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Abstract 

Bioelectronic devices interact directly with biological systems to monitor cellular electrical activity 

and promote cell reaction to electrical stimulation. The capabilities of such devices, in terms of 

recording and stimulation, are affected by the effective cell-platform coupling. Therefore, during 

the last years, the development of engineered 2.5-3D micro and nanostructures has improved the 

effectiveness of biosensors using protruding structures to achieve a more intimate contact 

between cells and substrates. The vertical structures, due to their surface curvature, can actively 

modulate the cell-material interaction and the coupling conditions by regulating peculiar cellular 

processes at the interface such as membrane bending, ruffling, which ultimately reduce the 

distance between the electroactive materials and the biological components. 
In parallel, the rising of carbon-based materials (i.e., graphene) for bioelectronics has gained 

attention during the last years because of their outstanding chemical properties which allow 

improved cell-device interfacing. Given this scenario, 3D out-of-the-plane graphene structures has 

been designed and grown on planar platforms, exploiting the electrical, mechanical and optical 

features of this promising material. 3D fuzzy graphene (3DFG) and two nanowire-templated 

arrangements (NT-3DFG collapsed and non-collapsed) were realized to ultimately increase the 

dimensionality at the interface with cells through nanoscale features and wire-based 

architectures.  

Here we report a comprehensive study of the electrogenic cells-material interface by using 

fluorescence and electron microscopy for characterizing cell-graphene materials interactions at 

micro and nanoscale. First, we investigated the biocompatibility and the adhesion effect (cell 

stretching and outgrowth) of the diverse graphene-based pseudo-3D surfaces coupled to 

cardiomyocytes-like cells and primary cortical neuronal cells. Then, we examined the membrane 

deformation and the actual cell-device coupling via scanning electron microscopy/focused ion 

beam sectioning. We found out an enhanced cells adhesion on the substrates, suggesting that out-

of-the-plane platform could improve the coupling between cells and sensors not only for 

electrophysiology application but also to modulate cellular functionalities and outgrowth.  
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Chapter 1: Introduction. 

1.1   Bioelectronics. 

1.1.1 Principles of bioelectronics. 

Bioelectronics is an interdisciplinary field where electronic platforms directly interact with biological 

systems to monitor physiological processes or modulate certain functions by the application of electrical 

fields (Figure 1.1). Bioelectronic devices have found major applications in interfacing the brain or the heart 

as the functionalities of these organs are mainly governed by the generation and propagation of electrical 

signals. Thus, motor or visual prosthesis, cochlear implants, deep brain stimulation systems for brain 

applications1, as well as soft electronics with marked abilities in recording depolarization and repolarization 

cardiac cycles, and in registering heart sound analysis as a phonocardiography2, promise to pave the way 

for new real-time diagnosis of critical disorders, but most importantly delivering personalized therapies and 

support to suffering individuals. 

 

Figure 1.1. Overview of the Bioelectronics field. Bioelectronics is the branch of science concerned with the 

application of engineered materials or electronics to interface with living systems. 

 

As a matter of fact, excitable cells, present in the brain and the heart, such as neurons and cardiomyocytes, 

send information and interact with their neighboring cells through the modulation of action potentials 
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which are transient electrical signals crossing the cellular body and plasma membrane (PM) through ion-

specific channels and pumps opening3. The resulting changes of voltage are due to the flow of certain ions, 

whose difference in concentrations provide gradient driving forces (i.e., electrochemical gradient) for them 

to move across the PM. Thus, ionic movements push cells from their resting state to the excited one, from 

which action potential event potentially propagates to adjacent cells3. Therefore, understanding the 

electrical activities of electrogenic cells not only might characterize the metabolism of a single cell, but also 

its network connection. Moreover, a comprehensive study of the cellular electric state might further 

elucidate pathological conditions which comprises impaired electrical activity at cellular and/or cellular 

network level.  

Considering the above, numerous methods of investigation have been developed to study biological 

electrical activities which include non-invasive approaches as electrography4, functional magnetic 

resonance imaging5 or even positron emission tomography, or invasive procedure which directly and 

intimately interface the electronics with the brain tissues or beating heart2 (implantable devices).  

 

1.1.2   In vitro platforms for electrophysiology. 

Bioelectronic devices might be also directly coupled with single cells. In order to investigate their electrical 

activity, in vitro platforms provide recording and stimulation at single cell as well as network level through 

micro and nanofabricated electroactive elements. 

These platforms for cellular electrical activity investigation include, for instance, the exploitation of 

microelectrode arrays (MEAs), substrate-integrated of microscopic electrode arrays, and field-effect-

transistors (FETs), three-terminal devices (source, drain and gate) whose operation is based on the current 

modulation between two terminals through the application of voltage at the third terminal. Both these 

classes of devices have recently gained attention for their ability to facilitate long-term and multi-site 

recordings with sub-millisecond temporal resolution6,7, as well as stimulation with high spatial resolution8 

(single-to-few cells)9. However, the efficiency of these bioelectronic probes is contingent on how good the 

measuring electrode is electrically coupled with cells, the extension of the exposed surface area and the 

impedance value of the electrode6,10. Tuning these parameters might steer toward improved device 

performance.  
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Figure 1.2. Electrical equivalent circuit of the cell-electrode interface.  

Schematics depicts the spatial relationship between a cell and a sensing electrode with  

the analogue passive electric circuit. 

 

From an electrical point of view, the structural relationship between the components of this hybrid system 

(cell, sensing electrode and the gap which separates them) might be modelled with the element of a passive 

electronic circuit, as shown in Figure 1.2. Each cell in contact with an electrode has two different PM 

domains, the junctional membrane and non-junctional membrane, depending on whether the cell 

membrane faces the sensing area or towards the electrolyte solution, respectively. Regardless the specific 

domain, the PM is generally represented by a parallel of the capacitance (C) and the resistance (R), where 

C models the accumulation of charges at the cell-electrolyte solution interface, in contrast R describes the 

opposition to the flow of ions across the electrical charge layer (in Figure 1.2 junctional and non-junctional 

membranes are pointed with the subscripts j and nj, respectively). The intracellular ionic flow is expressed 

as an alternating current power source. Similar modelling was ascribed to the sensing pad, which holds an 

impedance Ze (resulting from the parallel of Re and Ce, where the resistance depends on the material 

properties of the electrodes and the capacitance models the charge accumulation at electrolyte solution-

electrode interface). As depicted in Figure 1.2, the cell and the sensing electrode are decoupled by a spatial 

gap (cleft) filled by the ionic solution. The electrical description of this cleft is given by the seal resistance 

RSEAL, which directly modulates the amplitude of the recorded signal based on its width and the portion of 

electrode surface actually in contact with the cell. Moreover, it is a key actuator of the effective capacitive 

coupling.  
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Hence, in conventional planar bioelectronics, studies revealed a typical gap width ranging 40-100 nm11–13, 

which could reduce the sensitivity of the device to more subtle and critical events, such as subthreshold 

excitatory and inhibitory postsynaptic potentials or subthreshold potential oscillations travelling across the 

membrane6,14. Indeed, theoretically and experimentally, amplitude and shape of the recording signal are 

assessed by the multiplication of RSEAL value and the ion flow that crosses it. RSEAL was estimated to follow 

the ensuing equation, which includes a geometric contribution: 

RSEAL = 
δ

d
  ρS 

where: ρS is the resistivity of the electrolyte solution, d is the average cleft distance and δ represents 

electrode surface fraction in contact with the cell above it cultured10. Bearing in mind that the better 

readout signal results from system configuration which provides higher RSEAL values6,10, recent efforts have 

been made in order to increase RSEAL by acting on both d and δ parameters, which ultimately arise with 

closer approach between sensing platform and the biological part.  

In this direction, bioelectronic devices, which rely on two-dimensional (2D) architectures, show their 

shortcoming effects due to the poor interactions with interfaced cells and tissues and the limited exposed 

surface area6,9,14. Therefore, these 2D architectures, have been gradually complemented by non-planar 

sensing probes14–16. Extending the dimensionality with the introduction of three-dimensional (3D) 

topography at the electrode surface, has effectively addressed the issues of the 2D configurations by 

increasing the exposed electronic surface area at the interface with the cells, enhancing cell-device coupling 

and lowering the total electrode impedance6,10. Moreover, these topographical features might enable 

single-cell sensing which provides not only precise cell-to-electrode registration, but also large signal-to-

noise ratio typically reserved to patch clamp recordings6,16. Indeed, the use of sharp electrodes has the 

striking effect to recreate the concept of the patch clamp technique at the nanoscale. Here, the electrical 

measurements (i.e., voltage or current across the cell membrane) are determined by accessing cell interior 

with an electrode17 and tearing the cell membrane. The resulting physical contact ensures excellent 

electrical coupling, direct cell stimulation, as well as faithful accurate readout of the biological signals with 

a resolution down to the single membrane ion channel. However, these high-fidelity measurements are 

extremely time-consuming and thereby, the procedure is not scalable. In addition, the invasive nature of 

the method limits both the recording time and the observation to only few cells in parallel18.  

Therefore, the rise of 3D bioelectronics has tackled these limitations, and significantly improved the device 

performance in numerous ways. Compared to the patch clamp technique, extracellular 3D electrodes 

prevent mechanical damages to the cell, yet ensuring thigh contact with the biological components6,14,19,20. 

Pillars, mushroom, wires, tubes, or general protruding structures have been designed as means to increase 

[ 1 ] 
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the accessible surface area for the cell that contributes to the double-layer capacitance, as well as 

increment the portion of electrode actually in contact with cells6,14,19,21. Indeed, with out-of-plane electrode 

configurations, RSEAL values account for either the contribution of the cellular adhesion area of the pillar 

stalk and the top area or the enlarged surface area exposed to the cell10, depending on the electrode 

geometry. As a consequence, in comparison to planar electrodes, the gap between micro and 

nanostructured electrodes and cells is drastically reduced from ~ 50 – 200 nm to 5 - 30 nm, as measured 

by microscopy techniques or predicted by numerical simulations10,12,13. Thereby, according to the equation 

[1], RSEAL results to have higher value6,10,11,14,18,22. 

