, 4 KCl, 2 CaCl., 1 MgClz, 10 HEPES, 10 glucose (pH adjusted
to 7.4 with NaOH; osmolarity about 300 mQOsm). Caz+-dye was excited at 488 nm with a

mercury lamp; excitation light was attenuated using an ND filter (1/32) and separated
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from the light emitted from the sample using a 505 nm dichroic mirror. Oregon loaded
cultures were observed with a 20x objective (PlanFluor, 0.45 NA), and images were
continuously acquired (exposure time 150 ms) using an ORCA-Flash4.0 V2 sCMOS camera
(Hamamatsu). The imaging system was controlled by an integrated acquisition software
(HCImage Live), and the camera was set to operate on 2048 x 2048 pixels? at binning 4.
Cultures were accustomed to extracellular solution for about 10 minutes. Spontaneous
activity was, therefore, recorded for 10 minutes. 10 pM bicuculline (GABAa antagonist;
Sigma-Aldrich) was subsequently perfused for 20 minutes to weaken the synaptic
inhibition and increase the synchronization. Finally, 1 uM TTX (a voltage-gated, fast Na+
channel blocker; Latoxan) was added to confirm the recorded signals' neuronal nature. We
recorded 1 field from each sample, and 15 + 2 cells from each recording were selected by
drawing regions of interest (ROIs) around cell bodies (n = 9 cultures from 5 different
series). Images were analyzed with ImageJ software (NIH), and the corresponding traces
were studied with Clampfit software (pClamp suite, 10.4 version; Axon Instruments) in off-
line mode and with MATLAB (MathWorks, Inc.). We computed the difference between
consecutive peaks onset times, to obtain the inter-event interval (IEI). Intracellular Ca2+
transients were expressed as fractional amplitude increase (AF/Fo, where Fo is the baseline
fluorescence level and AF is the rise over baseline); we determined the onset time of
neuronal activation by detecting those events in the fluorescence signal that exceed at least
five times the standard deviation of the noise.[33] Cross-correlation analysis was performed

following the methodology described in S. Usmani et al., 2016.147]
Electrophysiology

Patch-clamp, whole-cell, recordings were achieved with glass micropipettes with a
resistance of 4 to 7 MQ. The patch micropipette was filled with intracellular solution
containing: 120 mM K-gluconate, 20 mM KCl, 10 mM HEPES, 10 mM EGTA, 2 mM MgCl.,
2 mM Na=ATP, pH 7.3. Cultures were positioned in a custom-made chamber mounted on
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an inverted microscope (Eclipse TE-200, Nikon, Japan) and continuously superfused with
the extracellular solution as in Calcium imaging experiments. Cells were voltage-clamped
at a holding potential of -56 mV (not corrected for liquid junction potential, calculated to
be -13.7 mV at 20 °C in our experimental conditions), and spontaneous post-synaptic
currents (PSCs) were recorded. Miniature post-synaptic currents (mPSCs) were recorded
in the presence of the fast voltage-gated Na+* channels blocker Tetrodotoxin (TTX 1 uM;
Latoxan). Data were collected at a sampling rate of 10 kHz using a Multiclamp 700A patch
amplifier (Axon CNS, Molecular Devices LLC, US) connected to a PC through a Digidata
1440 (Molecular Devices LLC, US). Input resistance and cell capacitance were measured
offline using Clampfit 10.4 software suite (Molecular Devices LLC, US), while spontaneous

and miniatures PSCs were analyzed in Axograph (Axograph Scientific).
Synapse Immunolabeling, Spectral Imaging and 3D analysis

After fixation in 4% formaldehyde, prepared from fresh paraformaldehyde, dissociated
hippocampal cultures were incubated for 10 min with 0.1 M glycine in PBS 1x to mask free
aldehyde groups, thus preventing unspecific antibodies binding. Permeabilization was
performed as described above (see Immunocytochemistry and Fluorescent Microscopy).
Samples were subsequently incubated with primary antibodies for 30 min at 37 °C, 5% CO-,
95% relative humidity (RH), and after being washed with PBS 1x, with secondary
antibodies for 45 minutes. Mounting was performed with anti-fade medium Fluoromount
(Sigma-Aldrich) on 0.17 pum thick microscope glass slides. Neurons were stained through
anti-p-tubulin IIT primary antibody (1:800, Sigma-Aldrich) and visualized with Alexa 594
anti-rabbit in goat as the secondary antibody (1:800, Invitrogen). Synapses were instead
labeled with mouse anti-Bassoon/BSN primary monoclonal antibody (1:400, Abcam) and
visualized with Alexa 488 anti-mouse in goat as the secondary antibody (1:800,
Invitrogen). Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI, 1:800,
Invitrogen). Spectral images (2048x2048 pixels) acquisition in variable bandpass (VB)
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mode was carried out with the A1R confocal system mounted on a Nikon Eclipse Ti2
inverted microscope (60x plan apo A oil, 1.40 NA). The selected bandpass (10 nm steps) for
the aforementioned RGB channels were respectively 590 — 610 nm (R), 510 — 530 nm (G),
and 450 — 470 nm (B). Line averaged scans (@ x2) were used to further increase SNR
(signal-to-noise ratio), and 6 — 8 stacks of 700 nm were sufficient to reconstruct neuronal
structures and synaptic clusters. 3D image analysis was performed with NIS-Elements AR
Analysis software (version 5.20.02, Nikon Instruments); through the 3D object
measurement function, it was possible to define a common intensity threshold of 36-bit
images for red and green channels. The total volumes corresponding to B-tubulin ITI+ and
Bassoon* structures were evaluated as the sum of connected and contiguous marked
objects. The ratio between these volumes allowed us to consistently compare the fraction of
neuronal volume occupied by synaptic clusters in cultures grown onto flat vs.

nanostructured surfaces.
Electrical Stimulation

To perform extracellular stimulation through PS-CNT-NP substrates, we glued a 4 mm x 4
mm square piece of sample on a glass coverslip (16 mm in diameter, 0.22 mm in thickness)
with a 1 mm hole drilled at its center, allowing to contact the back of the conductive sample
electrically. The sample was mounted using PDMS taking care to avoid that PDMS cover
the central part of the sample. The glass slide hole was subsequently filled with a small
drop of silver paste (Sigma Aldrich) to assure good conductivity and increase sample
robustness (curing time 30 minutes at 60 °C). The PS-CNT-PS sample mounted on the
glass slide was subsequently glued on a custom made liquid cell for neuronal extracellular
stimulation. The latter was obtained drilling an 8 mm diameter hole in the bottom of a 35
mm PS petri dish (Falcon®).[38] To ensure neuronal viability and avoid medium leak
during culture the sample assemble was mounted on the petri dish hole using PDMS
silicone elastomer (Sylgard® 184 - Down Corning Co.).[33] This assembly offered ease
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access for the stimulating electrode to contact in a dry environment the PS-CNT
nanopillars from the bottom side (see the sketch in Figure 5A). Cultures were grown for 10
DIV in the same conditions described above (see Experimental Section, Primary Cultures).
Cells were loaded with the Ca2* dye, and after incubation, the petri dish with the substrate
was mounted in a fixed-stage upright microscope (Eclipse FN1, Nikon), and it was used as
a perfusion chamber during the experiment (see Experimental Section, Calcium Imaging).
Spontaneous calcium transients were recorded with a 20x water immersion objective
(UMPIlanFl, 0.5 NA, Olympus) using an EMCCD camera (iXon Ultra 897, Andor™, Oxford
Instruments) controlled by a computer through NIS-Elements D (Nikon). Images were
acquired each 150 ms at 10 MHz readouts, compensating the read noise with x250 EM

gain.

After about 10 minutes of spontaneous activity, the application of the synaptic blockers (all
from Sigma-Aldrich) APV 25 uM (NMDA receptor selective antagonist), bicuculline 10 pM
(GABA4 receptor antagonist), and CNQX 10 uM (AMPA/kainate receptor antagonist)
completely silenced the network, as previously reported.[3¢] In these conditions, only
evoked signals are visible in a Ca2* imaging experiment.[40] The positive output of an
external insulated stimuli generator (Digitimer DS2A) was connected to a stimulating
platinum wire contacting the PS-CNT-NP substrate from its bottom side. In contrast, the
negative output was plugged into an Ag/AgCl pellet electrode submerged in the
extracellular saline solution (Figure 5A). We therefore manually triggered the voltage pulse
train through the isolated stimulator, tuning stimuli according to literature
guidelines.[36:48] Analysis was accomplished with ImageJ software (NIH) and Clampfit

software (pClamp suite, 10.4 version; Axon Instruments) in off-line mode.
Organotypic Slice Cultures

Spinal cord slices were obtained from embryos at 12 — 13 days of gestation (E12 — E13)

from a pregnant female mouse (C57Bl/6), as previously reported.l49] All procedures were
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approved by the local veterinary authorities and performed in accordance with the Italian
law (decree 26/14) and the UE guidelines (2007/526/CE and 2010/63/UE). The animal
use was approved by the Italian Ministry of Health (22DABN1WO). All efforts were made
to minimize suffering and to reduce the number of animals used. Pregnant mice were
sacrificed by CO- overdose and beheading; fetuses were finally extracted by cesarean
section. The spinal cord's thoracolumbar portion was explanted and cut into transversal
slices (275 um) with a tissue chopper (Mcllwain TC752, Campden Instruments Ltd.). Slices
were dissected from the surrounding tissue and plated either onto glass coverslips or the
tested materials (PS-NP and PS-CNT-NP) by clotting 15 uL of chicken plasma with 23 pL
of thrombin (both from Sigma-Aldrich). Organotypic Spinal Cords were therefore grown
with 1 mL medium containing 66% DMEM 1x (Gibco), 8% sterile water for tissue culture,
25% fetal bovine serum (Gibco), 1% antibiotic-antimycotic (Gibco), 2% B-27 supplement
(Gibco) and 20 ng/mL nerve growth factor (NGF, Alomone Laboratories); 300 mOsm; pH
7.35. Cultures were kept in a roller drum (120 revs/min, at 37 °C and 5% CO-) for about 14
— 21 days in vitro (DIV).[561 After 7 DIV, culture medium was replaced for 24h by fresh
medium containing antimitotics (10 uM ARA-C/Uridine/5-F1-dU) and reduced NGF
concentration (5 ng/mL). At DIV 8, fresh medium with reduced NGF was added and

refreshed every 7 days.
Organotypic Culture Immunofluorescence and Confocal Microscopy

Organotypic slices were fixed in 4% formaldehyde, prepared from fresh paraformaldehyde,
in PBS 1x for at least 1h. After fixation, slices were incubated for 10 min with 0.1 M glycine
in PBS 1x and permeabilized for 1h with 0.3% Triton-X-100 (Carlo Erba) in PBS 1x added
with 5% FBS (Gibco) and 4% BSA (Sigma-Aldrich) to prevent non-specific binding of
primary antibodies. Samples were subsequently incubated with primary antibodies
overnight at 4 °C and with the secondary antibodies for 2h at RT (three washes in PBS 1x
preceded each step). Mounting was performed with anti-fade medium Fluoromount
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(Sigma-Aldrich) on 1 mm thick microscope glass slides. All neurons were labeled through
anti-B-tubulin IIT primary antibody (1:800, Sigma-Aldrich) and visualized with Alexa 594
anti-rabbit in goat as the secondary antibody (1:800, Invitrogen). Exclusive staining of
motoneurons was instead achieved with anti-neurofilament H (SM1-32, 1:800, Biolegend)
recognized by Alexa 488 anti-mouse in goat as the secondary antibody (1:800, Invitrogen).
Nuclei were stained with 4°,6-diamidino-2-phenylindole (DAPI, 1:500, Invitrogen). A
Nikon Eclipse Ti2 inverted microscope connected to an A1R confocal system (Nikon
Instruments) was used to acquire stitched images (10x Plan Apo A, 0.45 NA) to obtain a

morphological insight of the stained spinal cord slice cultures.
Spinal Cord Calcium Imaging

Organotypic spinal cord samples, grown in vitro for 2 — 3 weeks, were loaded with cell-
permeable Ca2+ dye Fluo-4 AM (Molecular Probes); 11.6 uL of DMSO (Sigma-Aldrich) was
added to the stock 50 pg of the dye, and cultures were incubated with a final concentration
of 4 uM for 1h in the roller drum at 37 °C, 5% CO-. After dye loading, a de-esterification
period followed, cultures were maintained in extracellular saline solution (described
above) in the same incubator for 30 min. Samples were mounted on the previously
described inverted microscope (Nikon Eclipse Ti-U). The dye was excited at 488 nm, and
the emission was detected at 520 nm. Cultures were continuously perfused with
extracellular saline solution, and neurons at the premotor region in the slice's ventral zone
were observed with a 40x objective (PlanFluor, 0.60 NA). Images were acquired every 150
ms using the ORCA-Flash4.0 V2 sCMOS camera (Hamamatsu) operating at binning 4.
After cultures accustomed to the extracellular solution, spontaneous activity was recorded
for 10 minutes. 25 uM bicuculline (GABAa antagonist; Sigma-Aldrich) and 2 uM
strychnine (glycine receptor antagonist; Sigma-Aldrich) were subsequently perfused for 20
minutes to weaken the synaptic inhibition and increase the synchronization. Finally, 1 yM
TTX (a voltage-gated, fast Na+ channel blocker; Latoxan) was added to confirm the
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recorded signals' neuronal nature. Images were analyzed with ImageJ software (NIH), and
the corresponding traces were extracted with Clampfit software (pClamp suite, 10.4

version; Axon Instruments) in off-line.
Statistical Analysis

Statistical analysis was accomplished using Prism 6 software (GraphPad): datasets
normality was addressed with D'Agostino and Pearson omnibus normality test. Non-
parametric tests were used in both non-normally distributed data and unequal variances
among tested data sets. Accordingly, statistics between two independent samples were
performed with t-test or Mann-Whitney U test. In contrast, three independent samples
differences were tested with either one-way ANOVA adjusted for multiple comparisons
with Tukey’s correction or Kruskal-Wallis test adjusted with Dunn’s multiple comparison
test. All data are plotted as median with their 25™ (15t quartile, Q) and 75t (3 quartile,
QQ3) percentiles, with whiskers representing 10th and goth percentiles. Descriptive statistics
used in the text express the central tendency as mean + SD for normal distributions and

median for non-normal distributions.

25

128



Acknowledgements

This work was performed within the framework of the ByAXON project funded by the
European Union's Horizon 2020 FET Open program under grant agreement No. 737116.
The work was partially funded by the Spanish Ministry of Science and Innovation through
project BiSURE (Grant: DPI2017-90058-R) and the 'Severo Ochoa' Programme for
Centres of Excellence in R&D (MINECO, Grant SEV-2016-0686). D. Scaini acknowledges
the support of the European Union’s Horizon 2020 research and innovation program
under the Marie Sklodowska-Curie grant agreement no. 838902. M. A. Monclis, and J. M.
Molina-Aldareguia from IMDEA Materials are acknowledged for the nanoindentation

testing.

26

129



References

[1]

[2]

[3]

[4]

[5]

(6]

[7]

(8]

[9]

[10]
[11]

[12]

[13]

[14]

[15]

D. Scaini, L. Ballerini, Curr. Opin. Neurobiol. 2018, 50, 50.

T. Dvir, B. P. Timko, D. S. Kohane, R. Langer, Nat. Nanotechnol. 2011, 6, 13.

S. G. Higgins, M. Becce, A. Belessiotis-Richards, H. Seong, J. E. Sero, M. M. Stevens,
Adv. Mater. 2020, 32, 1.

W. Kim, J. K. Ng, M. E. Kunitake, B. R. Conklin, P. Yang, J. Am. Chem. Soc. 2007,
129, 7228.

F. Viela, D. Granados, A. Ayuso-Sacido, I. Rodriguez, Adv. Funct. Mater. 2016.

C. Xie, L. Hanson, W. Xie, Z. Lin, B. Cui, Y. Cui, Nano Lett. 2010, 10, 4020.

L. Micholt, A. Gartner, D. Prodanov, D. Braeken, C. G. Dotti, C. Bartic, PLoS One
2013, 8, e66170.

J. Seo, J. Kim, S. Joo, J. Y. Choi, K. Kang, W. K. Cho, I. S. Choi, Small 2018, 14,
1801763.

C. J. Bettinger, R. Langer, J. T. Borenstein, Angew. Chemie - Int. Ed. 2009, 48,
5406.

A.T.Nguyen, S. R. Sathe, E. K. F. Yim, J. Phys. Condens. Matter 2016, 28, 183001.
M. Marcus, K. Baranes, M. Park, I. S. Choi, K. Kang, O. Shefi, Adv. Healthc. Mater.
2017, 6.

V. Gautam, S. Naureen, N. Shahid, Q. Gao, Y. Wang, D. Nisbet, C. Jagadish, V. R.
Daria, Nano Lett. 2017.

J. T. Robinson, M. Jorgolli, A. K. Shalek, M. H. Yoon, R. S. Gertner, H. Park, Nat.
Nanotechnol. 2012.

K. Kang, Y.-S. Park, M. Park, M. J. Jang, S.-M. Kim, J. Lee, J. Y. Choi, D. H. Jung, Y.-
T. Chang, M.-H. Yoon, J. S. Lee, Y. Nam, L. S. Choi, Nano Lett. 2016, 16, 675.

K. Tybrandt, D. Khodagholy, B. Dielacher, F. Stauffer, A. F. Renz, G. Buzséki, J.

Vords, Adv. Mater. 2018.

27

130



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

C. Nick, S. Quednau, R. Sarwar, H. F. Schlaak, C. Thielemann, Microsyst. Technol.
2014, 20, 1849.

J. W. Salatino, K. A. Ludwig, T. D. Y. Kozai, E. K. Purcell, Nat. Biomed. Eng. 2017, 1,
862.

C. Vallejo-Giraldo, K. Krukiewicz, 1. Calaresu, J. Zhu, M. Palma, M. Fernandez-
Yague, B. McDowell, N. Peixoto, N. Farid, G. O’Connor, L. Ballerini, A. Pandit, M. J.
P. Biggs, Small 2018, 14, 1800863.

J.J. Hernidndez, M. A. Monclts, I. Navarro-Baena, F. Viela, J. M. Molina-Aldareguia,
1. Rodriguez, Sci. Rep. 2017.

A. Mazzatenta, M. Giugliano, S. Campidelli, L.. Gambazzi, L. Businaro, H. Markram,
M. Prato, L. Ballerini, J. Neurosci. 2007, 27, 6931.

V. Lovat, D. Pantarotto, L. Lagostena, B. Cacciari, M. Grandolfo, M. Righi, G.
Spalluto, M. Prato, L. Ballerini, Nano Lett. 20035, 5.

W. J. Polacheck, C. S. Chen, Nat. Methods 2016, 13, 415.

J. Lantoine, T. Grevesse, A. Villers, G. Delhaye, C. Mestdagh, M. Versaevel, D.
Mohammed, C. Bruyere, L. Alaimo, S. P. Lacour, L. Ris, S. Gabriele, Biomaterials
2016, 89, 14.

D. M. Suter, K. E. Miller, Prog. Neurobiol. 2011, 94, 91.

M. Chighizola, T. Dini, C. Lenardi, P. Milani, A. Podesta, C. Schulte, Biophys. Reuv.
2019, 11, 701.

S. M. Kim, S. Lee, D. Kim, D. H. Kang, K. Yang, S. W. Cho, J. S. Lee, I. S. Choi, K.
Kang, M. H. Yoon, Nano Res. 2018, 11, 2532.

C. A. R. Chapman, H. Chen, M. Stamou, J. Biener, M. M. Biener, P. J. Lein, E. Seker,
ACS Appl. Mater. Interfaces 2015, 7, 7093.

A. E. Hampe, Z. Li, S. Sethi, P. J. Lein, E. Seker, Nanomaterials 2018, 8, 1.

P. Moshayedi, G. Ng, J. C. F. Kwok, G. S. H. Yeo, C. E. Bryant, J. W. Fawcett, K.

28

131



[30]

Franze, J. Guck, Biomaterials 2014, 35, 3919.
M. J. P. Biggs, R. G. Richards, M. J. Dalby, Nanomedicine Nanotechnology, Biol.

Med. 2010, 6, 619.

[31] N. P. Pampaloni, D. Scaini, F. Perissinotto, S. Bosi, M. Prato, L. Ballerini, N. Paolo, D.

Scaini, F. Perissinotto, S. Bosi, M. Prato, L. Ballerini, Nanomedicine

Nanotechnology, Biol. Med. 2018, 14, 2521.

[32] M. Giugliano, P. Darbon, M. Arsiero, H. R. Liischer, J. Streit, J. Neurophysiol. 2004,

[33]

[34]

[35]
[36]

[37]

[38]

[39]
[40]
[41]

[42]

[43]

[44]

92, 977.

S. Bosi, R. Rauti, J. Laishram, A. Turco, D. Lonardoni, T. Nieus, M. Prato, D. Scaini,
L. Ballerini, Sci. Rep. 2015, 5, 9562.

N. P. Pampaloni, M. Lottner, M. Giugliano, A. Matruglio, F. D’Amico, M. Prato, J. A.
Garrido, L. Ballerini, D. Scaini, Nat. Nanotechnol. 2018, 13, 755.

K. D. Micheva, B. Busse, N. C. Weiler, N. O'Rourke, S. J. Smith, Neuron 2010.

D. R. Merrill, M. Bikson, J. G. R. R. Jefferys, J. Neurosci. Methods 2005, 141, 171.

1. Rago, R. Rauti, M. Bevilacqua, I. Calaresu, A. Pozzato, M. Cibinel, M. Dalmiglio, C.
Tavagnacco, A. Goldoni, D. Scaini, Adv. Biosyst. 2019.

A. Dominguez-Bajo, B. L. Rodilla, I. Calaresu, A. Arché-Nufiez, A. Gonzilez-Mayorga,
D. Scaini, L. Pérez, J. Camarero, R. Miranda, E. Lopez-Dolado, M. T. Gonzélez, L.
Ballerini, M. C. Serrano, Adv. Biosyst. 2020, 4, 2000117.