Furthermore, these nano and micro-textured electrodes might be seamlessly integrated into MEA and FET 

circuitry using complementary metal oxide semiconductor (CMOS) process6,19,21. 

Multiple microelectrodes (from ten up to thousands), contained in a single MEA, have been exploited as 

transducer of biological ionic currents across the cellular PM into electronic signals, during the recording 

activities18,22, and as ionic current injector when used in stimulation mode. In parallel, electrochemical 

biosensor based on FET offers high sensitivity, selectivity, and short time response, for extracellular and 

intracellular recording, as well as stimulation18,22. The potential for large-scale multiplexing of signals from 

individual cells or network, offered by both these two electronic architectures, has been even more 

upgraded with the integration of 3D electrodes15,22. Successful examples of 3D integrated topographies into 

MEA was given by Spira and coworkers, who fabricated mushroom-shaped electrodes that protrude from 

the flat surface6,7. With this electrode configuration, resembling the shape of dendritic spines in the 

neuronal tissue, they achieved a 50-fold higher coupling compared to the planar configuration, enough to 

record both action potential and subthreshold synaptic potentials6,7 (Figure 1.3 A). Similarly, Cui’s research 

group developed a nanopillared MEA which used to electroporate and then record cardiomyocytes, above 

them cultured. The resulting transient increase of cell membrane permeability, through the application of 

a local electrical field, enables to capture intracellular electrical activity with a typical positive footprint23 

(Figure 1.3 B). Promising results were achieved with the use of silicon nanowire FET by Patalosky et al.. 

Here, the high-aspect-ratio structures (nanowires) were leveraged as local and non-invasive probes for 

neuronal projections, enabling electrical signals recording, stimulation of the action potential (AP) 

propagation and back-propagation, as well as AP inhibition with a blocking threshold voltage24 (Figure 1.3 

C). Similarly, other different vertical topographies, which comprise, nanowires20,25, tubes or cones19, have 

proven to efficiently record both extracellular and intracellular electrical activities, thanks to the  closer 

contact provided by the PM engulfment of the protruding structures or by external poration 

(electroporation19 or optoporation169). The great potential to design and fabricate protruding electrodes 
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with feature size smaller than the cellular dimension could be further exploited for cellular stimulation16. 

Miniaturizing electrodes, enough to be interface and engulfed by a single cell, might prevent accidental 

haphazard activation of cell, not in direct contact with the stimulating electrode. 3D electrodes ultimately 

improve cell-to-electrode registry and the spatial accuracy of stimulation16.  

Taken together, the advancement in 3D bioelectronics has further pushed the investigation to the cellular 

regimes, hence, achieving the detection of cellular sub-threshold electrical events6, without inflicting 

mechanical damage to the cell’s PM6,14,26. 

 

 

Figure 1.3. Examples of in vitro 3D recording systems. (A) On the left: schematics of a neuron engulfing a 

mushroom-shaped microelectrode, the interaction between the two is stabilized by actin structures, indicated 

by the black circles. On the right: scanning electron micrograph of a gold mushroom-shaped protruding 

microelectrode. Adapted from [6]. (B) On the left: optical image of a nanopillar MEA. On the right: scanning 

electron micrograph of a five vertical nanopillar electrode, with inset of the nanopillar composition. Adapted 

from [23]. (C) Optical image of aligned axon crossing an array of nanowire device. Adapted from [24]. 
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1.2  Cell-material crosstalk: the use of 2.5 and 3D topography. 
Giving this scenario, 2.5 – 3D patterned materials might be optimal candidates to encourage a tighter 

cellular attachment to the exogenous bioelectrical counterpart. Moreover, these out-of-plane materials 

have been shown to modulate certain cellular processes and regulate cell fate. For instance, in vitro studies 

indicated that precise engineering of 2D nanopatterns and 3D nanostructures, with well-defined features 

to interface with cells, has provided structural frameworks on which cellular adhesion may initiate15,27. As 

a matter of fact, cells are able to sense micro and nanofeatures, notably respond to these mechanical cues 

as readily as they do in their original environment15,27. The rationale behind these tenets relies on two basic 

and connected conditions. Firstly, features triggering biological responses have a range size from the nano 

up to the microscale, which makes them in comparable scale to the intracellular machinery, protein 

complexes, or even cell membrane processes (i.e., filopodia, microspikes or rafts), yet far from bulk material 

behavior or simple planar systems15,27,28 (Figure 1.4). As a consequence, a straightforward cellular response, 

in ways specific to the order, shape and scale of the features, directly induces protein activation. 

Secondarily, the gimmick of using protruding structures, to interface with biological counterparts, aims to 

replicate part of topography, cells generally come into direct contact in their original environment. Indeed, 

under in vivo conditions, the modulation of cellular behavior and ultimately its life is supported by the 

dynamic continuous and reciprocal crosstalk with the extracellular environment 29–31. Thereby, extrinsic 

cellular signals, as engaging with adjacent cells (namely membranes with micro and nano-sized features), 

or interacting with geometrically different biomolecules (i.e., pores, fibers or crystals) embedded into the 

extra-cellular matrix (ECM) eventually determine cell fate as equal as the intrinsic cell cues (i.e., information 

from the genetic code)29. 

 

Figure 1.4. Dimension comparison between several biological entities, viruses, proteins, DNA and cells. 
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1.2.1 Engineering cell instructive materials. 

Therefore, the possibility to affect and influence cell functions by externally activating specific molecular 

events at the cell-material interface, as well as the advancement in material sciences and micro/nano 

fabrications15,22,29, paves the way to the generation of new materials – referred to as cell instructive 

materials – purposely envisioned to impart commands and instructions to the cells above them 

cultured30,31. Among them, patterned surfaces encourage to study the role of topography in cell-material 

interaction by focusing on single cell machineries. Hereby, careful design of the structures’ parameters, 

considering as influencing the final target system properties e.g., geometry (height, tip-width, and base-

width), the spacing between the structures (uniform or uneven) and the composition (i.e., the bulk 

material), has led to a smorgasbord of different topographies15. However, the most studied topographies 

comprise grooves and ridge32–35, grids36, upright protrusions and cavities arrays15,37–40. Regardless 

topography-driven response might be cell-specific, as well as depending on feature size and geometry, from 

the emerging literature, we can extrapolate general trends in cell responses41. The immediate consequence 

of the crosstalk with the underneath patterns leads cells to reshape their morphology. Indeed, it is called 

contact guidance the process by which cells start to polarize and then migrate34 or hire a ball-like spheroid 

form37. Cellular reshaping process depends on the local topography of the growth surface and sees the 

succession of mature protein adhesive structures patterning, better-known as focal adhesion (FA), and 

actin polymerization. Thus, groove/ridge configuration provides a longitudinal direction for FA and actin 

fibers to co-align, eventually leading to a cell alignment30,32 (Figure 1.5 A). Instead, reduced growth surface 

provided by pattern with vertical protruding structures is generally accompanied by weak FA formation 

(Figure 1.5 B) and a less organized cytoskeleton30,37,42, with actin architectures similar to a ring at the 

interface with the upright features (Figure 1.5 C)43,44.  
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Figure 1.5. Topography effects on filamentous actin and FA organization.  

(A) Actin cytoskeleton and vinculin spatial organization of human retinal pigment epithelial cells cultured on 

fibronectin coated substrates (flat and 1 μm x 1 μm gratings, above and bottom, respectively). Scale bar 10 

μm. Adapted from [45]. (B) Discrepancies of FA generation and architecture of HUVEC cells: dense vinculin 

structures and diffuse fluorescence signal on flat and nanoneedle-structured growth substrates, respectively. 

Scale bar 25 μm. Adapted from [42]. (C) U2OS cells, cultured on gradient nanopillar array, shows strong 

filamentous actin accumulation on small diameter nanopillars than large ones. Adapted from [43]. 

 

Bearing in mind that actin is an essential component to establish cell shape and cell crosstalk with the 

nanostructures, numerous works reported the reduction of the total long actin fibers in favor of its 

accumulation, when the protruding topography relies on the presence of vertical features42,44,46. This was 

the case of vertical hollow oxide nanotubes connected to subsurface microchannels44, designed by Persson 

et al. to increase the throughput of the biomolecules injection inside cells. Here, fibroblasts interaction with 

nanotubes was supported by clustered actin within 24 hours from plating. Similarly, Hansel et al. employed 

vertically oriented porous silicon nanoneedles as powerful tool to target intracellular organelles for 

studying both molecular and functional consequences of the topography interaction42. Here, dense actin 

rings were localized at the nanostructure’s engagement sites. Consisted with the results of the reported 
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papers, the distribution of actin stress filaments of CHO cells cultured over a silicon nanosponge structures, 

generated to partially resemble in vivo environment, was clustered in a punctuate manner at the contact 

sites of cell-extracellular topography46. Therefore, these examples support the hypotheses that the actin 

cytoskeleton is significantly affected by surface topography.  

In this direction, the comprehensive study, conducted by Lou et al.  shed the light on the molecular origin 

of the actin machinery and reorganization43. Here, the change in the cell PM curvature, due to the 

interaction effect with geometrically structured surfaces (i.e., arrays of SiO2 nanopillars and nanobars) was 

found as precursor of an intracellular signaling cascade that firstly activated the recruitment curvature-

sensing proteins (BAR proteins recruiting and accumulation at pillars tips and around nanobar profiles) and 

then regulated actin polymerization. Where the topography was able to induce a high membrane 

curvature, actin cytoskeleton appeared preferentially as dot on small-dimeter pillars and at the nanobar 

end, and as ring on large-dimeter ones. In addition, the colocalization of FBP17 curvature-sensing BAR 

protein and Arp2/3 actin nucleators, involved into the formation of branched F-actin, substantiates that 

resulting PM bending from the interaction with nanostructured surfaces ultimately activates actin 

polymerization and accumulation through Arp2/3 action (Figure 1.6)43. 

 

Figure 1.6. Membrane curvature as topographical hub for actin reorganization.  

(A) U2OS cells co-transfected with Life-RFP and GFP-CAAX (F-actin and PM markers, respectively) show Lifeact-

RFP accumulation at the nanobar ends, even distribution of GFP-CAAX along the length of the same nanobar. 

Scale bar 10 μm. (B) Colocalized actin and Arp3 signals in U2OS cells co-transfected cell with Life-RFP and GFP-

Arp3. Scale bar 10 μm. (C) Colocalized actin and FBP17 signals in U2OS co-transfected cell with Life-RFP and 

GFP-FBP17. Scale bar 10 μm and insets 2 μm. Adapted from [43]. 
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In the light of these results, cell ability to accommodate vertically-aligned structures within its area via 

engulfment events is guaranteed either by PM asymmetry (i.e., curvature) or by filamentous actin (F-actin) 

reorganization. F-actin might act as stabilizer mean of cellular seal with protruding endogenous 

materials6,43. Simultaneously, the intracellular spatial arrangement of actin, which is supplemented by other 

cytoskeleton components (microtubules, microfilaments, intermediate filaments and spectrin), might work 

as barrier to cell access. Synergically with PM, these actin accumulations, on the top and around the stalk 

of the surface features secure intracellular environment from an easy entrance47.  

However, considering the active actin network reorganization to the different topography, if these 

structures are comparable to the cellular scale (i.e., large patterns with tens of micrometres dimensions) it 

results in a physical confinement of the single cell body. Alternatively, as soon as topographic features size 

becomes commensurate to sensorial organelles (i.e., filopodia and lamellipodia, as well as protein clustered 

structured resulting in FA) relevant effects on the processes of surface recognition and adhesion are clearly 

visible. 

Another aspect to consider is the enhanced cell-material coupling, ensuing from the direct interaction with 

structured surfaces. Single vertical structure locally pushes inward the PM, thus modulating lipid bilayer 

curvature in a fashion depending on the geometry and size of topographic feature and eventually 

heightening cellular attachment11,19,28,40,43,47. As a matter of the fact, the first approach, cells have with the 

protruding structures embedded in the cell growth substrate is PM-mediated. Far from being a passive 

component of the cell, not only PM defines the cell boundaries from the extracellular environment, but 

most importantly it participates to a large variety of essential biological processes, including cell division, 

migration, morphogenesis, vesicle trafficking11,28,40,47,48. Most of these physiologic dynamics cause 

transients change in membrane bending. However, structured device might induce stable and controlled 

PM curvature28,40. Thanks to the chemical properties of the different lipid components and the intrinsic 

high flexibility own by the lipid acyl 49, the PM is able to achieve distinct topologies through the local 

regulation of its curvature. In these curvature-gymnastics processes, two main configurations might be 

obtained11,15,28,48. Membranous extensions outwards the cell body are classical examples of PM negative-

curvatures and a hallmark of filopodia or microvilli cases. On the contrary, inward bending of the PM, 

generally dubbed positive-curvature, is the distinctive shaping of the endocytic vesicle budding.  

If these conformational changes frequently occur in vivo conditions to withstand specific cellular needs, the 

interfacing with in vitro structured platforms might ultimately promote those membrane deformations in 

a controlled fashion48,50. Hence, the external membrane protrusion might be considered cellular attempt 
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to grasp to the substrate features, whilst cells strong affinity to wrap and engulf the protruding 

nanostructures resembles an attempt to internalize them and adopt a macrophage-like process11,15,22. In 

both configurations, an improvement of the membrane anchorage to the substrate, as well as a reduction 

of the distance from the material surface of tens of nanometres are achieved. These effects were 

considered beneficial, and thereby exploitable, both for electrophysiology6 and drug delivery 

applications51,52. Indeed, topographic structures enables single cell sampling, sub-threshold electrical 

signals recording and efficient cargoes materials injection6,39,51,52.  

Loss in the PM symmetry is a result of a coordinated biological machinery between lipids and proteins. 

Indeed, both proteins harbouring within the PM and extrinsic ones, acting outside the lipid bilayer itself 

and inside the cytoplasm, contribute to the membrane asymmetry and curvature stabilization48. In this 

scenario, curvature sensitive proteins (i.e., Bin-amphiphysin-Rvs, BAR) and coat proteins, such as clathrin 

and caveolin-1, are readily recruited during the membrane bending, bound to the internal membrane 

surface to fulfil a scaffolding role and manipulate PM shape up to micrometre scale48,53. Significantly, 

protein assistance to the membrane curvature becomes increasingly enhanced with monomers 

oligomerization53. According to this protein machineries, nano and microstructures strive to advance our 

understanding on the possibility to modulate endocytosis rate through the extracellular 

microenvironment15,39,47,54. Local inward pushing forces applied by these structures on cell membrane 

might directly stimulate vesicle budding and activate the uptake of molecules surrounding the cells, as 

shown in Figure 1.7, by the spatial accumulation of clathrin and dynamin2 proteins which mediate 

internalization pathways47.  

 

 

Figure 1.7. Engineered protruding nanostructures to probe endocytic vesicle accumulation.  

(A) Protruding nanobar and nanoletter design for inducing PM high curvature. (B) Emitted fluorescence signals 
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from SK-MEL-2 cells cultured on nanobar and nanoletter arrays. Spatial distribution of Dynamin2 and Clathrin 

proteins with strong preference for high curved regions. Scale bar 2 μm. Adapted from [47]. 

 

The best-studied itinerary for the intracellular intake comprises clathrin lattice which surrounds the newly 

formed vesicle during the whole rearrangement till its final detachment from the PM53. This clathrin-

mediated-endocytosis (CME) shows a spatial preference on highly positive curved surface over flat47,54. 

Moreover, lifetime monitoring of CME appears to decrease significantly on nanostructures. Conceivably, 

this finding suggests that topography-induced pre-curved PM might either reduce energy barrier for 

membrane bending and promote a boost CME turnover47. However, alongside the CME, alternative 

endocytic pathways still work to ensure the uptake of membrane proteins, lipids, extracellular ligands, and 

soluble molecules. One of these biological motors involves the endocytosis through caveolae, curved PM 

invaginations of 50 – 80 nm in diameter or with flask shape55–57. Although different from CME, caveolae 

biogenesis occurs as consequence of increased cell surface stress. Moreover, being ligand-triggered, 

internalization via caveolae is an intrinsically selective sorting process related to membrane components 

that enrich PM rafts55,56. Indeed, it was shown that caveolae work as additional reservoirs of bulk PM, that 

readily release during high mechanical tension to provide membrane protection and minimize potential 

damages57,58. 

Beside cell morphology and adhesion, micro and nanomodified surfaces have also been shown to affect 

proliferation profiles of cells cultured on top. Although, from the growing body of the literature, no general 

tendency might be surmised for cell proliferative states15,39,59,60, depending on the topographical scale it 

might be inferred that microscale surface modification are less profitable to induce high rate of 

proliferation since the resulting cells physical confinement, large cytoplasmatic penetrations, as well as 

decreased cellular mobility might verify29.  

Lastly, topographic features are active hubs for determining cell lineage bias and thus inducing the 

differentiation of stem cells tightly engaged on them15,22,27,30,61,62. As a matter of the fact, the spatial 

arrangement, foisted by the topography firstly interferes with the cell adhesion formation, and then directly 

regulates magnitude and direction of cytoskeleton-generated traction forces to be exerted on nucleus. 

Under this outside-inside mechanism called mechanotransduction, these forces are reasonably 

broadcasted to the chromosomes, thus altering gene expression (especially the accessibility of the genetic 

code)30.  

To sum up, nano and micro-modified surface materials hold a great potential to regulate cell fate by acting 

on different length scale: at molecular level through the spatial distribution of the adhesive domains, 
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whereas at macromolecular one by interfering on the cytoskeleton assembly (micrometer scale). Hence, 

either the FA formation or the cytoskeleton organization are the starting points of a chain of signaling 

events that ultimately condition most of the aspects of cell life. In this scenario, the regulation of cell fate 

appears to be highly profitable in different tissue engineering areas. As well as, understanding the 

mechanisms behind the interplay between surface topography and cellular response represents a pivotal 

step toward the development of next generation of smart surfaces in regenerative medical devices and 

implants.  

Hitherto, this was particularly true for breast implants, widely used for cosmetic augmentation or post-

mastectomy breast reconstruction63, for all the different endo-osseous systems64, and even for 

bioelectronic neural interfaces65. As result, tissue ingrowth into textured surfaces increased compared with 

smooth surface implants cases. 

 

1.3   Characterization of cell-material interface. 
As mentioned earlier, the interest in designing active platforms that better interact and perform in situ with 

biological host, has become a challenge in several fields, including tissue engineering, bioelectronics, 

regenerative medicine. The interplay occurring at the interface between living cells or tissue and artificial 

materials is decisive to determine both device performance and ultimately biological response66. In this 

context, the characterization and the analysis of the interfaces between cell and endogenous materials 

have become of foremost importance22. As already discussed, this was especially true in bioelectronics 

field, where the distance established between sensing electrode and biological entities drastically affects 

the overall performance of the electric devices6,10,14,22 . Hence, several techniques for the observation of 

the interface have been set to directly measure and quantify the cell/substrate distance, spacing in either 

optical or electronic microscopy. However, equally important, in the study of the interaction between 

bioelectronics device and cells, are the evaluations of the biological processes occurring at the interface 

between the two. Therefore, preferential contact points, PM ruffling, high positive membrane curvature 

and engulfment events, might give information of modulated adhesion cells established with the growth 

substrate underneath. 