1. Breskin, J. Soriano, E. Moses, T. Tlusty, Phys. Rev. Lett. 2006, 97.

S. Stern, A. Agudelo-Toro, A. Rotem, E. Moses, A. Neef, PLoS One 2015, 10.

D. Avossa, M. D. Rosato-Siri, F. Mazzarol, L. Ballerini, Neuroscience 2003.

S. Sibilla, A. Fabbro, M. Grandolfo, P. D’Andrea, A. Nistri, L. Ballerini, Eur. J.
Neurosci. 2009, 29, 1543.

M. Galante, A. Nistri, L. Ballerini, J. Physiol. 2000, 523, 639.

M. Grumet, G. M. Edelman, .J. Cell Biol. 1988.

29

132



[45] V. Onesto, L. Cancedda, M. L. Coluccio, M. Nanni, M. Pesce, N. Malara, M. Cesarelli,
E. DI Fabrizio, F. Amato, F. Gentile, Sci. Rep. 2017, 7, 1.

[46] S.-H.Park, J. Bae, Recent Pat. Nanotechnol. 2017.

[47] S.Usmani, E. R. Aurand, M. Medelin, A. Fabbro, D. Scaini, J. Laishram, F. B.
Rosselli, A. Ansuini, D. Zoccolan, M. Scarselli, M. De Crescenzi, S. Bosi, M. Prato, L.
Ballerini, Sci. Adv. 2016, 2.

[48] M. A. Meza-Cuevas, Simulation of Neurons by Electrical Means; Wolfgang
Krautschneider, Ed.; Logos Verlag Berlin, 2015.

[49] A.Fabbro, A. Villari, J. Laishram, D. Scaini, F. M. Toma, A. Turco, M. Prato, L.

Ballerini, ACS Nano 2012, 6, 2041.

30

133



PDMS mold

Demolding

PS substrate Nanostructured surface

PS-CNT-NP
i G’

Intensity (a.u.)

PS-NP

T T T T T T
0 500 1000 1500 2000 2500 3000 3500
Raman shift (cm™)

Figure 1. Fabrication and characterization of substrates patterned with polystyrene
nanopillars (PS-NPs) and polystyrene-SWCNT nanopillars (PS-CNT-NP). A) Outline of the
fabrication process of high aspect ratio nanometric pillar topography by nanoimprinting
lithography. B) SEM images of a PS-CNT-NP imprinted substrate highlighting long-
distance order and anisotropic square pillar arrangement. Image scale bar = 5 um; inset
scale bar = 1 ym. C) Raman spectra obtained from both PS-NP, and PS-CNT-NP
topographies. The carbon nanotubes’ characteristic D, G and G’ peaks are visible in the PS-

CNT-NP sample.
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Figure 2. Morphology and cellular composition of hippocampal-cells networks developed
on poly-L-ornithine coated glass (Control), polystyrene nanopillars (PS-NP), and

polystyrene-SWCNT nanopillars (PS-CNT-NP). A) Scanning Electron Microscopy (SEM)
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images of dissociated hippocampal cultures grown (9 DIV) onto Control, PS-NP and PS-
CNT-NP are shown at three increasing magnifications. Scale bars = 40 pm, 10 um, and 2
pum from left to right. B) Epifluorescence micrographs of immune-labeled cultures for the
three conditions. Neuronal cells are visualized, in the top images, by anti f-tubulin IIT
antibody (red), while all cellular nuclei were pointed out by DAPI staining (blue). Scale bar
= 100 um. On the bottom, enlarged representative fields showing neurons in red (anti (-
tubulin IIT), astrocytes in green (anti-GFAP), and nuclei in blue (DAPI). Scale bar = 50 um.
C) Box plot summarizing neuronal densities for the three conditions. D) A box plot
showing the densities of neuroglial cell nuclei (evaluated as the whole non-neuronal sub-

population of cells in the samples; ***p < 0.001).
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Figure 3. Calcium imaging experiments were used to monitor spontaneous network
activity onto Control, PS-NP, and PS-CNT-NP samples. A) Snapshots of 3 representative
fields of hippocampal dissociated cultures labeled with Oregon Green 488-BAPTA-1 AM.
Scale bar = 100 pm. Active cells were manually selected as regions of interest (ROI) from
which calcium variations were evaluated. Representative traces for each condition are
shown (central traces). Tetrodotoxin was used at the end of each recording to assess the
neuronal nature of the signals (right traces). Calcium transients are expressed as fractional
amplitude increase (AF/Fo). B) Cells grown onto nanopillars exhibited enhanced
spontaneous activity depending on substrate topography (***p < 0.01). C) In the bar chart,
the percentages of correlated cell pairs were plotted for each condition. Bars represent the
percentage of significantly correlated pairs over the total amount of cells pairs analyzed.
Calcium events correlation raised from 46% in Control cultures to 86% and 96% in

nanopillars cultures (PS-NP and PS-CNT-NP, respectively).
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Figure 4. Synaptic modifications of nanopillars-interfaced neurons. A) Representative
spontaneous post-synaptic currents (PSCs) tracings of patch-clamped neurons onto
Control and PS-NP are shown together with the corresponding plots of spontaneous PSCs
amplitude (left) and frequency (right). Comparably to what was observed during calcium
imaging experiments, spontaneous synaptic activity was boosted by PS-NP (**p < 0.01). B)
Representative tracings of miniature post-synaptic currents (mPSCs) recorded in the
presence of 1 uM TTX are provided with their amplitude and frequency plots (left and right

respectively). Note the increased miniature currents frequency of PS-NP neurons
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(*p<0.05). C) Passive membrane properties of neurons were comparable in control poly-L-
ornithine coated glass and polystyrene nanopillars (PS-NP). D) Confocal Z-projection of
fluorescent micrographs at two increasing magnifications were reconstructed to show
synapse-labeled cultures grown onto Control and PS-NP. Increased synaptic clustering
onto PS-NP can be observed by the greater Bassoon (green) reactivity, while neuronal cells
are visualized by anti f-tubulin III antibody (red), nuclei are marked with the classical
DAPI staining (blue). Scale bar = 25 and 10 um. E) The box plot showing the fraction of
neuronal volume occupied by synaptic clusters summarizes such an observation (**p =

0.0015).
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Figure 5. Electrical stimulation from conductive PS-CNT nanopillars composite. A) A
sketch of the experimental setting used to electrically stimulate neuronal tissues through
our PS-CNT-NP substrates is depicted. B) A snapshot of a representative field of
hippocampal dissociated cultures grown onto PS-CNT-NP and labeled with Oregon Green
488-BAPTA-1-AM (Scale bar = 50 um). Typical recordings of spontaneous synaptic activity
monitored via live calcium imaging are shown below in the case of saline solution
perfusion (top trace), and in the presence of the APV/BIC/CNQX silencing cocktail
(bottom trace). C) Schematic of the stimulation protocol used: it consists of three
stimulation trains (0.01 Hz) of 5 voltage steps (1 V/mm2 and 20 ms in amplitude and

duration, at 0.2 Hz). D) A representative trace showing the neuronal response in the
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presence of a cocktail of synaptic blockers: in this condition, the network is silenced, and
only evoked activity could be visible (top trace). The red lines correspond to the 25
seconds-long pulse trains; the concurrent strong and transient increases in the Ca2+ dye
fluorescence is noticeable. Such responses were entirely abolished by tetrodotoxin
administration (bottom trace), thus confirming the neuronal nature of the detected signals,
and indicating that evoked action potentials triggered such a rise in Ca2‘. Calcium

transients are expressed as fractional amplitude increase (AF/Fo).
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Figure 6. Organotypic spinal cord slices development onto polymeric nanopillars. A)
Three low-magnification confocal stitching of transversal spinal cord slices grown for 21
DIV are depicted. Neurons are visualized with an anti $-tubulin III antibody (red), specific
motoneuron labeling is achieved with SMI-32 (green), while cell nuclei are targeted by
DAPI staining (blue). Scale bar = 500 um. B) Representative snapshots of the ventral
regions relative to the three substrates after spinal cord slices were loaded with the Ca2+-
dye Fluo-4 AM. Scale bar = 50 um. C) Two representative traces (from the highlighted
couple of neurons in panel B) of the recorded motoneuronal spontaneous activity are given

for every condition (left traces). Tetrodotoxin was used at the end of each recording to
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assess the neuronal nature of the signals (right traces). Calcium transients are expressed as
fractional amplitude increase (AF/Fo). D) The boxplot summarizes calcium spikes

frequency (Hz) during spontaneous motoneurons activity.
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The ability to improve devices affinity for cellular tissues plays a crucial role in
bioengineering and biosensing. We interface neuronal cells and spinal cord explants to
surfaces decorated with nanostructures able to reduce neuroglia proliferation and boost
neuronal activity. Our carbon-modified nanostructures enable synaptic modulation and
stimulation in interfaced neuronal networks, opening to future implementation on neuro-

prosthetic or neurostimulation devices.

Biomimetics

Ivo Calaresu, Jaime Hernandez, Rossana Rauti, Beatriz L. Rodilla, Ana Arché-Nufez,

Lucas Perez, Julio Camarero, Rodolfo Miranda, M. Teresa Gonzilez*, Isabel Rodriguez*,

Denis Scaini * and Laura Ballerini*

Polystyrene nanopillars with inbuilt carbon nanotubes enable synaptic

modulation and stimulation in interfaced neuronal networks
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Supporting Information
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Figure Si1. Representative nanoindentation loading-unloading profiles for a
monotonically increasing nanoindentation load up to a maximum of 40 pN for pristine PS
(blue trace), PS-NP (red trace), and PS-CNT-NP reinforced topographies (black trace).

The graph shows that, for an equivalent applied compressive load, the penetration depth
observable on the flat PS surface is smaller than on substrates patterned with high aspect
ratio pillars. The probe deeply penetrated within the PS-NP substrate, with just a slight

reduction on the PS-CNT-NP topography, when the NPs are reinforced with SWCNT.
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chemistry. A) Boxplot summarizing the diminished (***p < 0.001) astroglia density onto
nanopatterned surfaces (PS-NP and PS-CNT-NP) compared to flat glass (Control) and flat
polystyrene (PS-flat). B) Neuronal densities were also evaluated, finding no significant
changes among all the four conditions. C) In order to decouple the effects of surface
topography and chemistry, astrocytes density and spontaneous network activity were
shown for poly-L-ornithine coated glass (Control), polystyrene nanopillars (PS-NP), and
flat polystyrene (PS-flat) surfaces. In the first column, representative immunostainings
showing GFAP-positive glial cells in green and nuclei in blue (DAPI). In the second column,
snapshots of Oregon green-loaded cultures for all tested conditions. At the right, the
corresponding Ca2+ imaging traces of spontaneous activity. Scale bars = 100 um. The

neuronal nature of such activity was confirmed by tetrodotoxin (TTX) administration.
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Figure S3. Synchronization analysis example. The synchronization analysis was based on
a bootstrapping method modified from Ref [41]. With this analysis 2x105 time windows
are generated from each pair of traces and used to obtain a “real CCF (cross-correlation
factor)” distribution with its median that is then compared with the distribution of
“randomly generated CCFs” obtained by shuffling the 2x105 time windows. The extent of
the area of the “random CCFs” distribution that exceeded the median of the “real CCFs”
allowed the calculation of a p-value. Significantly (*p < 0.05) correlated pairs were
considered synchronized and their count over the total number of cell pairs analyzed was
plotted as the percentage of correlated pairs. Red and blue traces for each condition

represent the spontaneous synaptic activity of two non-neighboring cells in the same field
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of a calcium imaging recording. Left plots provide three snapshots of full traces alignment
performed in MATLAB, while the right plots show enlarged views. During spontaneous
network activity, calcium events correlation was strongly increased in neuronal networks
interfaced with PS-NP and PS-CNT-NP (B and C, respectively) compared to Control

samples (A), as shown by traces superposition.
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Supporting flat substrats B Suspending nanosiructured substrate

400 o 1

Figure S4. Establish quasi-spherical access to the extracellular milieu due to a suspended
cellular organization on top of nanopillared surfaces. A) A sketch representative of the
condition where a neuronal cell lays on a flat substrate (glass or PS), where the cell could
mainly interact with the extracellular milieu through its upper face. The magnified region
below highlighted the cell-membrane/substrate interface: here (voltage) channels activity
is mainly hindered by the interference of the underneath supporting surface. B) A neuron
laying instead on a nanostructured substrate able to confer to it a suspended configuration.
Here the cell can interact with the extracellular environment/milieu with the upper face, as
in the previous condition, and with a large portion of the inferior face (see magnified image
below). This 2 um thick space below the cell is filled by a two-dimensional square array of
cylindrical nanostructure (500 nm in diameter, 1 um in pitch) and behaves as a
bidimensional porous material characterized by a porosity value ¢ of about 0.78 (1*0.52).
The large pores constituting this interpillar space let us suppose that the ionic composition
of the extracellular solution here localized is similar to the bulky solution (ion diffusivity
~2000 1m2/s). In particular, in suspended cells, about 80% of the ventral membrane faces
the extracellular solution (about 150 mM Na+, 4 mM K+ and 2 mM Ca2*), resulting in
quasi-spherical cell accessibility when compared to the hemispherical one characterizing

the supported cell.
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Abstract

To record in vivo neural signalling originating from action potential activity and synaptic
dynamics in the context of complex behaviour has long been a major pursuit in neuroscience in
general and in neuroelectronic interfaces, in particular. Interfacing the central nervous system
(CNS) is an arduous challenge, but crucial to restore the transmission of electrical signals in the
injured CNS. Technological advances in this domain are providing increasingly powerful tools
to study, restore, and augment neural functions in health and disease. Conventional electrodes
(for direct voltage/current measurements) and emergent optical imaging techniques (using
genetically encoded fluorescence indicators/light-gated ion channels) are complementary
technologies to monitor neuronal activity in vivo, but might be limited by intrinsic physical
constrains. Both approaches are characterized by high invasiveness, with, in the case of
electrical interfaces, their long-term efficacy limited by tissue reactivity, micromotions and
foreign body responses, all drawbacks that might be solved by using appropriate magnetic
sensing technologies. Here, we developed and tested the ability of spintronic-based magnetic
sensors, designed for room temperature recording in a magnetic shielding-free environment,
to detect neuronal activity emerging from spinal explants, namely spinal cord-dorsal root
ganglia (SC-DRG) organotypic slices in wvitro. In particular, we introduce differential
measurements, using an improved sensing approach in a gradiometer configuration to record
real-time neural activity driven by pharmacological network disinhibition (upon removal of
synaptic inhibition by Bicuculline/Strychnine application). In the spinal cord, disinhibited
activity is characterized by rhythmic outputs relying on active synaptic networks, abolished by
action potential blocker (Tetrodotoxin). The ability to remove spinal activity by tetrodotoxin
application was exploited to address the biological origin of the magnetic signals. Live imaging

of Ca2t dynamics and extracellular field potential electrophysiology were simultaneously
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acquired to magnetophysiology and confirmed the real-time insight and the electric origin of
the recorded neural activity. These results pave the way towards the development of portable

and wearable devices capable of detecting magnetic fields arising from neuronal activity.
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Introduction

Spinal cord injury (SCI) treatment has experienced several medical breakthroughs in the last
decade, involving different treatments such as stem cell transplantation, engineered materials
for tissue support, wearable robotic exoskeletons, functional electrical stimulation (FES) and
epidural spinal stimulation (EES).['l In particular, EES has improved the treatment of SCI
leading to stunning results.[23] However, electrical stimulation techniques for SCI usually make
use of artificial waveforms to restore functions below the lesion site. The reason for that is linked
to the apparent limited source of physiological signals that might be used to trigger stimulating
devices. Most of assistive prosthesis are indeed controlled by joysticks, trackpads, switches and
eye-tracking tools. To date it is widely agreed that volitional activity can be recorded from brain
cortex or muscles, to provide an additional way of controlling neuroprosthesis.l4] Yet, it is
known that a critical number of neurons within the injured spinal cord survive and current
researches are considering the possibility to recruit these spared neuronal population to restore
sensory-motor functions in a more physiological manner.[s! Therefore, the ability to reliably
record signals from specific fibers tracts in vivo holds the key to recover the complex tasks
performed by the spinal cord. The past decades has witnessed a proliferation of techniques to
monitor neural activity not only by electrical means, but also through optical and magnetic
technologies.[67] Electrical recording probes have been so far the sole tool reaching clinical
applications, even though their invasiveness strongly limits their long-term performance.!®! On
the other hand, optical methods can obviate to physical tissue penetration, but their use
requires gene transfer approaches resulting in a poor clinical translatability. Moreover, even
under ideal conditions, optical monitoring is limited to ~1 mm in depth, as well as by the
inherent quantum mechanical randomness of photon emission and detection.[9] Magnetic field

probing needs either bulky equipment, cryogenic temperatures or special screening systems,
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which makes them require special shielding rooms.[10.111 Solving these drawbacks could funnel
magnetic sensors for spinal activity recording towards the design of a new neuroprosthetic
devices generation. Importantly, magnetic fields are able to cross biological tissues with no
attenuation since its vacuum permeability is roughly constant, conversely to electric fields,
which magnitude is affected by dielectric properties of the electrode-tissue interface.*2] This
difference has long been recognized as a potential way to non-invasively target neuronal activity
in the brain by magnetoencephalography (MEG) using superconducting quantum interference
devices (SQUIDs) capable to resolve neural magnetic fields in the femto-to-pico Tesla (1015 T
- 102 T) range.[2314] Recent advances in the field led to less cumbersome devices based on giant
magnetoresistance (GMR) spin electronics.['516] However, wearability in the absence of tissue
penetration is an imperative requirement for novel neural magnetic sensors, and their ability
to work in real-time without magnetic shielding is crucial for portable devices to be functional
on a daily basis.

We interfaced to new magnetic sensors organotypic cultures of the embryonic mouse spinal
cord. Organotypic spinal slices represent a biological model of segmental microcircuit where
subsets of interneurons organized in 3D fashion and dorsal root ganglia sensory pathways can
be directly investigated. Despite the absence of afferent and supraspinal inputs, this
preparation represents a useful model for studying the dynamics of intrasegmental signaling
processes that rely on sensory and propriospinal neurons and circuits.l'7-20] We report the
detection of neural magnetic fields in organotypic spinal cord (SC)-DRG slices in vitro, with no
need for digital post-processing, nor time-series averaging. Reference-free recording can be
conducted without magnetic shielding, at room temperature and avoiding sensors insertion

within the spinal tissue. Ultimately, we demonstrated that magnetic sensor-recorded
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physiological waveforms could be used to entrain premotor network activity in an open-loop
configuration through DRG stimulation.

Experimental Set-up and Results

In vitro recordings were performed on SC-DRG organotypic slice co-cultures obtained from
mouse embryos (E12-13).[21.22] Slices were grown onto thin micropatterned substrates (50 — 150
pum) made of a biocompatible polymeric materials previously used for neural recording devices
encapsulation, namely polydimethylsiloxane (PDMS) and polystyrene (PS).[23.24]

Magnetic sensor measurements (here referred as magnetophysiology), have been made using a
vector magnetometer based on tunnel magnetoresistance (TMR). The fundamental figure of
merit of these TMR sensors is their detectivity, which is below 1nT/Hz!/2 at 1Hz. The working
commercial sensor has been encapsulated in PDMS to protect its circuits from possible liquid
spills. Additionally, a low noise electronic system has been developed in order to amplify the
small voltage signals keeping them undisturbed from electronic noise. Sensor output signals
were acquired at 1 kHz sampling rate with a homemade set up comprising a dedicated low noise
amplifier selected to match the output resistance of the sensor. The signal was therefore
amplified and bandpass filtered (0.01 Hz — 100 Hz) by a commercial low noise amplifier
(SR560, Stanford Research Systems). The gain was divided between the two amplification
stages where the homemade one is usually 250 and the SR560 is set to x1000 increasing the
overall gain up to x250000.

The SC-DRG sample was directly placed on top of the magnetic sensor to record the magnetic
signal without shielding (see Figure 1). Differential measurements using two identical
magnetic sensors (stacked at ~ 1 cm distance) were performed in a gradiometer configuration,
which allowed background noise subtraction (see Figure 1). The measuring sensor was the

closest to the sample (< 500 um) and given that magnetic field is expected to strongly decay
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with the distance (1/r2 or even 1/r3), measuring sensor uniquely sensed neural signals.
Magnetophysiology recorded traces were downsampled to 500 Hz and selected events were
used as noisy stimulus waveforms which were lowpass filtered at 10 Hz as previously
described.[25] Corresponding waveform duration was time-scaled to the size of synaptic vents,
it was transformed in ASCII format and imported in MC_ Stimulus II (to trigger an STG 4002

stimulator, Multi Channel Systems).

' — Recorded
lagnetic Signal —

~
Background
Magnetic Signal

Spinal Cord Slice

Counter
Electrode

Spinal Cord SR

Slice

Custom

Nanoelectrode PC controlled

Stimulator

Working
Electrode

Figure 1. Sketch of the open loop recording and stimulation setting. The spinal cord organotypic slice is grown for 2-3 weeks
in vitro onto micropatterned (grooved) polymeric substrates. Our custom setup for magnetic sensing (top image) was composed
by two tunnel magnetoresistive (TMR) sensors (recording and background). The recorded magnetic signals (red trace) of few
nT in amplitude were therefore transferred to a computer and used as stimulus to trigger spinal cord activity in independent
experiments. Voltage waveform was injected either through custom nanoelectrodes (e.g. PS-CNTs nanopillars or Au nanowires)

or through focal bipolar electrodes on DRGs, by means of a computer-controlled stimulator or an isolated battery stimulator.

To follow-up organotypic SC-DRG slices activity either live Ca2* imaging or extracellular field
potential  electrophysiological recordings were carried out in parallel with
magnetophysiological recordings.[26:27]1 Network disinhibition through bicuculline/strychnine

(20 uM/1 uM) application was used to synchronize the network, thereby generating rhythmic
7
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patterns reminiscent of an entire spinal cord activity.[28:29] The neural origin of the recorded
signals was assessed by tetrodotoxin (1 uM) administration, always resulting in physiological
signals abolishment, both in electrophysiological and magnetophysiological recordings

(Figure 2A and 2B respectively).