For instance, surface Plasmon Resonance imaging (SPRi) has emerged as a label-free optical technique for 

single entities detection with size ranging from micrometers down to nanometers. SPRi relies on the 

interaction of an incident p-polarized monochromatic light beam at a metal-dielectric interface and the 

resulting generation of an oscillating free electrons wave, following the optic laws. Any subtle refractive 

index differences, at this interface, cause a gradual decrease of the reflective light intensity, which is 
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promptly recorded by a camera67. The reflected light profile is then analyzed to reconstruct the 3D structure 

of the interface with high sensitivity. In live cell imaging, SPRi has been harnessed to quantify cell-substrate 

distance in migrating cells, during cell adhesion or dynamic cellular processes12,13,67. Depending on the 

surface functionalization of the materials, cells can adhere with different contact types, thus varying 

substrate distance from 30 nm in lamellipodium state, down to 10-15 nm in focal contact68, respectively. 

Thereby, SPRi might measure the cleft gap distance by mapping point by point cellular basal PM in contact 

with the growth substrate or the sitting patterns (Figure 1.8 A)67. Moreover, cellular adhesion intensity 

might be gauged through SPRi due to the heterogeneous force distribution around the cell membrane. A 

promising study was conducted by Toma et al. to quantify the distance between human embryonic kidney 

293 (HEK293) cells on Au films, functionalized with different coatings (poly-l-lysin, fibronectin, laminin) 

compared to bare case12. Larger distance from the substrates corresponds to weakly adherent cells, which 

arise when cells were cultured on bare Au or laminin-functionalized substrate. On the contrary, poly-l-lysine 

and fibronectin coatings show significantly reduced gap distance (~37 nm and ~70 nm, respectively), 

thereby cells adhere tighter to the substrate12. Thereafter, the same research group carried a cell-substrate 

distance investigation via SPRi to dynamically follow the gap thickness variation during the contraction-

relaxation cycle of iPSC derived cardiomyocytes13. By scanning the cell region during the contraction-

relaxation period, the maximal distance from the substrate was ascribed to the relaxed state, instead 

minimal gap thickness was achieved during contraction13.  
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Figure 1.8. Characterization of the cell-material interface. (A) Distance measurement between HEK293 cells 

and poly-l-lysine (PLL) coated substrate gathered with lens imaging type surface plasmon microscope on the 

left and scanning localized surface plasmon microscope. Scale bar 5 μm. Adapted from [12]. (B) TEM images of 

cell material interaction. On the left: SK-MEL-2 plasma membrane wrapping around a nanopillar captures a 

clathrin-coated pit. Scale bar 100 nm. Adapted from [47]. In the middle: gold mushroom-shaped 

microelectrodes engulfed by Aplysia neurons. Adapted from [6]. On the right: micrograph of thin section 

achieved via focused ion beam lift-out (see below). Scale bar 200 nm. Adapted from [39]. (C) Scanning electron 

micrograph of exposed interaction between cortical neuron and growth substrate achieved via SEM/FIB (see 

below). Scale bar 1 μm. 
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Other optical methods to study the vertical distance between lipid membrane and reflective substrates is 

via fluorescence interference-contrast (FLIC) microscopy69,70, which requires biological cells to be 

fluorescently labelled. Here, fluorescent cells cultured on reflective substrate are stimulated by an incident 

light which interfere with its reflective contribution. Change in intensity contribution from the fluorescent 

cells are function of the distance from the reflective layer. Any small changes in PM-material distance might 

be identified with a high precision (~ few Å)22.  

If SPRi and FLIC strictly condition the material choice of the supporting platforms to reflective one, 

altogether the application of these optical techniques is hindered by the presence of micro-structures 

embedded onto the surface or in 3D complex systems case. Therefore, alternative powerful 

characterization techniques are needed to offer efficient screening at nanometer resolution of cell–

material interactions.  

 

1.3.1   Electron microscopy for nanometer resolution of the cell-material interface. 

Promising results were achieved by using electron microscopy which provides the most unambiguous 

visualization of the cell–nanostructure interface15,22. Transmission electron microscopy (TEM) has been the 

first leading methodology to study the structures and functions of cells and tissue at new different levels 

of resolution: micrometers for the biological architecture (conventional TEM), nanometer for cellular 

organelles and molecular architectures (cryo-TEM) and near atomic resolution for single molecules 

(electron crystallography)71. Thereby, TEM enables to unravel the cell-material crosstalk with a vertical and 

lateral resolution down to 2.2 nm (Figure 1.8 B)72. However, samples must deal with a cogent requirement: 

they have to be thin enough to allow electrons to cross its fine volume. Therefore, prior to EM imaging, 

specimens are chemically fixed using aldehydes, stained with heavy metals to enhance the contrast of the 

intracellular structures, dehydrated and embedded in resin73. Once embedded in a bulky polymerized 

volume, samples are then mechanically trimmed in slices, named lamellae with thickness below 100 nm. 

Nevertheless, this physical sectioning is incompatible with hard substrates, as metals and semiconductors, 

often chose as constituent materials in bioelectronics. Thereby, such hard platforms must be removed by 

chemical (hydrofluoric acid) or physical means (liquid N2 freeze fracture and sonication) and replaced with 

fresh resin filler, prior the serial slicing with mechanical knives22,71–73. Notwithstanding convincing attempts 

to characterize cell-material interface have been carried out on planar or structures devices6,72,73, the 

substrate removal might introduce artefacts at the interface, thus invalidating TEM imaging fidelity. One 

proposal of retaining representative interfacial interaction with minimal artefacts was given by Aslanoglou 

et al. with the introduction of an ultrathin octafluorocyclobutane (C4F8) film to cover silicon structured 
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platforms before cell seeding74. The non-stick C4F8-coating nature prevents strong adhesion to the epoxy 

resin and allows for detachment of Si-based substrates from the resin blocks upon polymerization. 

However, this operation still stresses the cell-material interface, potentially introducing artefacts. 

Therefore, a high-energetic ion beam (focused ion beam, FIB) has been explored as alternative sectioning 

tool to create lamellae for TEM visualization. The FIB enables to selectively etch a large area of interest 

though a large variety of materials, simultaneously preventing physical separation between cell and 

substrates and preserving their interaction11,14,22,40. The resulting lamellae generated via FIB milling is then 

directly transferred on customized TEM grids thanks to a micromanipulator present in FIB equipment39. As 

shown in Figure 1.9 A, to easily withdraw the lamellae from the bulk sample, it is required to excavate 

forward and backward the region of interest (ROI), thus giving only partial information of the interaction 

between a single cell interfaced with structured surface. Moreover, the localization of the region of interest 

(ROI) is very difficult because of the presence of a thick resin embedding layer. Thereby, scanning electron 

microscopy (SEM) coupled in-chamber with FIB turns out to be more successful than FIB-TEM combination. 

Indeed, any blind sectioning, usually performed for TEM lamellae generation, or loss of cellular context 

occur11,40.  

Dual beam microscopy (with both ion and electron beams) is a promising technique to facilitate the 

production and investigation of cell-material cross-sections (Figure 1.8 C). The high-energy ion beam 

selectively etches ROI, through a large variety of materials without losing cell position of the support 

material. At the milling site, the interface is imaged by scanning the surface with the electron beam in 

backscattered mode. Moreover, by alternating sequential milling phase to electron beam assisted imaging 

of the exposed slice, three-dimensional rendering of the volume of interest might be represented and 

reconstructed with automated software11,22,40. As powerful tool for complete characterization of cell-

material interplay, FIB-SEM requires an accurate preparation of the sample. The preparation of the hybrid 

systems, namely composed by cells and structured material might be carried out in two ways.  

Critical point drying (CPD) was traditionally used for SEM visualization of cellular morphology22,75. Here, cell 

liquid components are gradually exchanged by ethanol to perform a complete dehydration of the cellular 

structures. Afterwards, the effective transition from wet samples (in ethanol) to completely dry ones is 

ensured by a hard drying step by which ethanol is gradually replaced with liquid carbon dioxide (CO2). CO2 

was inserted in the cells at specific temperature and pression at which there is a continuity of state between 

liquid and gaseous phases. In particular, fixing 35° as temperature and 1,200 psi as pression, CO2 critical 

point might be achieved. At this conditions, complete dehydration of the biological structure occurs. 

Comparing to the bulk resin block produced for either TEM73 or FIB/SEM sample preparation, here a direct 
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localization of whole cells on the support material might easily occur. However, the initial cellular volume 

is not completely preserved since the drying procedure introduces volume shrinkage artefacts. Moreover, 

cells are structurally weak compared to the one reinforced by resin embedding since the hard drying 

procedure leaves cavities into cytoplasm, which might cause cell structure collapse (Figure 1.9 B). 

 

 

Figure 1.9. Cross section preparation for EM. (A) FIB-generated lamellae for TEM imaging. Adapted from [76] 

(B) Schematic comparison of CPD preparations versus thin-layer resin embedding preparation for scanning 

electron microscopy. Adapted from [75]. (C) UTP procedure for SEM/FIB image acquisition. 

 

Therefore, by combining CPD sample preparation to FIB-assisted cross-sectioning, no intact cellular 

ultrastructures might be distinguished. Therefore, to overcome this limitation, a new method named ultra-

thin plasticization (UTP), has been developed and optimize to combine the structural support role of the 

resin with the easy clear visualization of cell morphology, and cell-material crosstalk. As it will widely 

explained in the next chapter step by step, the UTP procedure enables to obtain contrasted biological 

sample thanks to the staining performed with heavy metals, to preserve cellular structure and 

ultrastructures by the resin embedding, as well as to finely recognize cellular shape through the removal of 

the resin excess before the polymerization. Therefore, while cells are internally imbued with resin, only a 

micrometric resin layer covers them, as shown in Figure 1.9 C11,14,40,77. The winning points of combining UTP 
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preparation method with FIB/SEM acquisition tool rely on its suitability for every possible hybrid system, 

which include different cell lines, but more importantly different materials (i.e., from soft up to hardest 

materials, as well as planar or structured one)14,40. 