Ca® imaging
Spinal Slice

Bicuculline/Strychnine
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Tetrodotoxin
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Bicuculline/Strychnine
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_l 10 pv
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Figure 2, Simultaneous Calcium Imaging and Magnetic Sensing. A, Live calcium imaging snapshot of the recorded field in the

ventral region of a SC-DRG organotypic slice (scale bar = 50 pm). Calcium oscillation arising from neuronal activity was
isolated using bicuculline/strychnine cocktail and abolished by tetrodotoxin as shown by top right representative tracings. B.
Parallel magnetic recording of the disinhibited network was achieved with TMR-based sensor, as shown by occasional
magnetic field variations (top trace). Tetrodotoxin administration shutdown such activity, thus confirming the neuronal nature

of the recorded signals (expressed in voltage).
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As in the case of electrophysiological recordings, magnetic field variations within the network
are expected to be the resultant of multiple neuronal activities superposing in time.[30]
Therefore, the duration of TMR-recorded signals was reduced to match the duration of
physiological polysynaptic events (10 — 30 ms, Figure 3A), also to avoid the eventual electrical
damage of the spinal tissue.[31 Appropriate DRG electrical stimulation can be used to trigger
sensory feedback to the spinal cord and it has been previously used to evoke postsynaptic
potentials in the premotor (ventral) region of transversal SC-DRG slices.[321 A bipolar
stimulating electrode (Figure 3B, left micropipette) was gently inserted within DRGs, while
the recording electrode (Figure 3B, right micropipette) was placed in the ventral premotor
region of the spinal slice. Spontaneous, rhythmic extracellular bursts were recorded during
network disinhibition, again induced by bicuculline/strychnine application (Figure 3C, upper
left trace). After 15 minutes recording, electrical stimuli designed from magnetophysiological
signals were presented to DRG neurons at 0.1 Hz for 5 minutes, resulting in evoked responses
due to network entrainment (Figure 3C, upper right trace). Overall, the single burst duration
was not affected by the increased burst frequency imposed through electrical stimulation
(Figure 3C, left and right middle traces). As expected, tetrodotoxin administration totally
abolished spontaneous (Figure 3C, left trace) and evoked network activity (Figure 3C, right

trace), ultimately confirming the synaptic origin of the response evoked by DRG stimulations.
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Figure 3. Evoked spinal activity by stimulation with recorded magnetophysiological events. A. Timeseries of the selected
magnetic event produced by neuronal activity and used to evoke postsynaptic potentials in SC-DRG slices. B. Bright-field
image of an organotypic SC-DRG slice during the experiment: a bipolar stimulating electrode (left micropipette) was placed
within DRGs, while recording electrode (right micropipette) was inserted in the ventral region (scale bar = 500 um). C.
Extracellular field potentials were recorded during network disinhibition produced by bicuculline/strychnine (upper left trace).
Electrical stimuli (red asterisks) were therefore injected in the DRG neurons, resulting in timed evoked responses (upper right

trace). Burst duration w.

omparable before and after stimulation (left and right middle traces). At higher magnification, the

stimulus artifact (red arrows) matching the magnetic waveform shape is clearly ble before burst initiation (bottom right vs

bottom left traces). Tetrodotoxin silenced network activity either in the absence (left trace) or in the presence (right trace) of the

stimulation thus ensuring the neuronal source of the recorded spontaneous and evoked signals.
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Conclusions

We have shown the possibility to record small synaptic signals by magnetic recordings in vitro
to monitor neural activity emerging from organotypic SC-DRG co-cultures. The sporadic
magnetophysiological events recordings were corroborated by using two extensively recurrent
techniques in neurobiology research, live Ca2* imaging and extracellular field potential
recordings. The magnetic recordings were performed in real time, with no magnetic shielding
using commercial sensors based on spin electronics. Disproportion between the occurrence of
magnetophysiological and electrophysiological events was always observed, suggesting that
variability in instantaneous current densities might affect the actual ability of TMR-sensors to
record neuronal signals in this in vitro preparation. A solution to such an inconvenient might
be to improve the spatial resolution of magnetic sensors by creating a multiplexed array of
spintronic sensors. Notwithstanding, we could explore the possibility of using magnetic signals
generated by spinal network activity as a physiological source of input that might be potentially
used to bypass CNS lesions.

These results are very promising and pave the way to the future design of lab bench or wearable
devices capable of detecting magnetic fields created by neuronal activity which will hopefully

result in a dramatic impact on both neurobiology research and neural prosthesis engineering.
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APPENDIX

1. Longitudinal hemi-spinal organotypic culture from mouse embryo

Embryonic spinal cord organotypic cultures are known to maintain their main
cytoarchitectural elements for various days in culture [339]. This feature has been largely
exploited in transversal slices to study maturation-dependent circuitry behaviors,
molecular and electrophysiological responses during inflammatory processes and
tissue response to pharmacological treatment [355.360.361,368,374].  Remarkable
achievements have been also reached in the field of regenerative and nano-medicine
thanks to material science support [106:149,375], In this context, I revisited an existing
organotypic culture model of spinal cord, to a long-term propagation, with the
intention of better representing in vitro biomedical issues such as spinal cord lesion
and spinal neural interfaces testing, which often requires the investigation of

physiological responses along the longitudinal axis [354.362,472-474],
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- Extracellular Recordings

Figure 16. Schematic of explant preparation. Spinal cords were obtained from embryos at 12-13 days of
gestation (E12-13) from a pregnant female mouse (C57Bl/6). Ventral fissure and the dorsal sulcus are used as
reference to perform a longitudinal cut of the two contralateral halves. Cultures were kept in a roller drum at
120 revolution per hour in an incubator at 37°C up to two months in vitro. After 7 DIV culture medium was
replaced for 24h by fresh medium containing antimitotics (10 uM ARA-C/Uridine/5-FI-dU) and 20 ng/mL
nerve growth factor (NGF). At DIV 8 fresh medium without antimitotics and with reduced NGF (5 ng/mL) was
added and refreshed every 77 days.
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Figure 17. Longitudinal spinal cord immunocytochemistry. A. Neurons were labeled with B-tubulin III (red),
motoneurons with SMI32 (green) and nuclei with DAPI (blue) to observe the longitudinal extent of such
preparation. We also observed the presence of defined cytoarchitectural elements such as the nuclei-dense
central canal as highlighted by the yellow square on the left image and its magnified view on the right (scale
bars = 1000 pum and 250 pum respectively). B. In another subset of immunolabeling, we also observed the
presence of other cell types such as astrocytes labeled with GFAP (green) and microglial cells with IBA1 (red),
again DAPI (blue) was used to visualize nuclei (from left to right scale bars = 100 ym and 50 um).
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Figure 18. Maintenance of long-haul ascending and descending fiber pathways. A. To have a functional
insight, we studied longitudinal signals spreading in the spinal cord hemisections by extracellular field
potential co-recording (scale bar = 800 um). B. Interestingly we found that a sustained spontaneous activity
was highly synchronized even at distant sites of recording (left red and green traces). Moreover, the high
correlation and frequency were maintained during bicuculline/strychnine (20 uM/1 pM)-induced bursting
(right red and green traces). C. This assumption was further supported by the presence of densely packed
neuronal and motoneuronal fibers (red and green respectively) longitudinally aligned over 2 mm distances, as
highlighted by the confocal reconstruction at two increasing magnifications (from left to right, scale bar = 400
um and 100 um). D. In another subset of experiments the second recording electrode (Rec 2) was replaced by
a stimulating bipolar electrode (Stim1) connected to a battery stimulator. The longitudinal spinal cords
explants ability to respond to stimulation (left representative trace) was therefore studied by measuring the
extracellular field post-synaptic potential (fEPSP) slope (uV/ms) versus the stimulus intensity (V). Results
were finally plotted in the input-output curve as shown in the right graph.
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2. Spinal fibers elongation over polymeric micropatterned substrates

Several materials composing implantable neural probes must be usually protected to
direct contact with proteinaceous and saline extracellular environment; therefore, we
were provided by our collaborators (IMDEA Nanociencia, Madrid) with two polymeric
candidates for sensors insulation. These layers were based on anisotropic patterns of
grooves thermally imprinted on polystyrene (PS) and PMDS. I therefore interfaced
organotypic spinal cord-dorsal root ganglia co-cultures onto these materials and onto
flat glass (Control) to observe if such grooved substrates, were long-term
biocompatible, if could improve fibers reconnection and if these fibers displayed avoid
constitutive and measurable field potentials, this was done by immunocytochemistry,

calcium imaging and electrical recordings.
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Figure 19. Spinal cord-DRG organotypic co-cultures interfacing to micropatterned polymeric substrates. A.
Schematic of explant preparation: embryonic organotypic transversal slice cultures were grown either alone or
in pairs onto grooved substrates, to observe respectively their intrinsic capacity of inducing fiber sprouting and
their ability to promote double-slices reconnection. B. Morphological observation by immunohistochemistry
revealed appropriate slices growth (first column). Live calcium imaging (recorded field snapshot in second
column) was used to monitor neuronal activity (representative tracings) until 60 days in vitro (respective scale
bars = 500 and 60 um).
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Figure 20. Organotypic spinal cord-DRG slices grown alone (top) or in pairs (bottom). A. We characterized
motor and sensory axons outgrowing form the spinal cord/DRG slice co-culture, by performing double
immunostaining for neuron-specific microtubules (anti-b-tubulin IIT antibody) together with anti-
neurofilament H (Smi-32) antibody (marker for projecting neurons, DRG neurons and motoneurons). In
control spinal slices, in the absence of structured interfaces, axons regrowth randomly, with no preferred
orientation, usually organized centrifugally around the spinal tissue (first two columns: scale bars = 500 and
250 um). Conversely, when the spinal-cord slices were interfaced to patterned substrates, axonal elongation
was evident (grooved PDMS and PS). To quantify such phenomenon, fiber bundles width and length were
measured (see bar plots). On one hand fibers width was only slightly modified by anisotropic patterning, with
a more prominent effect onto grooved PDMS substrates (394 + 68 um) than grooved PS or standard glass
(respectively, 274 + 56 um and 184 + 49 um). On the other hand, neuronal fibers at the interface with grooves
resulted in a greater bundles length (1350 + 166 um onto grooved PDMS and 1320 + 174 um onto grooved PS)
compared to planar glass (472 + 134 pm). B. Immunolabeling for the same neuronal elements as above was
used to address the reconnection between two spinal cord slices. Double slices onto control flat glass showed
weak reconnection over about 2 mm distances as shown in the first column, while onto grooved polymeric
substrates reconnection was always greater (scale bar = 800 um).
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Figure 21. Extracellular field potential recordings and live Ca2* imaging on fiber bundles. A. Glass
micropipettes filled with extracellular saline solution were used to record multiple units within the axon
bundles as depicted in the cartoon on the left. Spontaneous activity was of variable frequency and intensity
depending on the electrode position and the size of the investigated bundle of axons, a remarkable example of
such recordings is given (top tracings). To have more reproducibility in the measurements we
pharmacologically synchronized the network by disinhibiting it through bicuculline/strychnine (25 uM/1 uM).
This resulted in a rhythmic and periodic activity of greater intensity and duration if compared to signals found
during spontaneous activity (bottom tracing). B. Activity monitoring through axon bundles, was possible also
by fluorescent Ca2+-dynamics imaging (top and bottom snapshots; scale bar = 500 um). Projecting axons
loaded with the membrane-permeable Ca2*-dye revealed typical spontaneous calcium bursts in all field
examined (top and bottom spontaneous activity tracing). Again, Bicuculline /Strychnine application increased
signals rhythmicity and periodicity (top and bottom Bicuculline/Strychnine tracing) in a similar fashion to
what observed in voltage recordings. As usually, at the end of each experiments, either field potential
recordings or fluorescent calcium imaging, the voltage-gated Na+ channel blocker Tetrodotoxin (1 uM) was
administrated to abolish any action potential and impair synaptic activity, thus ensuring the neuronal nature
of recorded signals (tracing not shown).
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Following implantation, neuroelectrode functionality is susceptible to dete-
rioration via reactive host cell response and glial scar-induced encapsulation.
Within the neuroengineering community, there is a consensus that the induc-
tion of selective adhesion and regulated cellular interaction at the tissue—elec-
trode interface can significantly enhance device interfacing and functionality
in vivo. In particular, topographical modification holds promise for the devel-
opment of functionalized neural interfaces to mediate initial cell adhesion and
the subsequent evolution of gliosis, minimizing the onset of a proinflamma-
tory glial phenotype, to provide long-term stability. Herein, a low-temperature
microimprint-lithography technique for the development of micro-topograph-
ically functionalized neuroelectrode interfaces in electrodeposited poly(3,4-
ethylenedioxythiophene):p-toluene sulfonate (PEDOT:PTS) is described and
assessed in vitro. Platinum (Pt) microelectrodes are subjected to electrodepo-
sition of a PEDOT:PTS microcoating, which is subsequently topographically
functionalized with an ordered array of micropits, inducing a significant
reduction in electrode electrical impedance and an increase in charge storage
capacity. Furthermore, topographically functionalized electrodes reduce the
adhesion of reactive astrocytes in vitro, evident from morphological changes
in cell area, focal adhesion formation, and the synthesis of proinflammatory
cytokines and chemokine factors. This study contributes to the understanding
of gliosis in complex primary mixed cell cultures, and describes the role of
micro-topographically modified neural interfaces in the development of stable
microelectrode interfaces.

1. Introduction

Implantable stimulation and recording
devices have received significant atten-
tion in biomedical engineering and have
brought great success in the treatment of
central nervous system disorders including
paralysis,|!) epilepsy,l? and Parkinson's dis-
ease™ In order to achieve chronic func-
tionality and integration with surrounding
tissue, material functionalization strategies
have been employed to provide chemical
and physicomechanical properties analo-
gous to neural tissues, with an ultimate
goal of mitigating electrode deterioration
via reactive host cell response and glial
scar-induced encapsulation**#!

From this perspective, the field of neu-
roelectrode engineering has encouraged
the use of alternative electroactive mate-
rials over conventional metallic strate-
gies such as gold and platinum®'% as an
approach to provide an electrochemical
platform for the immeabilization of biclog-
ical molecules [''? or in order to promote
physicomechanical mimicry through soft
or topographically rough interfaces.*14l
Specifically, semiconducting poly-
mers, 1529 including  polypyrrolel?t -2
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and poly(3,4-ethylenedioxythiophene) (PEDOT),?*2¢ and their
hybrids!¥’?# have been employed widely in neural engineering
because of their versatility as electrode coatings through electro-
deposition processes,””? and have been employed to enhance
the neuroelectrode electrochemical profile,?**! and provide a
platform for chemical®** and morphological*** functionali-
zation to meet particular requirements, %

Ongoing studies into topographical functionalization strate-
gies of the neural interface have explored the micro!™* to the
nanoscale,*®*! and have shown promise in promoting a low
impedance profile of implantable electrodes through effects
on electrode surface area.l***8*% Recent studies indicate the
cytocompatibility of conducting and semiconducting polymers
in vitro and in vive and the realization that electrodeposited
conducting coatings present a nanorough surface that has led
to speculation that topography may play a role in directing the
cellular functional response to implanted electrodes by modu-
lating cell function through altering integrin distribution®™! and
differential cell adhesion.”"*? In particular, nano-topographi-
cally functionalized materials have been shown to influence the
activation of intrinsic cellular processes that lead to more quies-
cent or reactive cell phenotypes in the onset of a proinflamma-
tory response!*®**% and glial scar formation.*+%!

Ordered arrays of lithography fabricated nanopit substrates
have been consistently shown in previous work to disrupt
cell adhesion in vitro by direct or indirect modulation of focal
adhesion formation.’' Recent in vitro studies exploring
topographical modification have been successful in controlling
astrocyte adhesion while promoting high neuron integration as
strategies to reduce gliosis,"***¥] with microscale isotropic pit
topographies of 1 um in depth reported to modulate astrocytes
adhesion in vitro.*'!

Although neural cells are reported to produce sparse and
small focal adhesions,*®! it has been shown that astrocytes are
adhesion dependent,™ and will form a monolayer in culture,
providing neurons with physicochemical cues to modulate
neural processes extension.””’ Consequently, the ability to con-
trol astrocyte adhesion and promote a reduction of the reactive
astrocyte phenotype at the electrode interface is critical to sup-
port neuronal outgrowth,™ and reduce glial scar formation.*"!

In this study, PEDOT:p-toluene sulfonate (PTS) coated micro-
electrodes were topographically functionalized with ordered
micropit arrays using a novel low-temperature three-step die
imprinting lithography process as a strategy to enhance electrode
functionality, cytocompatibility and promote selective adhesion,
minimizing the onset of a proinflaimmatory glial phenotype, in
neural applications. The physical, electrochemical, and cytocom-
patibility effects of topographically finctionalized microelectrodes
were subsequently explored in vitro. Our results elucidate impor-
tant topographical effects with regard to microelectrode function-
ality, cytocompatibility, and astrogliosis toward the generation of
neural interfaces with superior electrical and biclogjcal properties.

2. Results and Discussion

2.1. Physical Characterization

A range of techniques have been explored to create defined
microstructures on  electrode surfaces,®! including laser
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ablation,[®*®*  focused ion beam, 66 sputter et(hing)‘{“_"(‘x'
reactive ion etching ®*7" deep reactive ion etching,””! hot
embossing”*7* and electron beam lithography.”>7® Comple-
mentary to these techniques, imprint lithography is an espe-
cially attractive approach due to its simplicity, nondestructive
character, and feasibility of patterning large areas with fea-
tures down to 10 nm using elevated temperature and/or pres-
sure processes to transfer a pattern into typically thermoplastic
materials.””* Regarding the variation of imprinting methods,
direct die imprinting is of particular interest as patterns are
transferred via a stamp/die in a single imprint process.!®!l
However, the quality of the pattern transfer depends on rela-
tively high temperatures and pressures/**2 and silanization
steps are also required to facilitate the separation of the die and
imprinted material 53!

A study by Tan et al/¥ shows the imprinting process of non-
thermoplastic materials such as PEDOT and chitosan using
plasticizers. Imprinting of PEDOT and chitosan films from
the poly(dimethylsiloxane) mold was achieved at a pressure of
10 kPa and 25 °C by controlled addition of glycerol as a plasti-
cizer. In this case, the added glycerol was used to increase the
chain mobility of the polymers, resulting in lower imprinting
temperature and low pressures.

Further, a room temperature nanoimprint lithography pro-
cess was shown by Pisignano et al.|*¥! with the nanoimprinting
of patterns in organic semiconductors with poor thermoplastic
properties.

A focus of this study was to develop a low-temperature,
simple imprinting method to reproduce lithographically fabri-
cated well-defined and ordered topographies into PEDOT:PTS
electrodeposited electrode coatings. Critically this approach
preserves the ability to introduce coupled biochemical func-
tionalization—an approach which has been explored exten-
sively with PEDOT functionalized microelectrodes.®*%2 Arrays
of pits possessing a diameter of =1 pm, a pitch of =2 pm, and
depth of =1 pm were initially fabricated via photolithography,
which was used as a mask for a Ni (Nickel) electroforming pro-
cess as described previously.*! Fabricated negative Ni masters
were used as hard stamps to replicate the original topography
into electrodeposited PEDOTPTS coatings via an imprint pro-
cess applying 1.9 metric tons per cm’ for 15 min to achieve
high quality pattern transfer conducted at room temperature.
To facilitate substrate separation, a dehydration-assisted pro-
cess was employed to enhance the cohesion of PEDOT:PTS
and prevent topography disruption during the separation
step, ensuring high pattern transfer as first described by Yang
et al,®™ who also used the dehydration-assisted method for
the imprinting of spincoated PEDOTPSS nanogratings for
photovoltaic applications. In this way, silanization steps were
avoided, as they caused neural cell death to our cultures due to
insufficient evaporation of fluorides.”***

Experimentally, the microimprinting process is outlined in
Figure 1. Representative scanning electron microscopy (SEM)
micrographs of the nickel die used in the imprinting process
and the resulting well-ordered arrays of micropits in the micro-
topographically functionalized PEDOT:PTS coated microelec-
trodes with respective dimensions are indicated in Figure S1A
(Supporting Information). The calculated thickness of the elec-
trodeposited PEDOT:PTS coating was of 1.22 £+ 0.12 pm.
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Electrochemical Deposition of
PEDOT:PTS coating
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Figure 1. Microelectrode functionalization process. Upper panel (A) describes the sequential steps taken on the a) bare platinum electrodes, b) electro-
deposition of PEDOT:PTS coating, followed by c) the optical micrograph of the coated PEDOT:PTS microelectrode ready for the functienalization with
the topography; Scale bar =2 mm, 10x . Bottom panel (B) outlines the low temperature three-step die imprinting lithography process. a) This process
starts with the micropit nickel die master and the PEDOT:PTS coated electrode. b) The nickel die was then pressed against the PEDOT:PTS coated
microelectrode at a localized constant pressure of 1.9 metric tons per cm? for 15 min at room temperature using parallel pressing plates. Finally, a
c) scanning electron micrograph (SEM) of the micro-topographically functionalized PEDOT:PTS coated microelectrode is shown.

Following imprinting, PEDOT:PTS microelectrodes were
micro-topographically functionalized with arrays of pits
with a diameter of 0.82 + 0.07 pm and interpit spacing of
2.28 + 0.06 pm. The depth was confirmed by atomic force
microscopy (AFM) analysis (Figure S1B, Supporting Infor
mation) indicating vertical distances of 0.96 + 0.07 pm and
high fidelity pattern transfer using a low temperature three-
step die imprinting lithography process. No Ni residues from
the die master on the micro-topographically functionalized
PEDOT:PTS coated microelectrodes were present after the
imprinting process (Table S1, Supporting Information).

The topographical profiles of microimprinted PEDOT:PTS
coated microelectrodes were subsequently analyzed by AFM
and results presented relative to pristine PEDOT:PTS and to
a PEDOT:PTS coated microelectrode flattened via imprinting
with a planar glass substrate; these control groups serving as
pristine electrodeposited PEDOT:PTS surface and a topographi-
cally planar PEDOTPTS surface, respectively A sputtered
platinum (Pt) group was also used as a representative electrode
control material (images shown in Figure S2, Supporting Infor-
mation). Representative SEM and AFM images of experimental
groups are depicted in Figure 2A,B. Micro-topographically
functionalized PEDOT:PTS coated microelectrodes resulted in
a nonsignificant decrease in surface roughness (R,) relative to
pristine PEDOT:PTS coated microelectrode but in a significant
increase when compared to the control flattened PEDOT:PTS
coated microelectrodes (Table 1). Pristine PEDOTPTS coated
microelectrodes exhibited an average roughness of 85 nm over
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10 pm?, and average roughnesses of 53 and 76 nm were noted
on flattened and micro-topographically functionalized elec-
trodes, respectively. All PEDOT:PTS coated electrodes exhibited
a significant increase in surface roughness (R,) relative to Pt
microelectrodes, which possessed an experimental R, of 2 nm
over 10 pm?.#!

The microimprinting process resulted in a reduction in R,
of the interpit surface to levels similar to flattened PEDOT:PTS
electrodes, indicating that the application of the mechanical
imprinting eliminated nanoroughness while producing a
regular micropit topography” Significantly, the calculated
physical surface area of the micro-topographically function-
alized PEDOT:PTS coated microelectrodes was of 2.35 x
10"+ 51.77 »x 106 nm?, 1.74 % 10'% £ 93.34 > 10° nm? for the pris-
tine PEDOT:PTS coated microelectrodes 1.32 x 10" + 71.42 x
10° nm? for the flattened PEDOT:PTS coated microelectrodes,
and 1.05 % 10*? £ 35.35 x 10° nm? for sputtered Pt electrodes
indicating that through microimprinting the surface area of
electrodeposited PEDOT:PTS was significantly increased relative
to nanorough pristine electrodeposited materials and uncoated
Pt electrodes, as shown in Table 1. These results suggest that
microimprinting functionalization of PEDOTPTS coated
microelectrodes can be employed to induce a 135.06% greater
surface area relative to pristine PEDOT:PEDOT coated microe-
lectrodes and a 178.03% greater surface area relative to flattened
control microelectrodes. Critically, micro-topographically modi-
fied PEDOT:PTS coated microelectrodes represented a 223.81%
increase in surface area over that of Pt microelectrodes.
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Figure 2. Microelectrode morphological physical characterization. Upper panel (A) describes a—c) scanning electron micrographs (SEM) of pris-
tine PEDOT:PTS, flattened PEDOT:PTS, and the micro-topographically functionalized PEDOT:PTS coated microelectrodes. Scale bar = 3 um.
B) d—f) Corresponding surface plots of pristine PEDOT:PTS, flattened PEDOT:PTS, and the micro-topographically functionalized microelectrodes on

10 um? regions.

2.2. Electrochemical Characterization

Topographical surface modification of the neural electrodes
has shown promise in improving the electrochemical perfor-
mance through high aspect ratio structures, increasing the
active surface area of the electrodes.*%? The electrochemical
performance and the evaluation of the resulting effective-
active surface area of the functionalized microelectrodes were
subsequently assessed. To allow comparison, the evaluation
of the electrochemical profile of in-house fabricated sputtered
Pt microelectrodes was compared to topographically and non-
topographically modified electrodeposited PEDOT:PTS elec-
trodes and to electrodeposited gold coated microelectrodes

Table 1. Microelectrode physical properties. Values of experimental
mean surface roughness (R,) and mean surface area (SA) measure-
ments over 10 um? regions. The data represent the mean of 15 measure-
ments from three different replicas. Results are + SD, N =3.

Microelectrodes Average roughness R, Average surface area

fnm) [nrm?]

Bare platinum (Pt) 1.96+0.22 1.05x10'° + 3535 x 10°

Pristine PEDOT:PTS 85.16+16.94 1.74% 10" £ 93.34 x 10°
Flattened PEDOT:PTS 5259 £6.16 1.32x10'°+71.42 x 10
Micro-topographi- 76.10+17.21 2.35x10'9£51.77 x 10

cally functionalized
PEDOTPTS
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with a similar experimental coating thickness of the as-formed
PEDOT:PTS coatings, which possessed approximated thick-
nesses of 1.21 £ 0.08 and 1.22 + 0.12 pm, respectively.

Figure 3A shows the cyclic voltammograms (CVs) for each of
the experimental and control groups in 1x phosphate-buffered
saline (PBS) evaluated with amicroelectrode area of 0.287 mm?.
The increase in charge storage capacity (CSC) (Table 2),
which was approximated through the integration of the
charge passed within one CV scan, confirmed the presence of
highly conducting PEDOT:PTS coatings with improvement in
the electrochemical performance of the microelectrodes over
that of bare platinum and gold coated microelectrode con-
trols.[*®*7! In addition, and owing to the topographical func-
tionalization, further enhancement of electrical performance
was observed over that of the CSC of the PEDOT:PTS coated
microelectrodes. The highest CSC was obtained with the micro-
topographically functionalized PEDOT:PTS coated microelec-
trodes with a capacitance of 131.01 + 8.05 pC mm™ followed
by the pristine PEDOT:PTS coated microelectrodes with
a CSC of 48.82 + 0.49 uC mm™ and finally the controlled
nonpatterned surface, flattened PEDOT:PTS coated micro-
electrodes, with a CSC of 19.09 + 0.77 nC mm™ (Table 2).
Of note is that these wide ranges of the aforementioned CSC
values suggest that film structure plays a major role in deter-
mining the capacitance, more specifically, this may be related
to the role of volumetric capacitance, significantly reduced
on the flattened PEDOT:PTS coated microelectrodes.”?® The
flattening geometry may be limiting the volume fraction

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Electrochemical analysis of functionalized PEDOT:PTS coated microelectrodes. A) Cyclic voltammograms (CVs) bare platinum (Pt) and gold
coated (Au) microelectrodes and pristine PEDOT:PTS, flattened PEDOT:PTS, and micro-topographically functionalized PEDOT:PTS coated microelec-
trodes. CVs were recorded in 1x phosphate-buffered saline (PBS) at a scan rate of 100 mV s . B) Relative electrode surface area calculated based on
cyclic voltammograms (CVs) in 2.5 mol dm™* K,[Fe(CN)] in 0.1 m KCl solution at a scan rate of 100 mV s\ The relative electrode surface area was
estimated according to the Randles—Sevcik equation and the bare platinum (Pt) microelectrode was used as a reference. C) Bode and D) Nyquist
plots comparing the EIS spectra of bare platinum (Pt) and gold coated (Au) microelectrodes and pristine PEDOT:PTS, flattened PEDOT:PTS, and
micro-topographically functionalized PEDOT:PTS coated microelectrodes. In addition, in (D) is shown the electrical equivalent circuit used to analyze
experimental data and the low impedance regions. E) C-AFM micrograph of micro-topographically functionalized PEDOT:PTS coated microelectrode
used for analysis and the corresponding I-V curves recorded at selective positions, nonpatterned region and patterned region (pit) on the micro-
topographically functionalized microelectrode. C-AFM tips (coated with platinum/iridium) were used as the mobile counter electrode to contact the
SWCNTs (PeakForce-TUNA tips, Bruker). For a schematic of the set-up, see Figure S4 (Supporting Information). The voltage bias was ramped between
—500 and 500 mV. The data were then analyzed by NanoScope Analysis (version 1.5, Bruker) and Matlab (version 2016 a). Results are + STD, * =
p<0.05. N=3.

of the coating, hence limiting the favorable packing of Furthermore, and together with the increased charge storage
the polymeric coating for facile ion transport affecting the  capacity, micro-topographically functionalized PEDOT:PTS
capacitance.*®! coated microelectrodes possessed a significantly increased
Small 2018, 14, 1800863 1800863 (5 of 20) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Electrochemical performance and stability of functionalized PEDOT:PTS coated microelectrodes. The initial and the final charge storage
capacity (CSC) was evaluated from the cathodic region of cyclic voltammograms (CVs) recorded in 1x phosphate-buffered saline (PBS) at 100 mV s
scan rate (potential range: —1 to 0.4 V vs Ag/AgCl). The correspending loss was calculated after 500 cycles. Results are £5D, N = 3.

Bare platinum (Pt)  Gold coated (Au)

Pristine PEDOT.PTS

Flattened PEDOTPTS  Micro- topographically functionalized PEDOTPTS

Initial CSC [UC mm3 15.57 £0.66 2512 £0.66 4882 £0.49
Final €5C [uC mm™] 436017 1579 £0.31 310101
Electroactivity loss [3a] 7210£1.61 3717 £0.23 3650 £0.41

19.09 £0.77 131.01£8.05
0.38+0.04 96.41£22.23
98.1+1.52 26421633

effective electroactive surface area relative to pristine and flat-
tened PEDOT:PTS coated microelectrodes, and increased even
further when compared with the bare platinum and gold coated
microelectrodes. The electroactive surface area was measured
using a redox probe (2.5 mol dm™ K [Fe{CN)g] in 0.1 m KCl)
solution and estimated according to the Randles-Sevcik equa-
tion (Equation (1)). Figure 3B shows that it is enough to deposit
an electroactive PEDOT:PTS layer on the surface of Pt micro-
electrodes to observe a 5x increase in effective surface area, also
reported in previous studies into electroactive polymers.[*'®!
Further, micropit functionalization resulted in a 2x increase
in the microelectrode electroactive surface area relative to pris-
tine PEDOT:PTS coated microelectrodes. Likewise, the micro-
topographically functionalized PEDOT:PTS coated micro-
electrodes induced a significant 12x increase in effective
surface area relative to Pt microelectrodes and a significant
11x increase relative to gold coated microelectrodes. It is note-
worthy that electroactive surface area between bare platinum
and gold coated microelectrode controls was not significantly
different.

Following PEDOT:PTS coated microelectrode flattening
via imprinting with a planar glass substrate, microelectrode
effective surface area was decreased relative to both micro-
topographically functionalized and pristine PEDOT:PTS coated
microelectrodes. This is due to an overall reduction of micro-
electrode surface area and lower R, when compared to the
pristine and PEDOT:PTS functionalized microelectrodes. How-
ever, flattened PEDOT:PTS microelectrodes still possessed an
increased electroactive surface area relative to bare platinum
and gold coated microelectrodes.*” The evolution of electro-
active surface area is of importance for microelectrodes, espe-
cially because the currents measured with implanted neural
recording devices are in the range of pA or below.19-1% This,
together with the nontypical shape of CVs!'% makes the
process of optimization of microelectrode modification a chal-
lenging task. Complimentary data obtained with larger elec-
trodes (1.6 cm?) as part of the optimization process for this
work are presented in Figure S3 (Supporting Information).

Comparative electrochemical impedance spectroscopy (ELS)
profiles of all experimentally modified microelectrodes are pre-
sented in the form of a Bode diagram (Figure 3C) and Nyquist
plot (Figure 3D). Overall, micro-topographically functionalized
PEDOT:PTS microelectrodes exhibited the lowest impedance
profile within the 0.1 Hz to 100 kHz frequency range, lower
than that of pristine PEDOT:PTS microelectrodes and signifi-
cantly lower than that of gold coated and bare platinum micro-
electrodes. This indicates the superior electrical performance
of electrodes subjected to micro-topographical functionaliza-
tion and the diminishing effect of the process of PEDOT:PTS
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fattening on the electrochemical properties of microelectrodes,
due to the impact of the former on volumetric changes of the
coating. ¥l

The detailed insight into the process of charge transport
was possible by the simulation of EIS data with an equivalent
electrical circuit. As shown in Figure 3D, a Randles equivalent
circuit?®1% was indicated as the most appropriate and was
used to fit the impedance data. The parameters of the equiva-
lent circuit included the solution resistance (Ry), resistance of
microelectrodes (R,,), constant phase element (CPE,), and the
diffusion impedance (Z,) (replaced with CPE; in the case of
flattened PEDOT:PTS coated microelectrodes and gold coated
microelectrodes). The simulated data confirmed the lowest
resistance of micro-topographically functionalized PEDOT:PTS
coated microelectrode (3.11 + 0.13 kQ), when compared to
pristine (12.01 + 1.53 k€2) and flattened (357.77 + 14.64 k()
PEDOT:PTS coated microelectrodes, as well as bare platinum
(40.28 £ 0.63 k€) and gold coated (23.61 £ 1.28 1k€2) microelec-
trodes. The summary of resistance calculated values is tabu-
lated in Table 3.

The range of impedance as well as the magnitude of
resistance achieved by micro-topographically functional-
ized PEDOT:PTS microelectrodes place them among the
surface-materials suitable for use in neural stimulation and
recording,|'%%1%

To further confirm the effects of micropit topographical func-
tionalization on enhancing the electrical performance of the
PEDOT:PTS coated microelectrode through an increase in sur-
face area, force-controlled current-voltage (I-V) spectra were
recorded employing conductive-AFM (C-AFM) (in PeakForce
Tuna mode, PF Tuna, Bruker) using a system detailed in Figure S4
(Supporting Information). Figure 3E shows the surface topog-
raphy and the corresponding distribution of the electrical pro-
file at the nanoscale level within a micre-topographically func-
tionalized PEDOT:PTS coated microelectrode, respectively. The
comparative I-V curves provide additional insights into the
role of the micropit topography in generating lower resistance
profiles of the PEDOT:PTS relative to nonimprinted peri-pit
regions. This effect is likely due to a differential response in
potential across the pit, resulting in a linear increase in current
compared to a steady response seen on the I-V relationship
from the nonpatterned region.

In order to determine the stability of PEDOT:PTS function-
alized microelectrodes, substrates were subjected to 500 cycles
of continuous potentiodynamic stimulation with the aim of
testing, under working conditions, the durability and the electro-
chemical robustness of the potential neural electrodes 110111
The loss in electroactivity of the microelectrodes was calcu-
lated as a percentage based on CSCs recorded before and after
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Table 3. Summary of the calculated resistance values (R.), solution resistance values (R,), constant phase element parameters (P: pseudocapac-
itance, m: expeonent), and Warburg coefficients (W, W..) of bare platinum (Pt) and geld coated (Au) microelectrodes and pristine PEDOT:PTS,
flattened PEDOT:PTS, and micro-topographically functionalized PEDOT:PTS coated microelectrodes after equivalent circuit analysis. Results

are£ STD. N=3.
Bare platinum (Pt) Gold coated (Au) Pristine PEDOT:PTS Flattened PEDOT:PTS Micro-topographically
functionalized
PEDOT:PTS
R,, [kOhms] 40.28 +0.63 23.61+£1.28 12.01£1.53 357.77£14.64 311+£013
R, [kOhms] 3.00£0.16 0.92 £0.02 £59 0.1 27.50+0.32 441 £004
CPE, Py 457x10°%£0.06x 107 3.88 x 107 £0.09 x 10 6.40 x 107% £0.40 x 107 9.89 x 10°£036x 10  1.03 x 10 £0.05 x 10°*
mn 0.143 £0.002 0.151 £0.003 0538 £0013 0381 £0.007 0323 £0010
Z. W 450%10°+0.21x10° - 1.45 %105 £0.05 x 10° - 501 x10* £0.12 x 10*
Wear 0.525 £0.099 0377 £0015 0422 £0014
CPE, P, - 739107 £0.19 2 10°* - 1.05 %10 +£0.03 x10°% -
m 0.629 £0.009 1£0015

stability studies (Table 2). A high loss in CSC was observed for
Pt sputtered microelectrodes due to the thickness differences,
with a 72% loss. By contrast, with a comparable working thick-
ness obtained with gold coated microelectrodes, a significantly
lower percentage loss of 37% was observed which was similar
to the percentage loss obtained with PEDOT:PTS coated micro-
electrodes. Significantly, flattened PEDOT:PTS coated micro-
electrodes were associated with a diminution of performance,
with a loss of 98%. Overall, superior electrochemical stability
and robustness were observed with micro-topographically func-
tionalized PEDOT:PTS coated microelectrodes with an electro-
activity loss of 26%. This stability effect, coupled with the high
effective surface area and the low impedance profiles, identifies
the micro-topographically functionalized PEDOT:PTS coated
microelectrodes  developed here, as functionalized micro-
electrodes with potential in neural stimulation and recording
performance.

2.3. Biological Characterization

Neural interfaces that promote neural integration, with a min-
imal inflammation response, are persistent challenges within
the realms of biomaterials and neural engineering. Even
though the cellular response to topography is cell specific, it
has been shown that topographical modifications may con-
tribute significantly to addressing the challenges of selective
cell adhesion and modulated cell behavior to reduce gliosis at
the material-tissue interface.l'!2

The neural response to micropit topographies replicated in
PEDOTPTS coated 1.6 cm? Pt electrodes was evaluated using
primary ventral mesencephalic (VM) mixed neural cell popula-
tion in vitro in Figure 85 (Supporting Information).

Topographical functionalization to modulate differential
cell adhesion and the observation that flat or nonstructured
electrodes surfaces favor astrocyte adhesion has been reported
previously.!*561531 A recent study by Seker and co-workers®
demonstrated the efficacy of nano-topographical modification
of the electrode surface in reducing focal adhesion formation
in astrocytes while maintaining neural integration on np-Au
surfaces. Conversely, Qi et al.'* showed that micropatterned
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topographies, with dimensions ranging 2-10 pm, influence the
differentiation of adult neural stem cells (ANSCs) into neurons,
and may discourage the differentiation of astrocytes.

Figure 4A shows representative fluorescent micrographs of
VM derived mixed cultures of neurons and astrocytes cultured
on experimental and control electrodes. All groups were evalu-
ated over a period of three, seven, and ten days in culture. The
persistence of neurons and astrocytes on each of the experi-
mental and control groups as a function of time is presented
in Figure 4B. The percentage cell density of astrocytes and neu-
rons on each assessed group initially indicated that flattened
PEDOT:PTS electrodes induced a significant linear increase
of astrocytic presence as a function of time, with a subsequent
significant decrease in neuronal presence relative to all experi-
mental and the bare platinum control substrates. By day ten,
the flattened PEDOT:PTS coated electrodes exhibited an astro-
cyte presence of 97.67% and a 2.32% neuron presence. Interest-
ingly, pristine PEDOT:PTS coated electrodes induced a signifi-
cant decrease in astrocytic presence and a significant increase
in neuron cell populations present at each time point rela-
tive to all the experimental and control groups. Following ten
days in culture, the astrocyte and neuron presence on pristine
PEDOT:PTS coated electrodes were 46.39% and 53.60%, respec-
tively. Furthermore, when comparing the neuron and astrocyte
cell density populations with control platinum and micro-top-
ographically functionalized PEDOT:PTS coated electrodes, an
identical trend with no statistical difference was observed for
differential neuron or astrocytes density over time. Following
ten days in culture, the astrocyte populations on control plat-
inum and micro-topographically PEDOT:PTS coated electrodes
were recorded at 61.97% and 62.46%, respectively, 16% greater
than that on pristine PEDOT:PTS coated electrodes.

In conjunction with cell density, as an indicator of cell via-
bility, neurite length on experimental and control substrates
was also analyzed (Figure 4C). At day three, a significant
decrease in neural length was observed on all experimental
groups relative to Pt electrodes on which mean neurite length
was 175.08 pm + 10.55. This trend was lost by day seven and a
linear increase in length as a function of electrode surface area
was observed. However, neurite length on mechanical flattened
control samples could not be quantified due to a significant
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reduction in neuron presence, making the application of the
stereology method used for the quantification of length invalid.

Further significant differences in neural length were
observed by day ten, with significant neurite elongation
exhibited in cells cultured on micro-topographically functional-
ized PEDOT:PTS electrodes (607.68 pm + 5.53) relative to Pt
control (566.36 pm + 6.35) and pristine PEDOT:PTS coated
electrodes (325.76 pm + 4.66).

These results indicate that pristine PEDOT:PTS coatings do
not enhance astrocyte proliferation and adhesion relative to
control Pt electrodes and that micropatterning of PEDOT:PTS
coatings can be employed to significantly enhance neurite
length in vitro. Conversely, mechanically flattened PEDOT:PTS
coated electrodes induced overall poor viability/adhesion of the
primary mixed VM cell population relative to all other experi-
mental conditions.*''¥ That neurons cultured on pristine
PEDOT:PTS coated electrodes exhibited a higher frequency but
with significantly shorter neural processes relative to Pt elec-
trodes and micro-topographically functionalized PEDOT:PTS
coated electrodes may suggest that network development in
ventral mesencephalic derived neurons is not entirely sup-
ported on nanoroughened, pristine electrodes.!"1* 118 Critically,
VM derived glial cells promote neuronal survival and neurite
growth by releasing growth factors and providing an ideal bio-
chemical milieu in vitro for neuronal development.'*® Thus,
although pristine PEDOTPTS coated electrodes were assod-
ated with a significant reduction in astrocyte density and pro-
moted more neural coverage relative to cell population ratios
observed on bare platinum and micro-topographically function-
alized PEDOT:PTS coated electrodes; this phenomenon did not
translate into the development of an extensively interconnected
functional neural network. Rather, it may suggest the onset of
a proinflammatory response.'’” Neurite length was signifi-
cantly increased on the micro-topographically functionalized
PEDOT:PTS coated electrodes by day ten relative to all experi-
mental groups, suggesting that neurons may benefit from the
presence of an underlying glia network and a morphological
response to micro-topographical features may be manifested in
enhanced neurite extension. This observation is supported by
previous research into topographical features supporting neural
outgrowth through supportive cues """ 1% Also, it can be
inferred that neurite extension on micro-topographically func-
tionalized PEDOT:PTS coated electrodes may suggest a reduced
inflammatory environment from the glial interactions relative
to all experimental and control groups.I'*!