The UTP procedure and SEM/FIB imaging ensured clear characterization of the interaction between cells 

and electroactive materials, which is essential for the design of new bioelectronics platforms. However, 

biological processes which occur at the contact points with the structured materials depend on the specific 

platform pattern, as already explained in Paragraph 1.2. Spacing, diameter and height of nano and 

microfeatures have control on cellular adaption process. Different studies share common results: closely 

spaced features with large diameter (>300 nm) are not engulfed by the single cell but rather, the cell rests 

atop the nanopillar array (Figure 1.10 A). Therefore, cellular somas are suspended between the adhesive 

posts. The transition from suspension to engulfment might occur by decreasing feature diameters on equal 

pitch. Cells adopt a macrophage-like morphology in attempt to internalize the structures. However, any 

internalization might occur as long as the structures are firmly fixed on the substrate. With more spaced 

features, PM readily deforms and conformably wrap around protruding architecture (both smaller and 

larger diameter vertical features), thus touching either the top feature area or the bottom surface between 

the vertical structures, as shown in Figure 1.10 B. 

 

 

Figure 1.10. Cell-material interactions comparison depending on the feature-feature distance.  

(A) Smaller pitch corresponds to cellular suspension on the topography. (B) Less dense structures correspond 

to cellular assumption of microphage-like morphology. 
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1.4    Graphene materials for bioelectronics application. 
Among the diverse materials exploited in bioelectronics, graphene-was discovered in 2004, as the thinnest 

possible configuration of carbon molecules. Since that, a long list of graphene applications have been 

spreading over a wide range of technologies, including future flexible and transparent electronics, barrior 

materials, printable inks, energy and hydrogen storage78,79. All this tremendous interest has been due to its 

chemical structure, which comprises a flat monolayer of carbon atoms packed into a 2D honeycomb 

lattice78,79. The strong covalent bonds between the carbon atoms (C – C) makes graphene one of the 

hardest materials (~1 TPa)80, and thus appealing as reinforcing filler or as additive to improve mechanical 

properties of many soft polymers81. Alongside the mechanical properties, the π – π bonds nature renders 

graphene an enticing candidate material for miniaturized and high- performance electronic circuit26. In this 

direction, intrinsic high thermal82 and electrical conductivities (5000 W/mK and, respectively)79, as well as 

ultra-high charge carrier mobility (up to 200,000 cm2 V-1 s-1) are harnessed83. Moreover, thanks to its 

transparency over the 95% of an incident light or optically adsorption near-infrared range, graphene 

materials are becoming gradually spotlighted as versatile imaging tools79. Finally, several bottom-up and 

top-down synthesis approaches, such as chemical-vapor deposition (CVD), pyrolysis, chemical exfoliation 

and laser-induced graphene synthesis, have been developed, even still presenting challenges for controlling 

resultant microstructures and defect populations. 

 

1.4.1   Graphene-based in vitro applications. 

Notwithstanding its excellent properties, graphene-based material has been involved in encouraging in 

vitro biomedical applications only at later stage. As novel promising materials, grave concern on its possible 

toxic effects, as well as from its derivatives, in physiological environment has risen84. Indeed, several studies 

reported graphene detrimental effects when exposed to adherent or suspended cells, as in the cases of 

neural PC12 or erythrocytes, respectively 84–86. In contrast, additional investigations highlight the potential 

support, graphene might offer to cells under in vitro conditions85, by providing anchorage spot for a better 

cellular adhesion, sustaining high cell proliferation86, driving differentiation into specific lineage86,87, or 

promoting neural network development88, also thanks to its carbon-based nature. Although from the 

emerging literature mixed findings might be extrapolated, it is worthwhile to note that, final device 

biocompatibility might be ascribed to the potential presence or absence of impurity or contaminants, 

arising from the fabrication procedure, on the graphene materials, beside the cell line-specific response. 

As a matter of the fact, this contamination might have a detrimental effect on cell-material interaction. 

However, there are procedures for graphene synthesis and transfer able to reduce any possible impurity 
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and contaminants on the graphene materials. In tandem, stably functionalized graphene-based materials 

are much less toxic than the unfunctionalized counterparts. Surface functionalization might help in 

pacifying the strong graphene hydrophobic reaction with cells, as well as in reducing the production of 

reactive oxygen species which mediates cellular apoptosis89. With this in mind, graphene-family materials 

have been attempted to be used in a variety of biomedical applications, including drug or gene carrier due 

to the high loading efficiency, in bioimaging, as scaffold component in tissue engineering approach, in 

bioelectronic devices, or even photothermal therapy for tumour26,79,89.  

As passive element to be integrated in MEA circuitry, as well as transistor’s active layer, graphene material 

shows its promising properties in bioelectronic applications. MEA devices, fabricated by Kireev et al., were 

able to record independently network activity of two different electrogenic cell lines, cardiomyocytes HL-1 

and rat cortical neurons with a good signal-to-noise-ratio as well as their functionality was validated 

pharmacologically (Figure 1.11)90. Complementing to the electrical recording, graphene-based MEA also 

ensures optical access to the cell culture enabling simultaneous recording of electrical activity and high 

spatial resolution of Ca2+ imaging, as reported by Rastogi et al.. Similarly, high carrier mobility, graphene 

materials own, makes them appealing as active layer in FET technology91. 

 Specifically, graphene-based ion sensitive FET were designed, fabricated and produced by Li et al., for 

direct detection of K+ ion emitted by U21-MG cells. The sensing performance gathered during the 

measurements was as promising as the one commercial ion sensitive FET based on silicon92.  

Recently, different strategies to develop 3D graphene structures have been implemented, aiming to create 

cell cultures closely resembling in vivo counterpart. Synthesis of reduced graphene oxide suspension 

followed by its organization in 3D structures, for instance, supports first osteogenic differentiation and then 

bone matrix formation in long-term adipose derived stem cells cultures93. 3D graphene-based 

microenvironments were also obtained by growing graphene on nickel foam, as catalytic substrate, via 

chemical vapor deposition (CVD) process. These structures find appealing applications in therapeutic 

techniques for treating neurodevelopmental disorder studies or as candidate to support neuronal 

regeneration86,94. Moreover, graphene hydrogels represent also valuable examples of 3D systems which 

promote osteoinductive effects without the addition of external inducers on cells therein cultured95. 

All these forms fulfill the general demands of high surface area in bioelectronics, as well as recreate more 

closely resembling biological structures. However, in all these cases, the graphene flakes or films are lying 

flat, exposing a 2D surface topology. In this direction, new approaches open up possibilities to leverage the 

extremely advantageous surface area-to-volume ratio of graphene, by exposing both sides of graphene. 

These out-of-plane graphene flakes configurations include synthesis of vertically aligned graphene sheet96, 
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produced by thermal decomposition of silicon carbide, as well as vertical carbon nanowalls via plasma-

enhanced chemical vapor deposition (PECVD). Both these carbon-based arrangements, which generally 

consist of few-to-dozen graphene layers tethering and standing vertically on planar (2D) substrates, present 

significantly higher specific surface area compared to flat graphene. Promising applications of carbon 

nanowalls see them involved in encouraging cell proliferation97, as well as improving the performance of 

microelectrode for neuronal recording and stimulation98. 

 

 

Figure 1.11. Graphene-based bioelectronics for extracellular measurement.  

(A) Optical image of graphene-based MEA used as tool for extracellular measurements from HL-1 cells and 

cortical neurons cultures. (B) Electrical recording of HL-1 cell culture from different channels.  

(C) Spiking-bursting activity recording of neuronal culture on graphene-based MEA. Adapted from [90]. 
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1.5   Our study 
In this thesis, three different graphene-based topographies, with out-of-plane nature, have been realized 

as electrode patterns for a new class of in vitro MEA. The gimmick of using pseudo 3D structures has come 

to play a major role in bioelectronic applications, since it aims to increase exposed electronic surface area 

at the interface with the cells, enhance cell-device coupling and lower the total electrode impedance6,10. 

However, the morphology modification approach to shift from planar to pseudo-3D electroactive surface 

also matches with need to recreate patterns already present in in vivo context for a seamless integration 

of the artificial device30. Thus, inspired by the shapes and geometries present in the native ECM, cells were 

“tricked” to recognize the graphene-based materials as part of their original environment30,31.  

The out-of-plane patterns under study were named: 

- Three-dimensional fuzzy graphene, 3DFG, with a nanoscale roughness, aims to mirror ending parts 

of proteoglycans present in ECM environment or soluble bioactive aggregates (i.e., signalling molecules or 

protein receptors) released in ECM solution upon proteolysis; 

- Collapsed nanowire-mesh template, NT-3DFGc, covered with nanoscale fuzzy graphene strives to 

replicate fibrils-like structures as unfolded/folded collagen filaments that encircle cells in vivo; 

- Non-collapsed free-standing nanowire-mesh template, NT-3DFGnc, covered with nanoscale fuzzy 

graphene mimics the natural porosity of the tissue ECM where cavities alternate to fibres. 

The different graphene topographies were singularly coupled with two different electrogenic cell lines: 

immortalized HL-1 cardiomyocytes-like cells and chicken embryonic cortical neurons (primary cell line) to 

study pattern-driven molecular dynamics which might occur after cell-material interaction. Biological 

responses to local changes in topography were here studied and compared to two planar topographies: 

one made of single to few-layer of graphene and named 2DG, whereas the second planar growth substrate 

is a graphene negative control, made of silicon oxide layer and named of Si/SiO2.  