In order to assess the reactivity of astrocytes (the key players
in astrogliosis) on fabricated electrodes, the mean cellular
area was quantified as a morphological indicator of a reac-
tive astrocyte phenotype again using a primary VM mixed cell
culture model. Critically, morphological analysis of astrocyte

www.small-journal.com

populations has been shown repeatedly to provide helpful
insights into resting or activated functional states in astro-
gliosis, considering astrocytic heterogeneity.'2%12! Further-
more, to assess modulated astrocyte morphology and adhe-
sion on experimental electrodes, glial fibrillary acidic protein
(GFAP) immunofluorescent labeling was conducted in con-
junction with Paxillin labeling, a key focal adhesion protein
(Figure 5A). It has been shown in vitro that in 2D cultures
neurons will grow on the dorsal surface and extend processes
along topographical cues provided by an astrocyte monolayer.™”!
Consequently, it has been suggested that astrocyte presence on
an implanted electrode is critical to support neural integration
and neurite outgrowth.'“u‘ Rather, it is the reduction of a reac-
tive astrocyte phenotype presence that is a potential functionali-
zation strategy in minimizing astrogliosis in peri-electrode glial
scar formation.**

Representative fluorescent micrographs of isolated astrocytes
from the mixed primary VM cell cultures grown on controls Pt
and experimental PEDOT:PTS functionalized electrodes were
captured over three, seven, and ten days in culture (Figure 5A).
Figure 5B represents the distribution of astrocyte cell areas as
a function of GFAP staining over time. The distribution of the
astrocyte cell area is significantly shifted toward a greater astro-
cyte cell area on Pt electrodes relative to pristine PEDOT:PTS,
flattened PEDOT:PTS, and micro-topographically functional-
ized PEDOT:PTS coated electrodes. By day ten, the frequency
of astrocyte cell areas between the ranges of 450 and 2250 pm?
on Pt electrodes was significantly increased. Astrocyte cultured
on pristine PEDOT:PTS, flattened PEDOT:PTS, and micro-
topographically functionalized PEDOT:PTS coated electrodes,
however, exhibited a biomodal distribution of cell area, with sig-
nificant peaks also observed in the 50-350 pm? cell area range.
Interestingly, micro-topographically functionalized PEDOT:PTS
coated electrodes were associated with the lowest astrocyte area
distribution when compared to control and experimental sub-
strates at all time points. It was observed by day ten that the
80% of the astrocyte cell areas were confined within the ranges
of 100 and 1250 pm? These findings are particularly important,
as it has been shown that the variations in overall astrocytic cell
area underlie reactivity implications over time,!"*"'?2123 where
enlarged astrocytes areas may translate into moderate andfor
severe reactive astrogliosis.!'*]

Of further interest is the observation that the increased fre-
quency of astrocytes with enlarged cell areas observed on bare
platinum, pristine PEDOT:PTS, and flattened coated electrodes
is associated with a reduction in neural outgrowth relative to
neurons cultured on microfunctionalized PEDOT:PTS elec-
trodes, again pointing to a reactive astrocyte induced disruption
of network evolution. This effect was largely accentuated on
flattened PEDOT:PTS coated electrodes.

Figure 4. Cellular and morphometric analysis of functionalized electrodes. A) Fluorescent images of primary ventral mesencephalic (VM) mixed cell
population grown on each of the bare platinum (Pt) and functionalized PEDOT:PTS coated electrodes for three, seven and ten days in culture. Neu-
rons are visualized by anti B-tubulin 111, in red, astrocyte cells by anti-GFAP, in green and nuclei are visualized by DAPI, in blue. Bar = 20 um, objective
60 x magnification. Cell density (%) analysis of astrocytes and neurons presence on each of the electrodes is presented in (B). An overall significant
(p < 0.05) decrease in viability of neurens and astrocytes density was observed in flattened PEDOT:PTS coated electrodes. Neural length analysis of
electrodes presented in (C) showed with significant (p < 0.05) longer neurite lengths the neurons grown on micro-topographically functionalized

PEDOT:PTS coated electrodes. % = p < 0.05.
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In order to evaluate perturbation of assessed electrode topog-
raphy on astrocyte adhesion and to draw parallels between reactive
astrocyte phenotype and focal adhesion formation, quantification
of mean cellular focal adhesion number and length was carried
out (Figure 5C,D). The regulation of focal adhesion formation in
adherent cells, such as astrocytes, involves complex recruitment
of integrin-dependent signaling pathways mainly mediated by
nonreceptor tyrosine kinases, markedly by focal adhesion kinase
(FAK).I"** Further, it has been shown that mediated signaling
through FAK/Paxillian in astrocytes plays an important role in
astrocyte cell morphology, where a reduction of tyrosine phos-
phorylation and paxillin expression is related to the stellation of
astrocytes.'2127] However, in pathological situations, astrocytes
no longer adopt a stellar appearance but become hypertrophic
in morphology, and are associated with increased focal adhe-
sion signaling, so-called reactive astrocytes.'?* !l Certainly, cell-
adhesion is mainly controlled through cell-substrate interactions,
where topographies have been shown to play an essential role.”"

Analysis of the distribution of focal adhesion (FA) frequency
and length in astrocytes on bare platinum electrodes indicated
that at day three 70% of the astrocytes exhibited ten focal adhe-
sion contacts per astrocyte with lengths ranging between 0.5
and 10 pm. By day ten, a significant increase in astrocytes
adhesion was observed with 70% of the astrocytes exhibiting
between 15 and 70 focal adhesion points per cell with main-
tained focal adhesion lengths between the ranges of 0.5 and
8 um compared to day three. These results suggest a decrease
of cell motility owing to the higher number of focal adhesion
contacts per cell, but further to the stable lengths achieved,™”
results that in light of the augmented astrocytic cell areas
observed on these electrodes showed the development of more
focal adhesion contacts suggesting the presence of a more reac-
tive astrocyte phenotype. In addition, bare platinum (R, 2 nm),
commonly used in neural electrodes, does not allow for the
selective control of cell adhesion (Figure 5B), which together
with its mechanical rigidity may account for the overall higher
reactive astrocyte presence than that of more compliant con-
ducting polymeric coated electrodes 3%

On the other hand, the pristine PEDOT:PTS coated elec-
trodes, the flattened PEDOT:PTS coated electrodes, and the
micro-topographically functionalized PEDOT:PTS coated elec-
trodes were associated with similar astrocyte adhesion over
time, with overall focal adhesion numbers significantly less
than those observed on bare platinum electrodes.

By day ten, more than 80% of the astrocytes on both, pristine
PEDOT:PTS and the flattened PEDOT:PTS coated electrodes,
presented a mean value of fifteen focal adhesions per cell. Con-
versely, micro-topographically functionalized PEDOTPTS coated
electrodes induced significant modulation to the distribution

www.small-journal.com

of the number of astrocyte focal adhesion with 38% of the astro-
cyte population exhibiting an increase in the mean number of
focal adhesions per cell of between 15 and 50 focal adhesions
per astrocyte. This observation together with the comparatively
lower astrocyte areas observed on the micro-topographically
functionalized PEDOTPTS coated electrodes may allude to a
differential effect in astrocyte adhesion and a reduction in reac-
tive astrocytes presence as a function of micro-topographical
modification. The length of the astrocyte focal adhesion points
did not change significantly over time on fattened PEDOT:PTS
coated electrodes and on micro-topographically functionalized
PEDOT:PTS coated electrodes, with lengths confined between
the ranges of 0.5 and 5 um. By contrast, pristine PEDOT:PTS
coated electrodes resulted in shorter astrocyte focal adhesion
contact lengths between the ranges of 1 and 1.5 pm by day ten.

[t has been shown by our studies in other fields that ordered
nanopits topographies are proposed to impair focal adhesion
formation by disrupting integrin activation and dustering,
an effect enhanced at the microscale length."******¥ [ndeed,
experimentally this work has shown that PEDOTPTS coated
electrodes functionalized with a micropit topography have a sig-
nificant influence on reactive astrocyte adhesion. Furthermore,
these findings present opportunities to study reactive astrocyte
presence through cytoskeleton-linked proteins signaling mech-
anisms controlling astrocyte phenotype.

Understanding the glia interactions as key contributors
in the glial scar formation is essential® and in addition to
influencing cytoskeleton-linked proteins, substrate topography
has been previously shown to affect cellular function and
the synthesis of cytokines and signaling molecules in neural
cells."¥1%] To elucidate further the roles of topographical
functionalization on the neural response in vitro, changes in
the expression of proinflammatory cytokines and chemokine
factors were assessed via multiplex enzyme-linked immuno-
sorbent assay (ELISA) analysis. Cwrrently, few studies have
examined the effect of topographical functionalization on the
glial cell functional response in complex mixed cell cultures.”!
With this in mind, glial-derived cytokines and chemokine fac-
tors, such as interferon-y (IFN-}), tumor necrosis factor-o (TNF-
o), interleukin-6 (IL-6), interleukin-5 (IL-5), and chemokine
factor CXCL-1 (KC/GRO), invelved in mediating neuronal-
glial interactions and modulation of reactive astrogliosis were
selected for analysis.'¥ %0 The release profiles were compared
between each of the experimental groups and controls, and
with an additional inflammatory control group, VM cells cul-
tured on Thermanox Plastic Coverslips (tissue culture plastic)
which received a stimulus of interleukin-1beta (IL-16) at a dose
of 10 ng mL™!. Complementary data for the optimization of the
different concentrations of [L-18 as inflammatory stimuli on

Figure 5. Morphoadhesion characteristics of astrocyte presence in the functionalized electrodes toward astrocyte reactivity indication. A) Selective
fluorescent images of astrocytes from primary ventral mesencephalic (VM) mixed cell population grown on each of the bare platinum (Pt) and func-
tionalized PEDOT:PTS coated electrodes for three, seven, and ten days in culture. Astrocytes are visualized by anti-GFAP, in green, formation of focal
adhesion contacts by anti-Paxillian, in red and nuclei are visualized by DAPI, in blue. Bar = 20 pm, objective 60 magnification. Frequency distribu-
tion in time (three, seven, and ten days) of cytoplasm astrocyte areas (um?) on bare platinum (Pt) and functionalized PEDOT:PTS coated electrodes
is presented in (B). The frequency distribution of astrocyte areas on micro-topographically functionalized PEDOT.PTS coated electrodes showed the
lowest frequencies over time. C) The frequency distribution of the astrocyte focal adhesion contact numbers per cell and their corresponding length
frequency distribution over time in (D).
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Figure 6. Comparative gliosis derived cytokines and chemokine factor profiling for A) interferon-y (IFN-3, B) tumeor necrosis factor-a
(TNF-c), €) chemokine factor CXCL-1 (KC/GRO), D) interleukin-6 (IL-6), E) and interleukin-5 (IL-5). The release expression of each of the signaling
molecules is analyzed from primary ventral mesencephalic (VM) mixed cell population supernatants collected at days three, seven, and ten on bare
platinum (Pt) and functionalized PEDOT:PTS coated electrodes. An important effect is seen on the micro-topographically functionalized PEDOT:PTS
coated electrodes, which presented significantly and consistently low release profiles for each cytokine and chemokine factor analyzed. Results are +

STD, * =p < 0.05.

VM cells cultures are shown in Figure S6 (Supporting Infor-
mation) with the analysis of the production of reactive oxygen
species (ROS), CellROX, and in Figure S7 (Supporting Infor-
mation) with the quantification of activated microglia using
methods for morphofunctional analysis described in ref. [141],
respectively.

The secretion of proinfammatory cytokines and chemokine
factors in mixed cell populations cultured on all experimental
and control groups is presented in Figure 6. It is interesting to
note that even though there is a linear increase in the release
profile of IFN-y in mixed cultures exposed to inflamed control
conditions and when cultured on flattened PEDOT:PTS coated
electrodes over time, Pt electrodes and pristine PEDOT:PTS
coated electrodes followed a trend over time that was similar
and constant, with no statistical differences noted between the
expression profile of TFN-yat day three and day ten, respectively
(Figure 6A). Importantly, the lowest release profile of IFN-y
was observed with the micro-topographically functionalized
PEDOT:PTS coated electrodes, with a maintained overall low
and statistically significant release of this cytokine relative to
all experimental and control groups by day ten. This cytokine is
reportedly a crucial immunological player, as it regulates relevant
genes for cell function and cell programming.**! Studies have
shown that IFN-y has a unique action on astrocytes, inducing
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proinflammatory activities and enhancing astrocyte-immunore-
activity.'**1*2 [n a similar manner, TNF-o cytokine is known to
act in synergy with IFN-y** showing a similar release trend on
day seven and day ten, respectively, relative to the release profiles
of IFN-y on these days (Figure 6B). Over timme, a linear decrease
in TNF-o release was observed in all groups and controls, except
for on the inflamed control group that presented a consistently
high release profile of TNF-c. By day ten, a significantly higher
release profile of TNF-a was observed in the inflamed control
group which was comparable to that observed in VM cells cul-
tured on flattened PEDOT:PTS coated electrodes. Control Pt,
pristine PEDOT:PTS, and micro-topographically functionalized
PEDOT:PTS groups were associated with a significant reduction
in TNF-o synthesis and cells cultured on topographically func-
tionalized PEDOT:PTS coated electrodes produced significantly
less TNF-¢ than Pt control and other PEDOT:PTS experimental
groups. These results indicate an activated response from astro-
cytes and microglia, respectively, with their coordinated involve-
ment in the host response at the material interface."®'*} Fur-
thermore, the micropit topography utilized here also induced a
reduced glial cell inflammatory response via chemokine (C-X-C
motif) ligand 1 (CXCL-1), also known as KC/GRO (Figure 6C).
CXCL-1 is associated with neutrophil recruitment, to a site of
inflammation,*** and a study by Rubio and Sanz-Rodriguez!'*’l
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showed that astrocytes, as an early cell component of the neuro-
immune response, produced CXCI-1 in the chemoattraction of
the neutrophils and monocytes in neuroinflammatory diseases.
In this work, it was observed that by day ten, in contrast to a
relatively high release profile of CXCL-1 from the inflamma-
tory control conditions, an overall significantly lower release
response of CXCL-1 was exhibited by VM populations cultured
on the micro-topographically PEDOT:PTS functionalized elec-
trodes, a response maintained up to day ten in culture.

In primary mixed cultures, such as in the VM cells used in
this research, as a consequence of the orchestrated release of
cytokines and growth factors in neuronal-glial interactions,|'*
there is a synergistic effect that allows them to work as costim-
ulatory molecules to potentiate immune interactions, in this
case at the local neuron-glial unit, with a resulting increase of
specific cytokines response, such as [L-6.113139143

At day three (Figure 6D), IL-6, which plays a vital role in
immune regulation and is produced by astrocytes, microglia,
and neurons in injury-inflamed milieu,**"* showed a signifi-
cantly potentiated release profile in the inflammatory control
group, relative to an observed significant linear decrease in the
release profile in VM cells cultured on all control and experi-
mental electrode substrates. On day seven, comparatively sig-
nificant increases in the release levels of IL-6 were observed on
pristine and micro-topographically functionalized PEDOT:PTS
electrodes relative to day three on bare platinum electrodes,
flattened PEDOT:PTS coated electrodes, and on the inflamed
control, with significantly lower levels of IL-6 released VM cells
cultured on micro-topographically functionalized PEDOT:PTS
electrodes, maintained up to day ten.

Similar trends in the expression levels of IL-5 were also
observed (Figure 6E), an important and often overlooked pro-
inflammatory cytokine that has been shown to be produced
by astrocytes and microglia in vitro.*#% Further, 11-5 has
been shown to induce nerve growth factor secretion by astro-
cytes 51153 Apain, the released IL-5 concentrations from
micro-topographically functionalized PEDOTPTS coated elec-
trodes showed significant lower release profiles when com-
pared to all groups, controls, and inflamed control, respectively,
at all time points.

Cytokines protein interactions adopting a confidence score
>0.7 as the threshold to assess associations were performed
and are detailed in Figure S8 (Supporting Information). These
results suggest that the cytokine expression profiles observed
from VM cells cultured on micro-topographically functional-
ized electrodes support an overall neural-glial interaction at
the electrode, associated with minimized reactive gliosis over
time.**) Indeed, this work has shown experimentally that the
micro-topographically functionalized PEDOT:PTS coated elec-
trodes here developed reduced the cytokine mechanisms of
astrogliosis in vitro. This response was accentuated relative
to bare platinum electrodes and pristine PEDOT:PTS coated
electrodes, but further stressed when compared to flattened
PEDOT:PTS coated electrodes, which resulted in the promotion
of a more proinflammatory cytokine release and chemokine
factors, reflected in the poor VM cell viability and outgrowth.

To evaluate the neuronal network activity and functionality of
the neuronal population interfaced on topographically fimction-
alized electrodes, further studies were conducted with mature

Small 2018, 14, 1800863

1800863 (13 of 20)

www.small-journal.com

explanted primary rat hippocampal neurons, which unlike
embryonic VM populations present functional neuronal net-
work after seven to ten days in culture offering an important
advantage to embryonic cells in terms of culture times.'> Rat
hippocampal cells were seeded on bare platinum electrodes,
pristine PEDOT:PTS, and on the micro-topographically func-
tionalized PEDOT:PTS coated electrodes. Flattened PEDOT:PTS
coated electrodes were not further evaluated due to the signifi-
cant decrease in neuronal presence observed throughout the
study.

Rat hippocampal cells successfully adhered and matured in
all substrates and were analyzed after eight to ten days in vitro
(three series of different cultures each), shown previously to be
sufficient time to facilitate functional synaptic network develop-
ment in vitro with matured explants 13613

The formation of active synaptic networks was investi-
gated by simultaneously imaging the intracellular calcium
activity of living neurons (ten days in vitro) on representa-
tive regions of 660 x 660 pm’ Neurons stained with the
membrane permeable Ca®™ dye Oregon Green 488 BAPTA-1
were visualized within the sampled area and 8 + 2 fuores-
cent cells were selected (regions of interest, ROIs) in each
field (n = 25 fields), as in Figure S9A (Supporting Informa-
tion). At ten days in vitro, matured neurons are synaptically
connected and display spontaneous activity including bursts
which manifest as irregular synchronized firing epochs.!'*!
This can be appreciated in Figure S9B (Supporting Informa-
tion), where two representative traces from ROIs in the same
field are shown for each condition. The spontanecus bursting
activity was fully blocked by tetrodotoxin (TTX) (1 x 107° i,
not shown) application, thus confirming the neuronal nature
of the recorded signal."* The occurrence of spontaneous Ca’*
episodes in active cells was measured by quantifying the inter-
event interval (IEI). IEIs distribution was found to be different
in the PEDOT:PTS-interfaced neuronal cultures (pristine and
micropatterned electrodes) when compared to those grown
onto bare platinum electrodes (**p < 0.01, box plot in Figure
S9C, Supporting [nformation) suggesting a different coupling
of the network with the substrate. However, median [EI values
were comparable, being 9 and 10 s for pristine PEDOT:PTS and
micro-topographically functionalized PEDOT:PTS, respectively,
and 9 s for platinum (Figure S9C, Supporting Information).
The tested electrodes demonstrated a good cytocompatibility
promoting functional hippecampal neurons development and
allowing synaptogenesis and active network formation. In the
presence of PEDOT:PTS coatings, neuronal activity appeared to
be more organized into regular bursts and it may suggest that
these might be related to the generation of a more favorable
environment for neuronal activity. In turn, it was evident by the
neuronal and astrocyte phenotypes visualized by immuno-
fluorescence image of the specific cytoskeletal component,
P-tubulin III, to visualize neurons, and GFAP to visualize
astrocytes (Figure S10A, Supporting Information) that a
higher neuronal density was present on micro-topographi-
cally functionalized PEDOT:PTS coated electrodes. In addi-
tion, a decrease in the astrocyte-to-neuron ratio was observed
on functionalized electrodes relative to bare platinum or
pristine PEDOT:PTS electrodes (0.47 £ 0.16 vs 0.73 £ 0.34 and
0.68 + 0.26 for bare platinum and pristine PEDOT:PTS controls
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respectively, ***p < 0.001 and **p < 0.01). These findings indi-
cate that micro-topographically functionalized PEDOT:PTS
coated electrodes promote the development of a nonreactive
adherent glia network, which promotes neuron—electrode
interaction. Therefore, the possibility to exploit micro-topo-
graphically engineered PEDOT:PTS electrodes for neural inter-
facing and astrogliosis modulation is here strengthened.

3. Conclusion

The paradigm of neurcelectrode functionalization is the
maintenance of electrode functionality and a controlled
inflammatory response.'®1¢! Micropit topographical func-
tionalized PEDOT:PTS coated electrodes were assessed for
the first time as a methodology for the design of functional-
ized neural interface materials with a focus on reduced astro-
cyte reactive phenotype, enhanced neural integration, and
functional capacity.

Topographical — functionalized PEDOTPTS  electrodes
induced a significant reduction in electrical impedance and
an increase in charge storage capacity and effective surface
area, while maintaining electrode stability. Furthermore, the
role of the micro-topographically modified PEDOT:PTS coated
electrodes in reducing the characteristic phenotype associ-
ated with astrogliosis in complex primary mixed cell cultures
was assessed from the evident morphological changes in cell
area, the functional promotion of neural network activity,
focal adhesion formation, and the release of proinflammatory
cytokines and chemokine factors.

A low temperature imprint-lithography technique developed
in this study for the micro-topographically functionalized
provides a useful benchmark
for subsequent studies with neural microelectrodes, and
the development of dual functionalization with biological
molecules on as-formed conducting polymer coatings. Further-
more, this work could shift the focus on current efforts in the
field to attract astrocytes onto the electrode surface, but poten-
tially blocking the negative components found in the glial cell
response, in vitro.

neurcelectrode  interfaces

4, Experimental Section

Fabrication of Microelectrode Arrays: Ultrashort laser operating at
10 kHz and 1030 nm wavelength with 500 fs pulses duration was
used to generate a microelectrode shadow mask in a polyimide film of
0.05 mm thickness. Polyimide samples were placed on a 3D computer
controlled stage (Aerotech) which enabled changes in the sample
position with micrometer accuracy. The laser was focused on the sample
with a 100 mm focal length lens and the scanning system was coupled
to the machining stage through combination of different reflectors and
mirrors. The laser spot diameter was found to be 25 pm and ablation
threshold 0.56 | cm 2. To aveid the melting of polyimide, a laser fluence
of 0.6 | cm? just above the threshold and 200 laser scans were used in
drawing the electrode circuit design through the polyimide film.

Through-mask sputtering of platinum was achieved with a EMSCOPE
SC500 at 25 mA for 20 min. Resulting platinum electrede thickness was
measured to be 69.27 nm + 0.01 nm and resulted in an electrode size of
287.67 um % 0.08 um in width.

Imprinting and Die Fabrication: Micro-topographically functionalized
PEDOT:PTS coated electrade were made in a three-step process of
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photolithography, nickel die fabrication, and temperature low imprinting
process.

Photolithography: 100 mm diameter silicon-wafers were first cleaned
using the [ozone/distilled (D) water/dilute-hydrofluoric (HF) acid]
cleaning process on a Semitool SAT spray-acid cleaning-tool. The wafers
were then coated with photoresist (Fujifilm HiPR6512) and the mask
pattern exposed on an Ultratech 1500 stepper, after which the photoresist
was developed using Fujifilm OPD5262 developer. A number of different
masks were used to give various diameter patterns. The wafers were
then dry-etched to the required depth for each pattern using a [SF6/C,Fy]
plasma on an STS-ASE dry-etch tool. After dry-etching, the photoresist
was removed by a combination of O, plasma ashing plus Piranha
(H250,/H,0;] wet-strip.

Nickel Die: This technique has been described previously.' 52l Briefly,
nickel dies were made directly from the patterned resist samples. A thin
(50 nm) layer of Ni-V was sputter coated on the samples. That layer
acted as an electrode in the subsequent electroplating process. The dies
were plated to a thickness of =300 nm. For more information about the
procedure, see ref. [162].

Imprinting Process: PEDOT:PTS coated electrodes were imprinted
by a low temperature imprinting process. Before the imprinting, the
processed nickel die master was cut into 1 cm x 1 cm pieces, each
piece acting as an individual stamp. The polymeric PEDOT:PTS coated
electrodes were placed in a desiccator 24 h prier to the imprinting
process and then taken one by one to be processed. Using a hydraulic
press machine (Carver, Inc), the nickel die stamp was then pressed
against the PEDOT:PTS coated electrode, previously placed on pressing
paralleled plates, using a compressive force of 1.9 metric tons cm 2 for
15 min at roem temperature.

Flattened controlled nonpatterned PEDOT:PTS coated electrodes
were processed by pressing a thick mirror glass stamps against the
PEDOT:PTS coated electrode, applying a compressive force of 1.9 metric
tons cm Z for 15 min at room temperature.

Physical Characterization—Surface Morphology: SEM was carried
out using a Hitachi $-4700 Cold Field Emission Gun Scanning
Electron Microscope (CFE-SEM). The SEM images were taken
using an accelerating voltage of 15 kV and spot current of 10 pA.
No gold sputtering was used on the conducting PEDOT:PTS coated
electrodes.

Scanning electron microscopy for biological samples was carried
out using a Hitachi 5-4700 CFE-SEM. Cells on experimental electrodes
were stabilized in 4% paraformaldehyde with 1% sucrose in 0.1 m
piperazine-N,N"-bis(2-ethanesulfonic acid) (PIPES) buffer at pH 7.4 for
5 min. Further, samples were fixed permanently in 2.5% glutaraldehyde
for 5 min in PIPES buffer and rinsed three times for 2 min in PIPES
buffer. Additional contrasting of the cell was accomplished by staining
with 196 osmium tetroxide in PIPES for 1 h at 22 °C and then rinsed in
distilled water for 1 min. After this, cells on experimental electrodes were
dehydrated through an ethanol/distilled water series (50, 60, 70, 80, 90,
96, and 100%) followed by a hexamethyldisilazane or acetone/ethancl
series (25, 50, 75, and 1009). The samples were then left to dry fully and
mounted on aluminium stubs, and coated with 10 nm layer of gold (Au).

For surface 3D plots and roughness analysis, AFM was performed as
detailed in ref. [7]. All measurements were taken on a Vico Dimension
3100 AFM using TESPA Tips (NanoWorld) (Si < 8 nm tip radius,
42 N m™! spring constant, 320 kHz nominal resonance frequency), in
tapping mode over an area of 10 um? with a 0.5-1 Hz scan rate.

Physical Characterization—Thickness Measurements: The thickness of
the polymeric PEDOT:PTS coating was measured using a Zygo Newview
100 surface profilometer controlled by MicroPlus software as detailed in
ref. [7]. Briefly, a pattern of bright and dark lines—fringes was created as
incoming light was split from the limited region between the sample film
and the bare platinum electrode. This pattern difference was translated
to calculate the height information, resulting in the thickness of the
polymeric coatings.

Chemical Characterization: X-ray photoelectron spectroscopy (XPS)
spectra were acquired on a Kratos AXIS 165 spectrometer XPS system
with X-Ray Gun mono Al Kor 1486.58 eV, 150 W (10 mA, 15 k), for all
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scans with the following parameters: sample temperature in a range
of 20-30 °C with a pass energy of 160 eV for survey spectra and 20 eV
for narrow regions and steps of 1 eV for survey and 0.05 eV for regions
with dwell times of 50 and 100 ms for regions and sweeps for survey
of =35, and for narrow regions of 6-40. The Cls line at 284.8 eV was
used as charge reference. Spectra were collected in the normal way to
the surface direction with an analysis area of 60 pm. XPS detection limit
is estimated to be =0.1 at%. For the data processing, the construction
and peak fitting of synthetic peaks in narrow region spectra was done
using a Shirely type background and the synthetic peaks were ofa mixed
Gaussian-Lorenzian type. Relative sensitivity factors used are from
CasaXPS library containing Scofield cross-sections.

Electrochemical Characterization—Preparation of PEDOT:PTS Samples:
The electrodeposition of PEDOT:PTS coatings was cenducted under
ambient conditions according to methods described previously"™!
Briefly, a solution of 0.05 1 PEDOT (Sigma-Aldrich, Ireland) and 0.1 u
PTS (Sigma-Aldrich, Ireland, 70 000 g mol ' MW) was prepared in a
50/50 vol% mixture of acetonitrile and water. The electrolyte solution
was placed in an in-house fabricated electrochemical cell, connected
to a Princeton Applied Research Potentiostat/Galvanostat model 2273
controlled with Power Suite software. An in-house fabricated platinum
microelectrode probe array and a platinum foil (Goodfellow) were
used as the working electrode and counter-electrode, respectively. A
saturated 3 m KCl Ag/AgCl reference electrode (Bioanalytical Systems)
was employed. Galvanostatic electrodeposition was performed and
the efficiency of coating, ie., the amount of polymer deposited on
the electrodes, was controlled by the total charge passing during the
electrodeposition. When the deposition was finalized, the coated
electrodes were soaked in deionized water for 24 h to remove excess of
electrolyte and subsequently dried for use. For cell studies, PEDOT:PTS
was electrodeposited on electrodes with areas of 1.6 cm? to facilitate in
vitro manipulations.

Electrochemical ~ Characterization—Electrochemical ~ Measurements:
Cyclic voltammetry was performed as previously described in ref. [7]
using a Princeton Applied Research Potentiostat/Galvanostat model
2273 running with Power Suite software. Measurements were recorded
in a custom-made electrochemical cell containing the microelectrode as
working electrode, an Agf/AgCl reference electrode (3 1 KCl) (Bioanalytical
Systems) and a platinum foil counter electrode (Goodfellow) in 1x PBS.
CVs were run in the potential range from —1.0 to 0.4 V at a scan rate of
0.1 Vs The CSC was calculated by integrating the area enclosed by the
voltammogram.

EIS was performed using a Princeton Applied Research
Potentiostat/Calvanostat model 2273 running with Power Suite
software with a three-electrode set-up. The measurements were carried
out in a frequency range of 0.1 Hz to 100 kHz with an AC sine wave
of 40 mV amplitude applied with 0 V DC offset. The results were
presented on Bode and MNyquist plots and compared to those of bare
platinum microelectrodes and coated gold microelectredes, to exclude
the effect of electrode thickness when compared to PEDOT:PTS coated
microelectrodes. The data fitting analysis was performed using EIS
Spectrum Analyzer 1.0 software with the application of the Powell
algorithm.

Electroactive surface area (ESA) measurements for each
microelectrode were done through cyclic voltammetry scans performed
in 2.5 mol em™* K,[Fe(CN)g] 0.1 m KCl solution, in the potential range
from =1.0 to 0.4 V at a scan rate of 0.1 V s ESA was estimated
according to the Randles—Sevcik equation!!®1%]

i, =2.69 % 105 ADVEn¥2pV2C m

where i is the reductionfoxidation peak current (A), n is the number of
electrons contributing to the redox reaction, A is the area of the electrode
{em™?), D is the diffusion coefficient of Fe(CN)g* in KCI solution
(6.3 x 10°¢ cm? s71) '8 C is the concentration of the Fe(CN)g* in
the bulk solution (mol em™), and v is the scan rate (V s'). The
measurements were performed in triplicate, the results were expressed
as a mean + standard deviation.
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The electrochemical stability of microelectrodes was determined as
described previously in ref. [8]. Briefly, cyclic voltammetry was performed
before and after electrical stability measurements and used to calculate
the percentage of loss in charge storage capacity by comparing the
CSC of the Tst and 500th cycles. The measurements were performed in
triplicate, the results were expressed as a mean + standard deviation.

Force-controlled current-voltage (I-V) characteristics were recorded
employing C-AFM (in PeakForce Tuna mode, PF Tuna, Bruker). Samples
were imaged under ambient conditions with a Bruker Dimension Icon
microscope, with a NanoScope IV control unit and PF-TUNA add-on
module. One sapphire substrate with geld contact was used to connect
samples to form the electric circuit. -V curves were recorded at selective
positions on the sample surface. C-AFM tips (coated with platinum/
iridium) were used as the mobile counter electrode to contact the single-
walled carbon nanotubes (SWCNTs) PeakForce-TUNA tips, Bruker. For
a schematic of the set-up, see Figure 54 (Supporting Information). The
voltage bias was ramped between —500 and 500 mV. The data were
then analyzed by NanoScope Analysis (version 1.5, Bruker) and Matlab
(version 2016 a).

Biological Chamctenization—Cell Culture: Primary cultures of VM
neurons were obtained from the mesencephalon of embryonic Sprague—
Dawley rats according to methods previously described by Vallejo-
Giraldo et al!”l Briefly, the ventral mesencephalon were dissected from
embryonic fourteen-day rat brains and then mechanically dissociated with
a pipette until the tissue was dispersed. Cells were grown in a humidified
atmosphere of 5% CO; at 37 °C and culture in media (Dulbecco’s
modified Eagle's medium/F12,33 x 10 1 D-glucose, 1% L-glutamine, 1%
penicillin-streptornycin (PS), 19 fetal calf serum (FCS), supplemented with
29 B27). Controls and experimental groups were cultured for three, seven,
and ten days in six well culture plates and sterilized in 70% ethanol for
2 h, and subsequently washed repeatedly with hank’'s balanced salt
solution (HBSS) and/er molecular biclogy grade water (Sigma). Prier te
plating, samples and controls were coated with poly-lysine (Sigma). They
were then rinsed three times with molecular biology grade water and left
to dry overnight. 50 000 cells cm 2 were plated on each electrode, and then
3 mL of the culture medium was added to each well and half of the volume
was replaced with fresh media every two days for a period of ten days.

For the inflammatory control, primary YM cells were cultured on
sterile Thermanox Plastic Coverslips with 13 mm diameter (NUNCTM
brand products). 50 000 cells cm? were plated on each coverslip, and
grown in a humidified atmosphere of 5% CO; at 37 °C and culture
in media (Dulbecco’s modified Eagle's medium/F12, 33 x 10°% m
D-glucose, 1% L-glutamine, 1% PS, 1% FCS, supplemented with 2%
B27). 3 mL of the culture medium was added to each well and, after
two days in culture, the cells were stimulated with IL-15 (10 ng mL™")
prepared in plating media to a final volume of 3 mL and half of the
volume was changed every two days for a period of ten days. Data for
the optimization of the different concentration of IL-18 as inflammatory
stimuli on VM cells cultures are shown in Figure S6 (Supporting
Information) with the analysis of the production of ROS, CellROX, and in
Figure S7 (Supperting Information) with the quantification of activated
microglia using methods for morphofunctional analysis described in
ref. [141], respectively.

Dissociated hippocampal neurons were obtained from P1 to P4-old
Wistar rats, as previously reported.'® Prior to plating, samples
of pristine PEDOT:PTS and micro-topographically functionalized
PEDOT:PTS coated electrodes and control bare platinum were sterilized
by repeated (3) 10 min-long washes with ethanol followed by 5 min-
long washes in malecular biology grade water, both solutions were
previously filtered with 0.22 pm cuteff filter (Merck Millipere). Cultured
cells were incubated at 37 °C, 5% COy in culture medium composed of
Neurobasal-A (Thermo Fischer) containing B27 2% (Gibco) Clutamax
10 x 10 m and Gentamycin 0.5 x 10°% w (Gibco), and used for
experiments at eight to ten days in vitro by renewing half of the medium
once in this period.

Ethical Statement (Primary hippocampal cultures): All experiments
were performed in accordance with the EU guidelines (2010/63/
UE) and Italian law (decree 26/14) and were approved by the local
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authority veterinary service and by our institution (SISSA-ISAS) ethical
committee. Every effort was made to minimize animal suffering and to
reduce the number of animals used. Animal use was approved by the
Italian Ministry of Health, in accordance with the EU Recommendation
2007/526/CE.

Biological ~ Characterization—Immunofluorescent  Labeling:  Indirect
double-immunofluorescent labeling was performed to visualize neurons
and astrocyte cell populations, as described by Vallejo-Giraldo et al.Bl
Briefly, VM cells on experimental and control substrates were fixed
with 4% paraformaldehyde and 1% of sucrose for 20 min at room
temperature at the time point. Once fixed, the samples were washed
with PBS and permeabilized with buffered 0.5% Triton X-100 within a
buffered isotonic solution (10.3 g sucrose, 0.292 g NadCl, 0.06 g MgCl,,
0.476 g 4-(2-hydroxyethyl)-1 piperazineethanesulfonic acid (HEPES)
buffer, 0.5 mL Triton X-100, in 100 mL water, pH 7.2) at 4 °C for 5 min.
Nonspecific binding sites were blocked with 1% bovine serum albumin
(BSA) in PBS at37 °C for 30 min and subsequently incubated for 2 h with
a 1:200 concentration anti-GFAP antibody produced in mouse (Sigma,
1:200) and 1:500 concentration anti-3-Tubulin |1I antibody produced in
rabbit (Sigma, 1:500). Samples were washed three times with 0.05%
Tween 20/PBS and then incubated for 1 h in the secondary antibody
Alexa Fluor 488 goat anti-Mouse IgG/lghflgM (H+L) (molecular
probes 1:500) combined with the secondary antibody Alexa Fluor
594 goat anti-Rabbit IgG (H+L) (molecular probes, 1:500). Samples
were washed with PBS (5 min x 3) and mounted on microscope cover
slides and counterstained with slowfadeR gold antifade reagent with
4’,6-diamidino-2-phenylindole (DAPI) for nuclear staining.

Indirect double-immunofluorescent labeling was performed to
visualize focal adhesion sites and astrocytes following the fixation and
permeabilization processes detailed above. In this case the samples
were incubated for 2 h with a 1:200 concentration anti-Paxillian
(Rb mAb to Paxillin (¥113) (Life Technologies, 1:200) and with a
1:200 concentration GFAP antibody produced in mouse (Sigma,
1:200). Samples were washed three times with 0.05% Tween 20/PBS
and then incubated for 1 h in the secondary antibody Alexa Fluor
488 goat anti-Mouse |gG/IgAflgM (H+L) (molecular probes 1:500)
combined with the secondary antibody Alexa Fluor 594 goat anti-
Rabbit 1gG (H+L) (molecular probes, 1:100). Samples were washed
with PBS (5 min x 3) and mounted on microscope cover slides and
counterstained with slowfadeR gold antifade reagent with DAPI for
nuclear staining.

Indirect double-immunofluorescent labeling for microglia and
astrocytes on inflamed controls was performed using the same metheds
detailed above. Samples were incubated for 2 h with GFAP antibody
produced in mouse (Sigma, 1:200) at a concentration of 1:200 and with
anti-rabbit Ibal (Wake, 1:1000) with a concentration of 1:1000. Samples
were washed three times with 0.05% Tween 20/PBS and then incubated
for 1 h in the secondary antibody Alexa Fluor 488 goat anti-Mouse
IgG/lgA/lgM  (H+L) (melecular probes 1:500) combined with the
secondary antibody Alexa Fluor 594 goat anti-Rabbit 1gG (H+L)
(molecular probes, 1:1000). Samples were washed with PBS (5 min x 3)
and mounted on microscope cover slides and counterstained with
slowfadeR gold antifade reagent with DAPI for nuclear staining.

Hippocampal dissociated cultures were fixed in 4% formaldehyde
(prepared from fresh paraformaldehyde) in PBS and permeabilized for
20 min with 0.3% Triton-X-100 (Carlo Erba) in PBS added with 5% FCS
(Gibca) and 4% BSA (Sigma-Aldrich) to prevent nonspecific binding of
primary antibodies. Samples were subsequently incubated with primary
antibodies for 30 min at room temperature and, after being washed with
PBS, with secondary antibodies for 45 min. Mounting was performed
with antifade medium Vectashield (Vector Laboratories) on 1 mm thick
microscope glass slides. Neurons were labeled through anti-B-tubulin
Il primary antibody (Sigma-Aldrich T2200, 1:300) and visualized with
Alexa 594 anti-rabbit in geat as secondary antibody (Invitrogen, 1:500).
Astrocytes were stained with mouse anti-GFAP primary antibodies
(Sigma-Aldrich G3893, 1:300) and visualized with Alexa 488 anti-mouse
in goat as secondary antibody (Invitrogen 1:500). Nuclei were stained
with DAPI (Invitrogen, 1:500).
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The production of ROS on inflamed controls was visualized using
an assay kit, CellROX Green Reagent, for oxidative stress detection
(2.5 % 10? m, Thermo Fisher Scientific—C10444). CellROX Green
Reagent was diluted in HBSS for a final concentration of 5 x 106 m
(working solution) that was prepared fresh every time used.
During use, this working solution was kept in the dark at 37 °C.
After removing cell media, CellROX Green Reagent was added on
each sample and incubated at 37 °C for 30 min. After incubation,
each sample was fixed and permeabilized using methods described
aboved. 1 h incubation in rhoedamine-conjugated phalloidin (Life
Techologies, 1:100) prepared in 1% BSA in PBS was followed next for
F-actin staining. After being washed with PBS (5 min x 3), samples
were mounted with slowfadeR gold antifade reagent with DAPI for
nuclear staining and image within 24 h. CellROX Green was visualized
using FTIC channel.

Biological Characterization—Microscopy and Image Analysis. After
immunostaining, samples were viewed with an Olympus Fluoview
1000 Confocal Microscope at a fixed scan size of 1024 x 1024 at a
ratio 1:1. Cell analysis was performed as described in ref. [8]. At least
twenty images at 60x magnification were taken at random from each
experimental group and controls. Cell density was analyzed by counting
the total number of labeled nuclei corresponding to neurons and
astrocytes in an area of 212 pm x 212 pm. Neurite length was quantified
by analyzing nine random fields of view of three different technical
replicas from three different samples using established stereological
methods.[®] The formula used was: neurite length = n % T % /2, where
n is the number of times neurites intersect grid lines and T = distance
between gridlines (taking magnification into account) as described in
ref. [167]. Cell area of astrocytes was recorded from the green channel
using the threshold function to generate particles that were manually
dispersed across the image until good coverage was achieved. The total
number of focal adhesion points per cell and their length were quantified
by direct scoring with a four pixel-wide line on the FITC channel as
previously described in ref. [7] using Image] software (National Institutes
of Health, USA).

Images of immunolabeled hippocampal dissociated cultures were
acquired using a Leica DM6000 Epifluorescence Microscope either
at 10x or 20x magnification (dry objectives, and 0.5 NA respectively).
Eight fields per culture from three different culture series were
collected. In addition, a Nikon C2 confocal microscope was used to
acquire higher quality images at 40x magnification (dry objective) to
obtain a morphological insight of stained cells. Analysis and images
reconstruction were accomplished using NIS-Elements AR (Niken),
Velocity (PerkinElmer), and Image) (NIH) software.

Biological Characterization—Cytokine Inflammatory Panel: The cytokine
multiplex assay was performed on primary VM cell mixed population
supernatants collected at three, seven, and ten days in culture grown
on all experimental groups, controls, and inflamed control. ELISA
proinflammatory panel 2 (Rat) (Meso Scale Discovery, UK) cytokine
(IL-6, IL-18, TNF-o, IFN-Y, KC/GRO, IL-4, IL-5, IL-13, IL-10) assays
were performed according to the manufacturer’s instructions, using six
replicas and without adjustments to the recommended standard curve,
and sample dilutions. Briefly, 150 pL of blocker H was added on each
well of ELISA proinflammatory plate and incubated at room temperature
with fast shaking for 1 h. In parallel, in a separate provided plate, an
initial 1:2 dilution of samples and culture media were prepared and
put under shaking for 15 min. The ELISA preinflammatory plate was
then washed three times with at least 150 pL of wash buffer (PBS with
0.05% TweenZ20) and subsequently, the diluted sample mixed from the
additional plate provided was transferred to the ELISA proinflammatory
plate with the addition of 25 pL of diluent 40. Incubation at room
temperature with shaking for 2 h was then carried out. The ELISA
proinflammatory plate was further washed three times with PBS-
tween20, and 25 L of 1x detection antibedy solution was added in each
well and incubated at room termperature with shaking for 2 h. The ELISA
proinflammatory plate was washed three times and further added 150 pL
of 2 read buffer T in each well for plate reading using the QuickPlex SQ
120 multiplexing instrument from MSD.
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The STRING (Search Teel for the Retrieval of Interacting Genes)
database http://string-db.org search was performed for known protein
interactions adopting a confidence score >0.7 as the threshold to assess
associations.