This thesis strives to advance our understanding of the interaction between electrogenic cells and these 

specific produced graphene patterns. Following a biomimicry strategy, recapitulating ECM molecular 

motives through topography is here exploited to improve cell-chip communication. Therefore, 

biomolecular processes occurring at the interface with electroactive materials were here studied to prove 

cellular tethering to the substrate.  

However, in the first part of the thesis, the different graphene materials were thoroughly characterized by 

means of Raman spectroscopy, SEM and contact angle analysis, to reveal composition, arrangement and 

surface properties of the out-of-plane structures, respectively. Physical adsorption of cell-adhesive 

components on the different materials was used as straightforward biofunctionalization approach to 
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maximize cellular interaction at the interface. Afterwards, either HL-1 or cortical neurons vitality were 

systematically investigated at specific days in vitro (DIV), to ensure the biocompatibility of the graphene 

materials. Cellular responses, as cytoskeleton assembly, FA complexes shaping, activation of endocytic 

pathways, which all results from membrane curvature deformation at the interface, were comprehensively 

and independently examined.  

If gathered findings from the HL-1 interaction with graphene materials validate the resulting increased in 

cellular adhesion and its stabilization through actin accumulated structures, cortical neuron adaptation and 

adhesive processes to the out-of-plane structures underlie an additional effect of enhanced axonal 

elongation. Therefore, the convincing results will ultimately lead to graphene topographies utilization as 

electrode topographies, as well as in regenerative medicine since the instructive role exerted on neuronal 

cells. 
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Chapter 2: Materials and Methods. 

2.1   Out-of-plane graphene synthesis and fabrication. 
Graphene materials were synthesized, in collaboration with the Cohen-Karni Lab at the Department of 

Materials Science and Engineering of Carnegie Mellon University (USA), to achieve three different out-of-

plane topographies along with planar graphene, as previously described99,100. Therefore, four graphene 

materials have been employed: planar graphene (2DG), three-dimensional fuzzy graphene (3DFG), 3D 

silicon nanowire-template in collapsed configuration (NT-3DFGc), and 3D silicon nanowire-template in a 

non-collapsed configuration (NT-3DFGnc).  

2DG was synthesized using a copper Cu-catalyzed low-pressure chemical vapor deposition (LPCVD) process. 

Copper (Cu) foils were chosen as growth catalyst. Before the graphene synthesis, Cu foils were cut into 2 

cm x 6 cm and thoroughly cleaned in an ultrasonic bath for 5 minutes followed by an isopropyl alcohol rinse 

to remove all organic impurities from the surface. Cu foils were dried with nitrogen (N2), pre-treated with 

5.4 % w/w nitric acid (HNO3) solution for 30 seconds, rinsed twice with deionized (DI) water and N2 blow-

dried. The synthesis process was carried out at 1050 °C and 0.5 Torr. The temperature was ramped up to 

1050 °C in 15 minutes, followed by a stabilization step at 1050 °C for 5 minutes under argon (Ar) flow of 

100 standard cubic centimetres per minute (sccm). The foil was annealed for 1 hour under hydrogen (H2) 

flow at 100 sccm, followed by the synthesis step of 8 minutes under the flow at 50 sccm methan (CH4, 5% 

in Ar) and 100 sccm H2. The synthesis process occurs under either the CH4 or H2 flows, where CH4 is a carbon 

precursor gas, whereas H2 acts as co-catalyzer and helps during the formation of bound carbon (C) 

species101. Afterwards, samples were rapidly cooled from growth temperature down to 100°C in 30 minutes 

while flowing 100 sccm Ar. Considering that graphene layer would grow on both Cu foil sides, only one layer 

was saved from the transfer procedure, which occurs via a wet etching process. Therefore, one layer of 

graphene was coated with 200 nm of polymethylmethacrylate (PMMA) to mechanically support the newly 

synthesized graphene and protect it from the subsequent steps. Instead, the other layer was etched for 15 

minutes at 150°C using UV-ozone cleaner. The remaining exposed Cu-foil was wet-etched in a solution 

containing 25% w/w ferric chloride hexahydrate (FeCl3.6H2O), 4% w/w hydrochloric acid (HCl) acid and 71% 

w/w deionized (DI) water. At the end of the etching process, the PMMA supported graphene film was 

cleaned with DI water and rinsed for 3 times. Afterwards, graphene-PMMA stack was transferred to a 

Si/SiO2 sample. The Si/SiO2 substrate consists of a silicon (Si) substrate with a 285 nm wet thermal oxide (p-

type, 0.001-0.005 Ω-cm), that before the graphene deposition were cleaned with acetone in an ultrasonic 

bath for 5 minutes, subsequently washed in isopropyl alcohol and finally N2 blow-dried. The PMMA-
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graphene-substrate stack sample was air-dried overnight and then baked in the oven at 150 °C for 30 

minutes. Afterwards, the PMMA support was dissolved in acetone at 60 °C for 30 minutes. Finally, the 

samples were annealed at 300 °C for 1 hour under 10 sccm H2 at ambient pressure to remove polymer 

impurities from the graphene surface. 

3DFG was synthesized using plasma enhanced chemical vapor deposition (PECVD) process. An induction 

coil was added to the quartz tube in the CVD system to generate inductively coupled plasma using a 13.56 

MHz radiofrequency (RF) power supply (AG 0313 Generator and AIT-600 RF, power supply and auto tuner, 

respectively, T&C Power Conversion). A 1.5 cm x 1.5 cm Si/SiO2, namely, Si substrate with a 600 nm wet 

thermal oxide (p-type, ≤0.005 Ω cm) sample was cleaned with acetone and isopropyl alcohol in an 

ultrasonic bath for 5 minutes each, and then N2 blow-dried. The temperature was ramped up to 800 °C in 

13 minutes, followed by a stabilization step at 800°C for 5 minutes, under a flow of 100 sccm Ar. The 

synthesis process was carried out for 30 minutes at 800˚C and 0.5 Torr under the flow of CH4 with partial 

pressure of 25 mTorr. The plasma power was kept constant at 50 W. Finally, the plasma was shut down 

after the synthesis step and the sample was rapidly cooled from growth temperature to 100˚C in 30 minutes 

under 100 sccm Ar flow. 

Collapsed and non-collapsed nanowire-templated 3D fuzzy graphene (NT-3DFG c and nc, respectively) were 

fabricated starting from Si nanowires (SiNWs) growth process, as previously reported99. Here, gold 

nanoparticles (AuNP) were exploited as catalyst of the vapor-liquid-solid (VLS) growth process. A 1.5 cm x 

1.5 cm Si/SiO2 sample, namely, Si substrate with a 600 nm wet thermal oxide (p-type, ≤0.005 Ω cm) was 

cleaned with acetone and isopropyl alcohol in an ultrasonic bath for 5 minutes each, and then N2 blow-

dried. The substrate was placed in a UV-ozone system for 10 minutes at 150˚C, then, functionalized with 

400 µL of 4:1 DI water : poly-L-lysine (PLL) (0.1% w/v) for 8 minutes. Following this step, the substrate was 

gently washed 3 times in DI water and N2 blow-dried. An AuNP suspension, made of 450 µL of 30 nm AuNP 

solution, was dispersed onto the PLL coated substrate for 8 minutes. The substrate was gently washed 3 

times in DI water, N2 blow-dried and introduced into a custom-built CVD setup. Once the baseline pressure 

of 1*10-5 Torr was reached, the temperature was ramped up to 450°C in 8 minutes, followed by a 

stabilization step of 5 minutes. Nucleation was conducted at 450°C for 15 minutes with 80 sccm H2 and 20 

sccm SiH4 (10% in H2) at 40 Torr. This was followed by a growth step under 60 sccm H2, 20 sccm SiH4 and 

20 sccm PH3 (1000 ppm in H2) at 40 Torr for either 100 minutes (for NT-3DFG c samples) or 5 minutes (for 

NT-3DFG nc samples). The sample was then rapidly cooled down to room temperature at base pressure.  

Afterwards, collapsed wires in NT-3DFGc materials were kneeled over by flowing liquid N2 into the CVD 

quartz tube under 200 sccm Ar flow to form a NW mesh. The system was then evacuated to base pressure 
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followed by mesh annealing step at 800˚C under 200 sccm H2 flow at 1.6 Torr for 10 minutes and finally 

rapidly cooled to room temperature. The annealed samples with collapsed wires were then introduced in 

the PECVD system followed by 3DFG synthesis that provided a fuzzy graphene coating on the collapsed NW 

mesh. 

On the contrary, NT-3DFGnc samples were directly introduced in the PECVD system for the 3DFG coating 

synthesis, without performing other steps. Therefore, NWs in NT-3DFGnc remain freestanding. 

 

2.2   Substrate characterization. 

2.2.1   Scanning electron microscopy. 

SEM imaging of the graphene materials was carried out using a ULPTRAPLUSS ZEISS field emission gun (FEG) 

microscope equipped with secondary and backscattered electrons detectors. The samples were imaged 

fixing the acceleration voltages in the range 5-20 kV and a working distance of 8-30 mm. The samples were 

not coated with a conductive coating prior to imaging.  

 

2.2.2   Raman spectroscopy. 

Raman spectroscopy was performed by NT-MDT NTEGRA Spectra (100X objective) using 532 nm excitation. 

Laser power of 2.38 mW was used, and the spectra were recorded with an acquisition time of 30 seconds. 

For G dispersion (Disp(G)) calculations, Raman spectra of each point were acquired using dual lasers- 532 

nm and 633 nm (2.38 mW for both wavelengths). 

 

2.2.3   Contact angle measurements. 

A wettability assay was performed to evaluate the hydrophobicity/hydrophilicity behaviors of the different 

graphene materials, as well as modifications in their wetting state after surface functionalization. 

Therefore, contact angle static measurements were performed with a video contact angle system (VCA). In 

particular, surfaces treated with cell-adhesive solutions were rinsed in phosphate-buffered saline (PBS) and 

allow to dry before the analysis. A 1.5 µL-DI water droplet was dropped onto the sample and the images 

were taken 5 seconds after the water droplet landing onto the sample surface. Contact angle values were 

determined with the use of AutoFAST Imaging Software (AST Products). Contact angle classifications are 

summarized in Table 2.1. 
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Contact angles 

Value [°] Nature Effect 

θc = 0 Superhydrophilic Droplets spread becoming as surface film 

0 < θc < 90 Hydrophilic Droplets spread out on the surface 

90 < θc < 120 Hydrophobic Droplets bead-up 

θc > 120 Superhydrophobic Droplets highly bead 

 

Table 2.1. Contact angle classification. 

 

2.3   Substrate preparation for cell cultures. 

2.3.1   Cleaning and sterilization.  

Graphene-based and Si/SiO2 substrates were first immersed in water for at least 3 minutes, and 

subsequently washed with 70% ethanol for at least 10 minutes. The solution was then gradually replaced 

with DI water to ensure that ethanol solution was completely removed. Samples were dried under a laminar 

flow of a biological sterile hood and further exposed to UV light for 1 hour. 

 

2.3.2   Substrate functionalization. 

Samples surfaces were functionalized prior to cells’ plating via cell-adhesive solutions casting which are: 

• Fibronectin/gelatin solution: used for cardiomyocytes-like HL-1 cells culture. The solution is made 

of 1 mL of sterilized water, 100 µL of 0.2% porcine gelatin and 10 µL of 0.1% fibronectin (fibronectin 

final concentration (CF) is 0.01%). The protein coating was then removed and washed with PBS. The 

type of interaction between cells and coated platforms relies on the cellular recognition of 

fibronectin domains, since it is a protein present in the original ECM environment102–104. 

• Poly-L-lysine (PLL, molecular weight 30000-70000): used at 0.1% w/v in water for primary neural 

culture. After the incubation, the cell-adhesive coating was then removed and washed with PBS. 

The type of interaction between cells and platforms relies on electrostatic attraction. Polycationic 

molecules present in poly-lysine were adsorbed on the surfaces and combined with the anionic 

sites on cell membrane.  
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2.4   Cell Culture. 

2.4.1   HL-1 cardiomyocytes -like cell line.  

HL-1 cell culture was carried out following the conditions reported by Claycomb et al.105, to preserve longer 

cell phenotype and their contractile activity. 

 

Figure 2.1. HL-1 cell culture.  

Brightfield micrograph of cells after 1 DIV at 10x (A) and 20x (B) magnification. 

 

Frozen cells were thawed and plated on fibronectin/gelatin coated T25 flask/substrate (see Paragraph 

2.3.2). Cells were maintained in supplemented media containing Claycomb medium, 10% of fetal bovine 

serum, 1% penicillin-streptomycin (CF = 100 units penicillin/mL and 100 µg streptomycin/mL), 1% L-

glutamine (CF = 2mM) and 1% norepinephrine solution (CF = 0.1 mM). The norepinephrine solution, used 

to induce cells contraction, was obtained by mixing 30 mM acid ascorbic aqueous solution (0.59 mg of acid 

ascorbic in 100 mL of DI water) and 160 mg of norepinephrine powder. The mixture (CF = 10 mM) was then 

filtered with a 0.22 µm syringe filter. The supplemented media was prepared and stored under light-

shielding conditions. During cell culture, the medium was changed approximatively every 2-3 days and cells 

were grown in the incubator at 37 °C, 5% CO2 and 95% humidity.  

Figure 2.1 depicts a brightfield micrograph of HL-1 cells on functionalized glass after 1 day in vitro (DIV) at 

two magnifications 10x (in Figure 2.1 A) and 20x (in Figure 2.1 B). When cells reached 80% confluency, they 

were gently detached using 0.25% Trypsin-EDTA with an incubation of 5 minutes at 37°C, 5% CO2 and 95% 

humidity. Cells were observed under a microscope to ensure their detachment from the substrate. Pre-

warmed complete growth media was added to the cell suspension in Trypsin with two-fold higher volumes 
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to inactivate the enzymatic action and the whole cell suspension was then transferred into a tube for 

centrifugation with 1200 rotation per minute for 5 minutes. The supernatant was then removed, and the 

cell pellet was resuspended in pre-warmed complete growth medium. Cell density of viable cells was 

determined by using Countess™ II Automated Cell Counter for the plating. According to their growth rate, 

HL-1 cells were maintained and split at 80-85% confluency every 3-5 days.  

Final cell density was established according to the specific experiment. Therefore, for single cell analysis, 

as in the case of cytoskeleton/adhesion or endocytosis investigation, cells were cultured with 60 % density 

(~21,000 cells/cm2). For cellular network investigation, as in the case of Ca2+ investigation, HL-1 were plated 

with 85 % density (~ 100’000 cells/cm2). 

 

2.4.2   Primary cortical neurons. 

Primary cortical neurons were obtained from excised chicken embryo brain. Therefore, fertilized eggs were 

purchased from Charles Rivers company and incubated for 9 days at 37°C. The egg content was verified by 

illuminating it with a candler, prior to the dissection. Typically, when a chicken embryo is developed, the 

eggs look darker and blood vessel are visible as depicted in Figure 2.2 A and B. The egg content was then 

poured into a Petri dish after a mild cracking. A schematic image of the egg content is shown in Figure 2.3. 

The embryo was first washed in HibernateTM-A buffer to remove additional yolk and amniotic fluids. With 

the help of fine and sharp tweezers, the chicken was places under a stereomicroscope keeping the tissue 

always on ice (Figure 2.4).  

The chicken head was firstly teared with tweezers. Albeit the brain is enclosed by skin, skull and meninges 

are clearly visible. The entire brain was then isolated, and the cortex hemispheres were collected 

considering their anatomical localization from previous study, (Figure 2.4)106. The cortex is carefully 

inspected to remove possible cloaked blood, which might later contaminate the neuronal culture. Cortices 

were collected in a 15 mL tube with fresh Hibernate buffer solution and left on ice until the digestion step. 

Tissues were then digested in 1 mL of 0.25% Trypsin-EDTA at 37°C, 5% CO2 and 95% humidity for 20 

minutes. Afterwards, digested tissues in trypsin solution were transferred in a 2 mL microtube and the 

tissue was let settle down. The supernatant was discarded and replaced with 1 mL of pre-warmed 

NeurobasalTM medium supplemented with 1% B-27™ supplement, 1% L-glutamine (CF = 2mM) and 0.2% 

penicillin-streptomycin (CF = 20 units penicillin/mL and 20 µg streptomycin/mL). The tube was manually 

swirled for 10 times and then the tissue was let settle down. The supernatant was discarded, replaced with 

pre-warmed supplemented Neurobasal media and the procedure was repeated 3-4 times to completely 

remove trypsin from the tissue solution. The tissue was then mechanical triturated by a gentle pipetting 
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(with either 1000 μL and 200 μL plastic pipettes). The number of viable cells was determined by using 

Countess™ II Automated Cell Counter for the automatic counting and the desired cell density was plated 

on 0.01% Poly-L-Lysin coated substrates. Considering that each investigation was focused on the single 

neuron, cells were cultured with a low density (20’000 cells/cm2). 

 

Figure 2.2. Egg content visualization. Egg candler is used to check whether the chicken embryo is going to 

develop. If the egg is yellow, the egg does not have any embryo inside. Darker tissues and visible blood vessels 

indicate a developed embryo. 

 

Cells were let adhering for 3 hours and then cell media was completely exchanged. Every 3 days, Neurobasal 

medium was refreshed by exchanging half of the volume with fresh media to remove cellular metabolites 

and provide fresh nutrients. Figure 2.5 shows the outgrowth of neuronal cells in the first 3 DIV. After 3 

hours from plating (stage 1: initial attachment), neurons mainly have a spherical shape with several 

lamellipodia and thin filopodia, as shown in Figure 2.5 A107,108. After 1 DIV (stage 2: neuritogenesis), 

lamellipodia protrude forward and immature neurites start to extend: here, one neurite would spin off to 

form the axon (Figure 2.5 B). After 3 DIV, neurons become polarized since the axon developing and the 

remaining neurites arborize into morphologically distinct processes (Figure 2.5 C).  
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Figure 2.3. Schematic of a fertilized egg content after 9 days from the incubation.  

The yolk sac supplies food materials for the embryo body. The thin membrane of amnion surrounds the 

embryo and provides for protection. The albumen is the main source of protein for tissue synthesis109.  The 

allontoic fluid works as reservoir for waste and is engaged in the oxygenation of the embryo. The air cell serves 

for the pulmonary respiration once the chick is ready to inhale (at day 20). 

 

 

Figure 2.4. Chicken and brain dissection. After 9 days of incubation, chicken embryo was  

dissected and its brain removed from the skull. 
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Figure 2.5. Cortical neurons morphogenesis from plating to 3 DIV.  

(A) Cortical neurons after 3 hours in vitro with spherical shape. (B) After 1 DIV, cortical neurons start to lose 

the spherical symmetry. (C) At 3 DIV, neurons mature with extended axon, and arborized dendrites. 