Calcium Imaging: Hippocampal dissociated cultures were loaded
with cell permeable Ca?* dye Oregon Green 488 BAPTA-1T AM
(Molecular Probes), 10 pL dimethyl sulfoxide (DMSO) (Sigma-
Aldrich) was added to the stock 50 pg of the dye, and cultures
were incubated with a final concentration of 4 x 10 m for 30 min
at 37 °C, 5% CO; as detailed previously in ref [7]. Samples were
thereafter placed in a recording chamber mounted on an inverted
microscope (Nikon Eclipse Ti-U). Cultures were continuously perfused
at 5 mL min' rate and at room temperature with extracellular
solution of composition (mm): 150 NaCl, 4 KCl, 2 CaCl,, 1 MgCls,
10 HEPES, 10 glucose (pH adjusted to 7.4 with NaOH, esmolarity
300 mOsm). Ca®* dye was excited at 488 nm with a mercury lamp,
excitation light was separated from the light emitted from the sample
using a 395 nm dichroic mirror and ND filter {1/32). Oregon loaded
cultures were observed with a 20x objective (0.45 NA PlanFluor) and
images were continuously acquired (exposure time 150 ms) using an
ORCA-Flash4.0 V2 sCMOS camera (Hamamatsu). The imaging system
was centrelled by an integrated imaging software (HClmage Live) and
the camera was set to operate on 2048 x 2048 pixels at binning four.
After 8 min of spontaneous activity recording, 1 x 1076 1 TTX (a voltage-
gated, fast Na+ channel blocker, Latoxan) was added to confirm the
neuronal nature of the recorded signals. Three fields from each sample
{two samples per condition) were recorded and 8 + 2 cells from each
recording were selected by drawing ROIs around cell bodies, as depicted
in Figure S9A (Supporting Information). Images were analyzed with
both Image| software (NIH) and Clampfit software (pClamp suite,
10.4 version, Axon Instruments) in offline model'®l The difference
between peaks consecutive onset times were computed, to obtain the
IEL. Intracellular Ca?* transients were expressed as fractional amplitude
increase (AF [Fg, where Fy is the baseline fluorescence level and AF is the
rise over baseline), the onset time of neuronal activation was determined
by detecting those events in the fluorescence signal that exceed at least
five times the standard deviation of the noise.

Statistical Analysis: All data presented here were confirmed using at
least three replicates for each of the test groups and control groups.
The results are expressed as the mean of the values + standard error of
the mean. One-way AN OVA followed by a Bonferroni test was performed
to determine the statistical significance (p < 0.05), unless otherwise
stated.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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and Laura Patrussi ™
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Trieste, laly

By preserving cell viability and three-dimensional localization, organotypic culture stands
out among the newest frontiers of cell culture. It has been successfully employed for the
study of diseases among which neoplasias, where tumoral cells take advantage of the
surrounding stroma to promote their own proliferation and survival. Organotypic culture
acqguires major importance in the context of the immune system, whose cells cross-talk
in a complex and dynamic fashion 1o elicit productive responses. However, organotypic
culture has been as yet poorly developed for and applied to primary and secondary
lymphoid organs. Here we describe in detai the development of a protocol suitable
for the efficient cutting of mouse spleen, which overcomes technical cdifficulties related
to the peculiar organ texture, and for optimized organotypic culture of spleen slices.
Moreover, we used microscopy, immunofluorescence, flow cytometry, and gRT-PCR
to demonstrate that the majority of cells residing in spleen slices remain alive and
maintain their original location in the organ architecture for several days after cutting.
The development of this protocol represents a significant technical improvement in the
study of the lymphoid microenvironment in both physiological and pathological conditions
involving the immune system.

Keywords: organotypic culture, spleen, vibratome, precision-cut, white pulp, red pulp, lymphoma

INTRODUCTION

Organotypic culture has emerged as a powerful technique which allows the analysis of tissue
behavior in a variety of conditions. Initially developed as an alternative to classical 2-D in
vitro culture of neurons, slices obtained by sectioning the brain region of interest with tissue
choppers allowed to maintain neurons alive outside of the body and were found to be suitable for
electrophysiological studies (1). Preparation and in vitro growth of these slices were progressively
optimized to be maintained in culture for several days thanks to the introduction of modern tissue
choppers such as vibrating microtomes, that produce thinner and less damaged slices, and tissue
support systems, such as agarose, to preserve the 3-D organization of the tissue (1, 2).

Organotypic culture has been extended to several other organs of the neuroendocrine
system (1) and, more recently, to tumor-derived tissues (3). Of note, only one report describes
the application of this technique to lymphoid tissues of human origin (4), notwithstanding
the wealth of information generated over the last decade on the complex interactions that
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occur among immune, stromal, and cancer cells (5, 6). Cancer
immunotherapies, now applied to a variety of cancers, often
result in heterogeneous responses, to which the specific features
of the individual tumor microenvironment may contribute (7).
Hence, the optimization of organotypic culture of lymphoid
organs is critically important to understand the immune cell
microenvironment in a variety of tumors.

Efficient preparation of spleen slices faces the challenge posed
by the complex structure and texture of this lymphoid organ. The
spleen is indeed organized as a “tree” of branching arterial vessels,
in which the smaller arterioles end in a venous sinusoidal system.
The organ is surrounded by a fibrous capsule of connective tissue,
from which the connective trabeculae protrude into the splenic
tissue to support vessels (8). Due to this peculiar organ texture,
preparation of spleen slices with a chopper is precluded. Spleen is
crushed by the blade and slices are not useful for further analyses
(unpublished observations).

We developed a new protocol that allowed us to efficiently cut
mouse spleens in intact slices and to maintain these alive and
responsive for at least 48 h, making them suitable for functional
assays. The protocol, that is a modification of protocols developed
to obtain precision-cut slices of mouse brain, liver and lung
(9-11), is based on the sequential following steps: (1) spleen
inclusion into agarose blocks; (2) precision-cut using a vibrating
microtome; and (3) 48-h culture of spleen slices. The protocol
developed for the preparation of organotypic cultures of mouse
spleens has turned out to be a valuable tool to (i) prepare spleen
slices with a sufficient degree of tissue integrity; and (i) maintain
this complex tissue in culture for days, in order to be used for
functional assays.

MATERIALS AND EQUIPMENT
Spleen Harvesting

Scissors, micro-dissecting  forceps, 2-ml  polypropylene
microtubes (Sarstedt), ice box, ice. Culture medium: high
glucose Dulbecco Modified Eaglés Medium (DMEM) (Sigma-
Aldrich) with 2 U/ml penicillin G (Sigma-Aldrich) and 7.5%
bovine calf serum (BCS, Hyclone).

Precision-Cut of Mouse Spleen

Scissors, curved micro-dissecting forceps, scalpel, small spatula,
plastic film, tweezers, agarose, thermometer, microwave,
50ml beaker, milliQ water, phosphate-buffered saline (PBS),
3.5ml transfer-pipette (Sarstedt), Compresstome® VE-300-
0Z Vibrating Microtome with Specimen tube and Syringe
chilling block (Precisionary instruments, Greenville, NC, USA),
diagnostic microscope slides (Menzel Glaser- Thermo Scientific),
pipettes, pipette tips.

Culture of Spleen Slices

Laminar airflow chamber, sterile 48-well plates with flat bottom
(Sarstedt), cell culture incubator with 5% CO;. Culture medium:
high glucose Dulbecco Modified Eagle’s Medium (DMEM)
(Sigma-Aldrich) with 2 U/ml penicillin G (Sigma-Aldrich) and
7.5% BCS (Hyclone).

METHODS

Animals

C57BL/6] mice were housed in a pathogen-free and climate-
controlled (20 £ 2°C, relative humidity 55 £ 10%) animal
facility at the University of Siena. Mice were provided with
water and pelleted diet ad libitum. All cages are provided with
environmental enrichment in the form of nesting material and
mouse houses. Procedures and experimentation were carried
out in accordance with the 2010/63/EU Directive and approved
by the Italian Ministry of Health. Animals were euthanized
and spleens were harvested, immediately transferred to ice-cold
culture medium (see “Materials” section) and stored on ice.

Slice Stimulation, RNA Purification, and
RT-PCR

RNA extractions were carried out on samples composed of
1, 3, or 5 spleen slices. Samples were homogenized in 1.5ml
microtubes using polypropylene double-ended pestle (Sigma-
Aldrich) in 350 pl RLT lysis buffer of the RNeasy Mini
Kit (Qiagen) until completely homogenized. RNA was then
extracted and retrotranscribed as described (12). RNA amount
and quality were assessed using QlAxpert System (Qiagen). Real-
time PCR was performed in triplicate on 96-well optical PCR
plates (Sarstedt AG, Numbrecht, Germany) using S50 FastTM
EvaGreenR SuperMix (Biorad Laboratories, Hercules, CA) and
a CFX96 Real-Time system (Bio-Rad Laboratories, Waltham,
MA). Results were processed and analyzed as described (12).
Transcript levels were normalized to GAPDH. Spleen slices (3
slices per sample) either freshly cut or cultured for 48h at 37°C
in culture medium were stimulated with A23187 (Merck, cat.
C7522, 500 ng/ml) and phorbol 12-myristate 13-acetate (PMA,
Merck, cat. 524400, 100 ng/ml) in culture medium for 6 h at 37°C,
homogenized in 350 pl RLT lysis buffer and RNA was extracted
as described above. Primers used for amplification were: mouse
CCL19 Forward 5™-3', CAA GAA CAA AGG CAA CAG G
mouse CCL19 Reverse 5-3', CGG CI'T TAT TGG AAG CIC
TG; mouse CXCL13 Forward 5-3, CAT CAT GAG GTG GTG
CAA AG; mouse CXCL13 Reverse 5-3', GGG TCA CAG TGC
CAA AGG AAT; mouse GAPDH Forward 5'-3', AAC GACCCC
TTC ATT GAG; mouse GAPDH Reverse 5'-3', TCC ACG ACA
TAC TCA GCA C; mouse IL-2 Forward 5'-3', CCC TTG CTA
ATC ACT CCT CA; mouse IL-2 Reverse 5-3', GAA GTG GAG
CI'T GAA GTG GG; mouse IL-10 Forward 5'-3', CCG GAC
AGC ACA CTT CAC AG; mouse [L-10 Reverse 5'-3', TCC ACC
ATT TCC CAG ACA AC; mouse IFN-y Forward 5'-3', ACT GGC
AAA AGG ATG GTG AC; mouse IEN-y Reverse 5-3', AAACTT
GGC AAT CTC ATG AAT G.

Optical and Immunofluorescence
Microscopy

Spleen slices were carefully placed on diagnostic microscope
slides (Menzel Glaser-Thermo Scientific), left either unlabeled
or stained for 8 min with Trypan blue solution 0.4% (Sigma-
Aldrich) diluted 1:2 in PBS, washed with PBS until complete
removal of the exceeding dye, covered with 24 x 60mm
coverslips (VWR) and observed with SZX12 stereo light

Frontiers in Immunology | www frontiersin.org

March 2020 | Volume 11 | Article 471

192



Finetti et al.

Organotypic Culture of Spleen Slices

microscope  (Olympus) and DMRB  microscope (Leica
microsystems) equipped with Zeiss AxioCam MRc5 digital
camera. Images were processed using the AxioVision Rel
4.6.3. software.

Immunofluorescence microscopy was performed following a
modification of the protocol previously described (13). Briefly,
spleen slices were transferred with a small spatula to 10-well
diagnostic microscope slides (Thermo Scientific), one slice/well,
and incubated for 30min at RT with 30 pl fixation buffer
(4% paraformaldehyde in PBS) in the dark, washed with PBS
and incubated for 30 min at RT with 30 pl permeabilization
solution (PBS 0.1% BSA plus 0.01% Triton X-100). Slices were
then stained with 30 plfwell of either unconjugated primary
Ab or fluorescently labeled Ab in Hanks' salts at RT in the
dark for 2h, washed with PBS and incubated with 30 pl/well
of fluorochrome-conjugated secondary antibodies at RT in the
dark for 2h. Slides were washed with Hanks’ salts; mounting
medium (PBS 90% glycerol) was added and slides covered with
24 x 60mm coverslips (VWR) and sealed with conventional
nail polish. Images were acquired on Zeiss LSM700 confocal
microscope using 63 x, 40 x and 10 x objectives. Primary
antibodies: FITC Rat anti-mouse CD19 (BD Pharmingen, cat.
553758) 1:30 in Hanks' salts; Alexa Fluor 488 anti-mouse CD3e
(eBiosciences, cat. 53-0031-82) 1:30 in Hanks' salts; Rat anti-
mouse ER-TR7 (ABD Serotec, cat. MCA2402) 1:50 in Hanks
salts; mouse monoclonal anti-Follicular DC Marker (Santa Cruz,
cat. sc-58529, Ki-M9R clone) 1:50 in Hanks' salts. Secondary
antibodies: DyLight® goat anti-rat 488 (Bethyl, cat. A110-105-
D2) and 550 (Bethyl, cat. A110-105-D3) 1:100 in Hanks' salts;
Alexa Fluor goat anti-mouse 488 (Thermo-Fisher scientific, cat.
A-11001) 1:100 in Hanks’ salts; isotype control: FI'TC Rat IgG2a
(BD Pharmingen, cat. 553924).

Flow Cytometry, Chemotaxis Assays, and
Trypan Blue Exclusion

Spleen slices were disgregated using 70-pum Cell strainer filter
(BD Falcon™) and 1ml syringe (BioSigma). Cell death was
measured by flow cytometry on slice-derived splenocytes by
quantifying the % of cither Annexin VT /Propidium Iodide
(PI)~ or PIT cells as described (12). Briefly, 2 x 10° cells
were resuspended in 200 pl PBS and stained with Annexin V
FITC (eBiosciences) for 15min at RT. When required, PI was
added to the samples at the final concentration of 10ng/ml
immediately before the flow cytometric analysis using Guava
Easy Cyte (Millipore, Billerica, MA) cytometer. Alternatively,
cells were stained with Annexin V PE (eBiosciences), fixed
(fixation buffer, 4% paraformaldehyde in PBS) and permeabilized
(permeabilization solution, PBS 0.1% BSA plus 0.01% Triton
X-100), and T lymphocytes, B lymphocytes, follicular dendritic
cells (FDC) or reticular fibroblasts were stained with anti-mouse
CD3e (eBiosciences) 1:30 in PBS, Rat anti-mouse CD19 (BD
Pharmingen) 1:30 in PBS, anti-Follicular DC Marker 1:50 in
PBS, and Rat anti-mouse ER-TR7, respectively. Surface CXCR4
and CCR7 were stained with either Rabbit anti-CXCR4 antibody
(Abcam, cat. AB124824), 1:50 in PBS, or Rabbit monoclonal
anti-CCR7 antibody (Novus Biologicals, cat. NB110-55680, Y59

clone), 1:50 in PBS, and Alexa Fluor goat anti-rabbit 488
secondary antibodies (Thermo-Fisher scientific, cat. A-11002)
1:400 in PBS, in combination with PE Rat anti-mouse CD3e
(eBiosciences, cat. 145-2C11, 2C11 clone) 1:30 in PBS or PE
Mouse anti-mouse CD22.2 (BD Pharmingen, cat. 553384, Cy34.1
clone) 1:30 in PBS, and analyzed by flow cytometry. Chemotaxis
assays were modified from the protocol reported in (14). Briefly,
spleen slices were placed on the upper well of Boyden chamber,
and allowed to position over the porous membrane of the insert.
CXCLI12 (Merck, cat. SRP4388, 100 ng/ml) or MIP-3f (Merck,
cat. SRP4495, 100 ng/ml) were diluted in culture medium and
placed in the lower well of the chamber. Cells were allowed to
migrate for 3h at 37°C, then the migrated cells were recovered
from the lower chamber and stained with PE Rat anti-mouse
CD3g (eBiosciences) 1:30 in PBS and FI'TC Rat anti-mouse CD19
(BD Pharmingen) 1:30 in PBS, and analyzed by flow cytometry.
Slice-derived splenocytes were stained for 8 min with Trypan
blue solution 0.4% (Sigma-Aldrich) diluted 1:2 in PBS and
Trypan blue® cells were counted using an optical microscope.
The percentage of dead cells was assessed by calculating the
percentage of Trypan blue' cells over the total cell count.

Statistical Analyses

Mean values, standard deviations and Students f-test were
calculated using GraphPad (Prism 7). A level of p<0.05 was
considered statistically significant.

Stepwise Procedure for Preparation and

in vitro Culture of Spleen Slice

Spleen Preparation for Sectioning

e Lay down spleen on clean plastic film using tweezers or curved
micro-dissecting forceps;

e Carefully remove fat, fur and debris using scissors
and/or scalpel;

o Immediately transfer spleen into ice-cold culture medium
until next step.

Spleen Inclusion into the Agarose Block

o Set up Compresstome™ VE-300-0Z Vibrating Microtome
(Precisionary Instruments, Greenville, NC, USA) following
the manufacturers’ instructions;

e Pre-chill syringe chilling block (Precisionary Instruments,
Greenville, NC, USA) in ice for at least 10 min;

e Wash diagnostic microscope slides (Thermo Scientific) with
MilliQ, then wash with absolute ethanol and allow them
to air-dry;

e In a 50ml beaker prepare 3% agarose solution in MilliQ,
melt it by microwave and allow it to cool down to 45°C
at room temperature, repeatedly checking the temperature
with thermometer and shaking the solution to avoid
agarose clumps;

e Open the provided specimen tube (Precisionary Instruments,
# VE-SPS-VM-12.5) and fill it with 3-4ml of 45°C
agarose solution (Figure 1A). Check the temperature with
thermometer until it reaches 38°C (Figure 1B).
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| &

PBS drops of the microscope slide.

FIGURE 1 | Mouse spleen inclusion in agarose and precision-cut: step-by-step description of the protocol. (A) Syringe chilling block pre-cooling and specimen tube
filing. (B) Agarose temperature checking. (C) Spleen inclusion into the agarose block. (D) Chilling of the spleen-containing agarose block. (E) Extraction of the
agarose block containing the embedded sample. (F,G) Exceeding agarose removal from the agarose block. (H) Specimen tube insertion into the sample housing. (1)
Preparation of the microscope slide with PBS drops. (J,K) Spleen slice preparation and recovery from the buffer tank with a spatula. (L) Spleen slice transfer in the

Carefully pick up the spleen from ice-cold culture medium
using tweezers and rapidly insert it vertically into the agarose-
containing specimen tube. Pay attention to maintain the
spleen in a vertical position during this step (Figure 1C).
Immediately place the pre-chilled syringe chilling block (see
step 3.6.2.2) over the specimen tube and leave immobile for
at least 2min (Figure 1D). This process accelerates agarose
solidification and chills the whole sample.

Preparation of Spleen Slices

e Extract the agarose block containing the embedded sample
from the specimen tube and place it on clean plastic film
(Figure 1E). Proceed to remove the portions of agarose
which do not contain organ portions with the scalpel,
carefully placing the blade perpendicular to the agarose block
(Figures 1EG). Place the carved agarose block back in the
specimen tube. This step allows the specimen tube containing
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agarose-embedded full-length spleen to fit with the Motor Box
plunger of the Compresstome.

o Insert the specimen tube in the housing and fill the buffer tray
with sterile PBS (Figure 1H).

o [norder to obtain non-damaged spleen slices, set the cut speed
to the minimum and the blade oscillation to the maximum in
the instrument control box. Importantly, set the slice thickness
to ~ 230 pum. This is absolutely required to obtain good quality
spleen slices. Lower thickness results in profound damage of
the spleen structure, while higher thickness does not allow
microscope abservation and analyses.

e Proceed to spleen slice preparation following the technical
instructions provided by the manufacturer.

e While proceeding with tissue cut, place 4-5 drops of PBS
in each washed microscope slide with a 200 pl pipette
(Figure 1I).

& Recover spleen slices using a spatula (Figures 1],K) and
transfer them in the PBS drops (Figure 1L), carefully removing
any trace of agarose.

Culture of Spleen Slices

o Transfer slices from the microscope slide to a sterile 48-well
plate with flat bottom (Sarstedt) containing 100 pl culture
medium in a laminar airflow chamber under sterile conditions
(one or more slides per well).

e Maintain in cell culture incubator at 37°C and with 5% COa.

e Check the volume of culture medium every day and be careful
not to exceed 100 pl to avoid oxygen deprivation. In case of
evaporation, add just the culture medium amount required to
cover the slice.

Critical Parameters and Trouble Shooting
The efficiency of the whole process primarily depends on
step 3.6.2., which describes the building of the agarose block
containing the spleen (Figures 1A-D). The temperature of the
agarose solution must not exceed 40°C and should ideally be
maintained around 38°C to avoid organ damage. Moreover,
this temperature allows optimal insertion of the spleen into the
agarose, which then quickly polymerizes thereby maintaining the
organ in the exact position and vertical orientation where it was
placed. This is particularly important since this bean-like organ
tends to rotate and lie down over the specimen tube when the
agarose solution is too fluid, thereby precluding well-oriented
spleen cut.

Non-intact slides, such as slides with breaks in the
spleen capsule, must not be used for further analyses since
they do not maintain the original organ architecture and
they rapidly crinkle. In order to preserve slice integrity,
fat and other debris must be removed from the spleen
before cut, and air bubble formation in the agarose during
the inclusion step must be avoided. Small bubbles are
nevertheless quite common since tweezers, sometimes
immersed for a few seconds into agarose to maintain the
spleen vertical, generate bubbles when extracted from the
solidifying agarose.

Although some slices are still included in the polymerized
agarose when transferred to the PBS-containing buffer tray,

the majority detach from the agarose disk during cut and
float in the PBS, making it extremely hard to retrieve
them without inflicting severe damages to the organ
structure. We adjusted this step of the protocol using a
small spatula to get close to and capture even the smaller
PBS-floating slices.

RESULTS

Spleen Slices Cultured for 48 h in vitro

Preserve Organ Integrity

Slices obtained applying the protocol described in the “Methods”
section were transferred to diagnostic microscope slides and
either left unstained or stained with Trypan blue. Optical
microscopy was used to evaluate organ architecture. As shown
in Figure 2, fresh slices were intact and the splenic structure was
unaffected by the cut, with red pulp spacing out wide white pulp
areas (Figure 2A).

Slices were cultured for 24, 48, 72, and 96h in 48-well
plates at 37°C with culture medium, one slice per well
To evaluate whether the in vitro culturing procedure affects
organ architecture, cultured slices were transferred to diagnostic
microscope slides and subjected to optical microscopy. As
shown in Figure 2, slices cultured for 24 and 48 h were intact
and both the splenic structure and the red-white pulp ratio
remained almost unchanged when compared to fresh tissues
(Figures 2B,C). Beginning from 72 h we observed a high degree
of disruption of the slice architecture with wide necrotic zones
affecting both the red and the white pulp (Figure 2D) and small
ruptures lacerating both the organ texture and the surrounding
capsule (see dashed rectangles in Figure 2D), possibly due to
extreme slice fragility. We were unable to perform optical
microscopy of 96 h-cultured slices, which were extremely
damaged during their transfer to the microscope slides (data not
shown). Our data suggest that 48h is the longest time point of
in vitro culture which maintains unaffected the architecture of
spleen slices.

48 H-Culture Does Not Significantly Affect
Cell Viability of Spleen Slice Cells

In an attempt to understand whether 48 h-cultured slices also
maintain a reasonable degree of cell viability, we analyzed
cell death in spleen slices either freshly prepared or cultured
for 24, 48, 72, or 96h at 37°C. Slices were transferred to
diagnostic microscope slides, either left unstained, or stained
with Trypan blue and then analyzed by optical microscopy.
Trypan blue staining of spleen slices showed substantial non-
specific staining of the trabecular outer capsule, which occurred
independently of the culture time (Figures 3A-D). Trypan blue-
positive cells could be observed in both red and white pulp
of fresh slices (Figure 3A) and in samples cultured for 24 and
48 h, where staining was not significantly different from staining
performed on fresh samples (Figures 3A-C). [n contrast, spleen
slices cultured for 72 h showed stronger Trypan blue positivity
(Figure 3D), which suggests a high degree of cell death. As
reported above, we were unable to perform Trypan blue staining
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24 hour-cultured slice

48 hour-cultured slice

200 pm

200 pm

Size bars are indicated.

FIGURE 2 | 48 h-cultured spleen slices maintain unaltered their architecture. (A-D) Images obtained by stereomicroscopy (upper panels) and optical microscopy
(lower panels) of spleen slices either immediately after cutting (A) or after in vitro culture for 24 (B), 48 (C), and 72 (D) hours. Representative images are shown (n = 3).

in 96 h-cultured slices, since they broke down during their
transfer to the microscope slides.

To quantify the extent of cell death, freshly prepared or
cultured spleen slices were disgregated and Trypan blue exclusion
assays were performed. In line with the results obtained by
optical microscopy, the percentages of Trypan blue® cells in

24- and 48 h-cultured slices were comparable to fresh tissues,
while longer culture times elicited significantly higher positivity,
with a very high percentage of Trypan bluet cells in 96 h-
cultured slices, indicating a high degree of cell death in slices
cultured for over 48h (Figure 3E). The extent of cell death
was also quantified by flow cytometry in spleen slices either
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FIGURE 3 | 48 h-culture does not significantly increase cell death of spleen slices. (A-D) Optical microscopy pictures of spleen slices either immediately after cutting
(A) or cultured in vitro for 24 (B), 48 (C). and 72 (D) h and stained with Trypan blue. Representative images are shown (n = 3). Size bar, 200 um. (E) Trypan blue
exclusion assay performed on spleen slices disgregated either immediately after cutting (0) or after in vitro culturing for 24, 48, 72, and 96 h, stained with Trypan blue
and counted by optical microscopy. The data are presented as the percentage of Trypan blue™ cells over total cells (n = 3). Mean =+ SD. Student’s t-test; *'p <

96 h

freshly prepared or cultured for 24, 48, 72, or 96h at 37°C,
disgregated and stained with Annexin V and PI. As shown in
Figure 4, slices cultured for 24 and 48 h showed percentages of
PI* dead cells, as well as of Annexin V/PI™ early apoptotic cells,
comparable to freshly cut slices (Figures 4A-C). By contrast, the
percentage of Annexin V*+/PI~ early apoptotic cells and, to a
higher extent, of PI™ dead cells increased in slices cultured at
37°C for longer times (Figures 4A-C). These results indicate
the beginning of the deterioration process in slices subjected to
prolonged in vitro culture. To investigate whether the viability

of the different cell types present in the slices was differentially
affected during slice culture, we carried out a flow cytometric
analysis of spleen slices either freshly prepared or cultured
for 48 or 96h at 37°C, disgregated and stained with PI in
combination with antibodies against CD3, CD19, and FDC,
which specifically stain the spleen-resident T cells, B cells and
FDCs, respectively. As shown in Figure4D, the deterioration
process equally affects all cell types analyzed. Staining of spleen-
resident reticular fibroblasts was carried out using an antibody
against the specific cytoplasmic marker ER-TR7. This requires
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FIGURE 4 | 48 h-cutture does not selectively affect the viability of cell types within spleen slices. (A-C) Flow cytometric analysis of the percentage of Annexin '+ cells
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plasma-membrane permeabilization, which prevents labeling of
dead cells with PL To overcome this limitation the relative levels
of death in spleen-resident cell populations was also evaluated
by staining slice-derived cells with the surface apoptotic marker
Annexin V in combination with antibodies against CD3, CD19,
EDC, and ER-TR7. As shown in Figure 4E, the percentage of
Annexin V* cells was similar among cell types and did not
significantly change compared to total cells. Collectively, our data
demonstrate that while 48 h-cultured slices maintain the correct
tissue organization and do not display an enhanced degree of
cell death compared to freshly cut slices, 72 h-cultured slices
appear significantly damaged, indicating that spleen slices can be
maintained in culture for no more than 48 h, at least in the culture
conditions used.

Spleen Slices Cultured for 48 h in vitro
Maintain the Tissue Localization of Cell

Populations

The lymphoid tissue that constitutes the white pulp is organized
around the arterial vessels in T- and B-cell compartments,
whose maintenance is controlled by specific chemokines that
attract T and B cells to their respective localization (8, 15).
To evaluate the localization of immune cells and to assess the
extent of organ texture degeneration in spleen slices subjected
to prolonged in vitro culturing, cell distribution was assessed
by immunofluorescence in spleen slices either immediately
after cutting (fresh slices) or cultured for 48h at 37°C in
culture medium (Figures 5A-] and Supplementary Figure 1). In
fresh slices immune cells were mainly distributed in lymphoid
compartments, with T cells localized in T cell areas (Figure 5A,
dashed rectangle), B cells mainly confined to germinal centers
(Figure 5C, dashed rectangle), with a framework of ER-TR7-
secreting reticular fibroblasts and FDC surrounding the marginal
zones (Figures 5A-E). This structure was maintained almost
unchanged in slices cultured for 48h (Figures 5F-J), although
we observed a partial decrease in the size (panel G) and/or
cellularity (panels G-I) of white pulp areas, which might be
accounted for by a partial loss of non-adherent lymphocytes
in the culture medium. These results, together with the fact
that we were unable to perform the immunofluorescence
analysis of 96 h-cultured slices due to their high degree of
degeneration, suggest that 48 h-cultured spleen slices are suitable
for functional assays.

RNA Extracted From 48 H-Cultured Spleen
Slices Is Suitable for gRT-PCR Analysis

RNA was extracted from homogenates obtained from 1, 3,
and 5 spleen slices either immediately after cutting (0h) or
maintained in culture for 48 and 96h. RNA was quantified and
its quality checked using QIAxpert System (Qiagen). As shown
in Figure 6A and in Table 1, the amount of RNA was very low
when extracted from 1 slice immediately after cut. Conversely,
both the yield and the quality of RNA extracted from 3 and 5
slices were sufficient to allow for retrotranscription (Figure 6A
and Table 1). Similar results were obtained when we analyzed
samples cultured for 48 h, where we observed a limited decrease

150 | 1 slice

—_— @ 3 slices

0 5 slices

100

50

48 hour-cultured 72 hour-cultured
slices slices

m fresh slices
O 48 hour-cultured slices

AACt ratio mRNA

CXCLY

CXCLI3

FIGURE 6 | 48 h-cultured spleen slices show a slight decrease in ANA yield
and quality. (A} RNA concentration in sarmples from 1, 3, or 5 spleen slices
homogenized in RNA extraction buffer either immediately after cutting or after
in vitro culturing for 48 and 72 h. The measurement of RNA concentration was
performed using QlAxpert Systemn (Qiagen). (B) Quantitative RT-PCR analysis
of CCL18 and CXCL13 mRANA in samples from 5 spleen slices homogenized
either immediately after cutting or after in vitro culturing for 48 h. The relative
gene transcript abundance was determined on triplicate samples using the
ddCt methad. Gapdh was used as housekeeping gene. Mean £ SD.
Student’s t-test; *p < 0.001; *p < 0.01; *p < 0.05.

TABLE 1 | Yield and quality of RNA isolated from spleen slices (1, 3, or 5
slices/sarmple) immediately after cutting or cultured for either 48 or 96 h.

slice Culture  RNA  Impurities Residue A260 A260/A280
number  time (hours) (ng/pl)  (A260) (%)

1 0 1.2 043 1.4 0.71 1.83
3 0 832 0.00 04 208 206
5 0 121.2 0.01 03 428 208
1 48 /A 0.1 2.7 0 0
3 48 51.4 0.02 0.9 132 213
5 48 910 0.00 05 227 210
1 96 /A 0.00 26 000 0
3 96 1.3 0.01 08 081 217
5 96 323 0.02 07 080 211

in both yield and quality of RNA (Figure 6A and Table1). As
expected, RNA recovery in 96 h-cultured slices was very low
(Figure 6A and Table 1). Based on these results, the quality of
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FIGURE 7 | the lower wells containing 100 ng/ml CXCL12 or MIP3-p. Cells recovered from the lower wells were stained with PE anti-CD3 and FITC anti-CD19
antibodies and counted by flow cytometry. The data, obtained on duplicate samples from each spleen slice, are presented as mean migration index {ratio migrated
cels in chemokine-treated vs. untreated samples) + SD. (B) Fow cytometric analysis of the percentages of CXCR4™ or CCR7™ T lymphocytes (stained with anti-CD3
antibodies) and CXCR4™ or CCAY ™ B lymphocytes (stained with anti-CD22 antibodies) in spleen slices disgregated either immediately after cutting (fresh) or after in
vitro culturing for 48 h. The data are presented as the percentage of either CXCR4™ or CCR7~ cells over total CO3™ or CD227 cels (0 = 3). (C) Quartitative RT-PCR
analysis of IL-2, IL-10, and IFN-y mRNA in samples from 3 spleen slices stimulated for 6 h with 500 ng/ml A23187 (A23) and 100ng/ml PMA (A2534+PMA) or with
carrier (DMSO) either immediately after cutting or after in vitro cutturing for 48h and then homogenized for RNA extraction. The relative gene transcript abundance was
determined on triplicate samples using the ddCt method. Gapdh was used as housekeeping gene. Mean + SD. Student’s ! test; ™"p = 0.001; "p = 0.01; "p = 0.05.

the RNA was assessed by qRT-PCR analysis on RNA obtained
from 5 slices either fresh or cultured for 48h. In order to
define the sensitivity of the assay, the transcripts encoding for
the chemokines CCL19 (CC-chemokine ligand) and CXCL13
(CXC-chemokine ligand) were selected, due to their very
low expression levels in lymphoid tissues under physiologic
conditions (16). GAPDH was used as the housekeeping gene.
The transcripts for both CCL19 and CXCL13 were easily
detectable in fresh slices and were still clearly detectable in slices
cultured for 48 h, although slightly decreased (Figure 6B) despite
the lower RNA yield of these cultured samples (Figure 6A).
Collectively, our data highlight the advantages of the new method
described here to obtain live spleen sections which preserve
both structure and cell viability and that can be used for
functional assays.

Spleen Slices Cultured for 48 h in vitro Are
Responsive to Exogenous Stimuli

We assessed whether 48-h in vitro culturing preserves the
responsiveness of spleen slices to exogenous stimulation. The
chemotactic ability of cells within spleen slices either immediately
after cutting or cultured for 48h at 37°C was analyzed by
Transwell assays. Intact slices were placed on the upper wells of
Boyden chambers and cells were allowed to migrate to the lower
wells toward the chemokines CXCL12 or MIP-3f8, which bind
the respective lymphocyte-specific receptors CXCR4 and CCR7
(17). Migrated T and B cells were then stained with anti-mouse
CD3 PE and anti-mouse CD19 FITC antibodies and quantified
by flow cytometry. As shown in Figure 7A, chemotaxis of both
T and B cells toward MIP-3p (Figure 7A) was barely affected by
in vitro culturing, as was surface CCR7 (Figure 7B). CXCL12-
dependent chemotaxis, although still clearly detectable in 48 h-
cultured slices, was slightly decreased (Figure 7A), however this
was likely the consequence of a loss of surface CXCR4 rather
than a loss of responsiveness (Figure 7B). Hence, cells residing
in slices cultured in vitro for 48 h maintain their responsiveness
to chemotactic stimuli.

Freshly cut and 48 h-cultured spleen slices were also
analyzed for their ability to respond to the non-specific
mitogenic combination of the Ca’t ionophore A23187 and
PMA. As a read-out of cell stimulation, we quantified by
qRT-PCR the mRNA levels of the cytokines IL-2, IL-10,
and IFN-y, which are expressed in lymphocytes and stromal
cells following mitogenic stimulation (18, 19). As shown in
Figure 7C, both freshly cut slices and slices cultured in vitro
for 48 expressed enhanced amounts of the analyzed cytokines
following stimulation. Interestingly, while IFN-y expression

was lower in the 48-h in vitro cultured slices compared to
the freshly cut ones, the expression of both IL-2 and IL-10
was unaffected by in vitro culturing (Figure 7C). Collectively,
these results demonstrate that spleen slices cultured in vitro
for 48h are suitable for functional assays and retain the
sensitivity to exogenous stimuli similar to freshly prepared
spleen slices.

DISCUSSION

Here we set up a method that allows for the efficient precision-
cut of mouse spleens to obtain non-damaged, live slices for
organotypic spleen culture. We furthermore optimized the in
vitro culture of these slices. We show that spleen slices can be
maintained in culture for 48h without marked loss of organ
architecture and with a minimalloss of cell viability, which allows
to perform functional assays on slices treated in vitro. Moreover,
the quality of the RNA isolated from cell homogenates of 48
h-cultured slices is sufficient to allow for the amplification of
low-abundance chemokine transcripts.

Organotypic culture technology is routinely used to perform
organotypic culture of central nervous system sections (20,
21). However, its application to lymphoid organs has lagged
behind. We found only one paper describing this technique
on human spleen and lymph node biopsies, where the authors
obtain slices not <400 pm-thick which survive in culture for
up to 1 week (4). The method we propose, which produces 230
pm-thick spleen slices or lower, represents a new application
of this technique that meets the need to provide an easy-
to-handle way to simulate the 3-D context of the immune
system where all cellular components are represented in the
respective physiological locations. The limited thickness of the
slices that we obtain will be useful for treatments in vitro,
which can easily reach the whole depth of the slices. However,
the standard conditions that we apply for the in vitro culture
of spleen slices do not allow us to maintain tissue slices
viable for longer than 48h, as instead reported by Hoffmann
and colleagues for human lymphoid biopsies (4), possibly due
to insufficient oxygen perfusion. Organotypic culture often
requires dedicated culture media supplemented with specific
nutrients or growth factors (22, 23). Optimizing the in vitro
culture protocol may help prolonging the viability of vibratome-
generated, thin spleen slices for longer-term functional assays
in vifro.

Studying the response of immune cells within their
microenvironment has become a central requirement for the
development of personalized immunotherapy-based treatments
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against cancer (24). It is noteworthy that, among recent technical
advances, new miniaturized “organ-on-a-chip” cultures were
introduced in an attempt to recapitulate in vitro the organ
environment by mimicking blood flow through microfluidic
systems (25, 26). However, the high costs of this technique
preclude its generalized exploitation. By comparison, the
organotypic culture represents a cheap, easy-to-handle method
to study in vitro the interplay among the cellular components
of the stromal microenvironment in both physiological and
pathological settings and to test the immune cell response
to drugs.
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CONCLUSIVE REMARKS

Nanotechnology applications to neuroscience have prompted neurobiology research
towards previously unexpected possibilities. If on one hand it provided precious tools
to finely dissect cell physiology, mechanics and biophysics, on the other, it permitted
an unprecedented level of targeting to neural components [105198,312.475], To date, our
understanding of CNS cells interaction with the world at the micro and nano scales is
supporting the design of clinically oriented neural technologies able to raise not only
our knowledge on neurophysiology, but also our capability of approaching to
neurological disorders care [196:476:4771. The bibliographic work done in this thesis seeks
to recapitulate the reasons of neurobiology’s need for nanotechnologies input, the main
criteria that implantable materials should meet to interface the CNS and their role in
tuning certain physiological or regenerative functions. A mention to available
electroceuticals and neural prosthesis is also provided, together with an overview of

the future perspectives of this expanding field.

The results I obtained and presented in the previous section contain some encouraging
findings, possibly laying the groundwork for further investigations or perhaps
prompting towards rational design of neural devices. The consolidated CNTs effect of
promoting axonal sprouting and fibers elongation have been challenged in a well
characterized model of lesion across the entorhinal-hippocampal complex in
organotypic slices. In particular, the main excitatory cortical inputs to the dentate
gyrus (the perforant path) were studied by LFP recording and focal electrical
stimulation over a transparent carpet of CNTs. The characterization of such

connections in intact explants highlighted that CNTs retain the potential for increasing
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the synchronization of signals conveyed across this pathway, which might represent a
potential tool to investigate seizures formation in vitro. Remarkably in severed
explants where entorhinal cortex and hippocampal formation were outdistanced at
about 0.5 mm, CNTs induced a dramatic fiber sprouting resulting in the functional
reconnection and restoration of the excitatory pathways. Indeed, in an additional study
we pointed out that CNTs site-selective growth on micropatterns create a favorable
environment for neuronal cells which preferentially elongate over CNT stripes. In the
same study we also showed that these carbon nanostructures tightly interacting with
neuronal membranes are suitable to produce evoked network responses, which just
confirms and stresses the potential of this nanomaterial for neuroprosthetics design.
Of course, nanometric features offered by CNTs are not the unique way to provide
topographical support to neuronal cells [122.140], In the framework of the ByAxon project
I investigated neuronal networks interaction with fakir bed-like nanostructures,
namely vertical metallic nanowires (Au-NWs) and polymer composite nanopillars (PS-
CNT-NP), as a tool to positively impact neural electrode design. Interestingly, when
dissociated hippocampal cells were plated and grown onto selected nanotopographies
modulation of neuroglial cells adhesion was observed, with no repercussion on
neuronal densities. Such an evidence was encouraging given the drawbacks related to
astroglia-mediated electrodes encapsulation upon implantation [68l. Importantly,
these observations always associated with sustained synaptic activity (in Ca2+ live
imaging), but also with appropriate cell architecture and absence of cell damage. Both
neurons and astroglia isotropically extended their branches over these vertical
nanostructures, with the astrocytic component visibly shapeshifting from more
flattened to more stellate and branched morphology, likely intending to establish the

required physiological interaction with neuronal synapses [478]. In the case of polymeric
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nanopillars, patch-clamp recordings in voltage mode were used to address the
increased synaptic performance of interfaced neurons, which relied on a synaptogenic
effect of the polymeric nanopillars. Finally, both metallic NWs and PS-CNT-NP were
used to deliver electrical stimulation and evoke neuronal network activity, ultimately
demonstrating their applicability for neural electrode fabrication. In subsequent
experiments across the same project I approached other culture models such as
transverse and longitudinal spinal cord slices. With these preparations long-term
responses of the tissue to artificial materials can be easily addressed by
electrophysiological means and immunolabeling. I therefore explored fiber bundles
elongation and activity over polymeric micropatterned surfaces (polystyrene and
PDMS) using transversal DRG-spinal cord slice cultures, which showed thicker and
longer bundles formation compared to control (flat) surfaces. Indeed, if allowed to
grow in pairs, spinal slices reconnected over considerable lengths (about 2 mm) by
extending their fibers. This seemed to occur in two different fashions with PDMS
patterns forming thicker bundles, while PS ones showing more widespread thin fibers
elongation. It must be considered that, given the comparable grooves pitch (20 um) of
the two micropatterned polymers, these first glance observations might be due to the
different stiffnesses of the two materials (PS > PDMS), indicating another important
feature that needs to be investigated to provide a deeper understanding of neuron-to-
nanomaterial interaction [479:480], To conclude, the most ambitious attempt of this work
regarded one of the biggest challenges in neuroscience: highly selective/minimally
invasive neural activity recording. Nowadays, such a goal appears as a viable route,
which will dramatically impact neurobiology and neurotechnology in the very next
future [199:481], In this context, I explored the possibility to use cutting edge technologies

enabling magnetic field sensing at room temperature, for the recording of very small
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field variations resulting from neural activity in spinal cord organotypic slices. Despite
the irregular reproducibility of the measurements, some recordings provided
promising results where spinal network activity (monitored also by Ca2* imaging or
electrophysiology) was correlated to magnetic signals of neuronal origin, as confirmed
by tetrodotoxin application at the end of each experiment. Importantly, in independent
experiments I could use these signals to evoke neuronal activity in the premotor region
of a spinal cord organotypic slice, by presenting trains of the magnetic waveform to
DRG neurons, thereby recruiting sensory pathways and entraining neurons in the
ventral horn. These last experiments are sufficient to motivate and encourage the
development of magnetic sensor-based neural recording devices with diminished

invasiveness.

The overall thematics tackled in this work should be intended as the starting point to
the long path required for neural prosthesis formulation, design, engineering and
testing. Technological advances and researchers’ efforts from the various subfield
related to neuroscience will hopefully lead this discipline to a rapid evolution,
providing previously unexpected tools to face the most impairing neurological

disfunctions.
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