 

2.5   Biocompatibility assay and cellular electrophysiological activity. 

2.5.1   Toxicity assay. 

Substrates cytotoxicity and cells viability were evaluated by a live/dead assay using Calcein acetoxymethyl 

(Calcein-AM) and Ethidium Homodimer dyes after 1 DIV for HL-1 cell culture and after 3 and 5 DIV for 

cortical neurons culture. Calcein-AM is a non-fluorescent cell-permanent dye that selectively labels living 

cells. Here, once incubated in cell culture, the calcein-AM in converted in green-fluorescent calcein after 

the hydrolysis of acetoxymethyl ester by intracellular esterases. Calcein is well-retained in the cell 

cytoplasm and once excited at λEX 488 nm, it fluorescently emits in λEM 495/515 nm wavelength range. On 

the contrary, ethidium homodimer is a cell-impermeable dye used to detect dead or apoptotic cells through 

DNA-binding, λEX/EM = 528/617 nm. After removing the culture media and wash the cells with PBS, the 

staining solution (CF = 1 µg/mL for Calcein AM and 1 µg/mL for Ethidium Homodimer) was added to the cell 

culture and incubated for 15 minutes at 37°C, 5% CO2 and 95% humidity. Afterwards, cells were rinsed in 

PBS for de-esterification of the intracellular AM esters and images were acquired at microscope. 

Exemplary frames of live and dead cells are shown in Figure 2.6, A and B, respectively.  
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Figure 2.6. Live/dead cells labelling. Exemplary micrographs of HL-1 cells labelled with  

(A) Calcein-AM and (B) Ethidium Homodimer. 

 

2.5.2    Calcium imaging. 

HL-1 cells electrical activity was studied by monitoring intracellular calcium ions dynamics. Therefore, HL-1 

cells at 85% confluency were washed with PBS and then loaded with 2 μM Fluo-4 AM as final concentration 

in PBS for 30 minutes at cell culture conditions. Fluo-4 AM is a membrane-permeable dye, exhibits a large 

fluorescence intensity increase on binding free Ca2+. After the incubation time, cells were washed in PBS 

for de-esterification of the intracellular AM esters and incubated again for 30 minutes with standard culture 

media prior to image acquisition. Exemplary time-sequential images of cells labelled with Fluo-4 AM are 

shown in Figure 2.7. Here, the Ca2+ wave propagates from the upper part of the objective field of view to 

the bottom part, as it indicates by the red arrows. 
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Figure 2.7. Exemplary images of the Ca2+ wave propagation. Wave propagation through a confluent layer of 

HL-1 cells. Each frame was acquired after 0.10 s. 

 

2.6   Immunohistochemistry. 
The immunolabelling procedure provides the detection and spatial localization of a protein of interest 

within a cell. It is generally performed by using antibodies which bind cellular targets with high specificity 

and, simultaneously, may be conjugated with fluorescent tags for optical tracing. 

At the desired time point for the investigation, the cell culture media was removed and washed once with 

warm PBS, to remove dead cells or debris in suspension. Then, cells were fixed with pre-warmed 4% 

paraformaldehyde (PFA) in PBS (pH 7.2) for 10 minutes and then gently washed 2 times with PBS at room 

temperature. Cell membranes were permeabilizated to provide antibody access to targets into the nucleus 

or other organelles with 0.1% Triton-X 100 in PBS for 5 minutes at room temperature and then washed 2 

times with PBS. To prevent any non-specific binding of the antibody, specimens were incubated in 2% 

bovine serum albumin (BSA) in PBS for at least 45 minutes at room temperature. To detect antigens of a 

protein, the following step requires the insertion of fluorescent probes which label the target protein with 

high specificity. This targeting might occur using (1) primary and secondary antibodies (Ab I and Ab II, 

respectively) or (2) conjugated dyes. 

2.6.1   Cytoskeleton, focal adhesion proteins and nuclei labelling.  

Cells were immunolabelled against paxillin primary antibody (mouse) (with CF = 0.2 µg/mL in 2% BSA in PBS) 

to detect focal adhesion structures, for 1-1.5 hours at room temperature or overnight at 4°C. Then, samples 

were washed 3 times for 5 minutes in 2% BSA (diluted in PBS). Cells were incubated with Alexa Fluor 488 
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Ab II (1:1000 dilution to have a CF = 0.2 µg/mL, anti-mouse, λEX/EM = 490/525 nm) in 2% BSA for 1 hour at 

room temperature. Cells were washed 3 times in 2% BSA solution. Afterwards, actin filaments labelling was 

performed by incubating phalloidin-X 555 conjugated dyes (1:1000 dilution to have a 1x as CF, λEX/EM = 

556/574 nm) in 2% BSA for 1 hour at room temperature, following 2 washes for 5 minutes in 2% BSA. Cell 

nuclei were then stained with nuclear marker Hoechst (1:1000 dilution in PBS, CF = 10 µg/mL, λEX/EM = 

350⁄461 nm) for 5-10 minutes at room temperature. Samples were shielded from light until imaging. Figure 

2.7 depicts representative images of FAs structures, F-actin and nuclear immunohistochemistry labelling. 

 

 

Figure 2.8. F-actin, FAs and nuclei staining. Exemplary confocal micrographs of HL-1 cells that underwent 

immunohistochemistry labelling of (A) focal adhesion patches (paxillin protein in green), (B) cytoskeleton (F-

actin filaments in red) and (C) nuclei (in blue). (D) Merged micrograph. 

 

2.6.2   Endocytic proteins labelling.  

Anti-clathrin and anti-cav-1 Ab I (rabbit and mouse, respectively) were used to label clathrin and caveolin-

mediated endocytic pathways.  

Cells were incubated with the Ab I solution for at least 40 minutes at room temperature or overnight at 4°C 

(1:1000 and 1:100 dilution in PBS respectively for anti-clathrin and anti-cav-1, CF = 1 μg/mL in 2% BSA). 

Afterwards, samples were washed 3 times for 5 minutes in 2% BSA to remove untied antibodies. Alexa Fluor 

546 (anti-mouse, λEX/EM = 561/572 nm) was used to bind anti-clathrin Ab I and Alexa Fluor 488 (anti-rabbit, 

λEX/EM = 490/525 nm) for anti-cav-1 Ab I (1:1000 dilution CF = 2 µg/mL in 2% BSA) for at least 1 hour at room 

temperature. Cell nuclei were then labelled with Hoechst die (1:1000 dilution in PBS, CF =10 µg/mL, λEX/EM 

= 350⁄461 nm) for 5-10 minutes at room temperature. Samples were shielded from light until imaging. 

Exemplary micrographs of endocytosis immunolabelling are depicted in Figure 2.9.  
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Figure 2.9. Endocytic vesicles labelling. Exemplary confocal micrographs of HL-1 cells that underwent 

immunohistochemistry labelling for endocytic pathways mediated by (A) clathrin (green), (B) cav-1 (red). (C) 

depicts nuclei labelled with Hoechst blue) and (D) is the merged micrograph.  

 

2.6.3   Dendrites, axons and nuclei labelling.  

Neuronal processes, i.e. axons and dendrites, were selectively labelled with anti-Tau (mouse) and anti-

MAP2 (rabbit) Ab I, respectively. The Ab I solution was incubated considering a CF = 2 µg/mL for both anti-

Tau and anti-MAP2 antibodies and added to the samples for at least 1 hour at room temperature or 

overnight at 4°C. Samples were then washed 3 times for 5 minutes in 2% BSA. Alexa Fluor 546 (anti-mouse 

λEX/EM = 561/572 nm) was used to bind anti-Tau and Alexa Fluor 488 (anti-rabbit, λEX/EM = 490/525 nm) for 

anti-MAP2 (both at 1:1000 dilution, CF = 2 µg/mL in 2% BSA) and let incubate for 1 hour at room 

temperature. Afterwards, cells were washed 3 times in 1% BSA and cell nuclei were labelled with Hoechst 

(1:1000 dilution ratio in PBS, λEX/EM = 361/497 nm) for 5-10 minutes at room temperature. Samples were 

shielded from light until imaging. Figure 2.10 depicts exemplary micrographs of cells labelled with anti-Tau, 

anti-MAP2 and, Hoechst. 
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Figure 2.10. Axons, dendrites, and nuclei staining. Primary cortical neuronal cells were labelled to identify (A) 

axons (cyan), (B) dendrites (red) and (C)nuclei (blue). (D) depicts the merged micrograph. 

 

2.6.4   Structural cytoskeleton of neural growth cone. 

The architecture of the neural cytoskeleton was labelled with anti-βIII-tubulin (mouse) and phalloidin 

(conjugated dye). The anti-βIII-tubulin Ab I solution was incubated considering a CF = 5 µg/mL in 2% BSA for 

at least 1 hour at room temperature or overnight at 4°C. Samples were then washed 3 times for 5 minutes 

to remove untied antibodies. To label actin filaments, samples were incubated with phalloidin-X 555 

conjugated dyes (1:1000 dilution in PBS, CF = 1x, λEX/EM = 556/574 nm) in 2% BSA for 1 hour at room 

temperature, following 2 washes for 5 minutes in 2% BSA. Alexa Fluor 488 (anti-mouse, λEX/EM = 490/525 

nm) Ab II for anti-βIII-tubulin was diluted (1:1000 dilution, CF = 2 µg/mL in 2% BSA) and let incubate for 1 

hour at room temperature. Cell nuclei were then labelled by incubating a nuclear marker Hoechst (1:1000 

dilution, CF =10 µg/mL in PBS, λEX/EM = 350⁄461 nm) for 5-10 minutes at room temperature. Samples were 

shielded from light until imaging. Figure 2.11 shows exemplary micrographs of cells immunolabelled for 

light microscopy against βIII-tubulin, actin and nuclei. 

 

 

Figure 2.11. Neuronal cytoskeleton. The cytoskeleton of primary cortical neurons was labelled to identify actin 

(green Phalloidin, A) microtubules (in red βIII-tubulin, B) and nuclei (in blue Hoechst, merge image in C). 

 

2.6.5   Cell body and nuclear envelopes labelling. 

Cellular envelop was labelled with Wheat Germ Agglutinin (WGA) conjugated dye with CF = 5 µg/mL in 2% 

BSA for at least 1 hour at room temperature or overnight at 4°C (λEX/EM = 632/647 nm). Cell nuclei were then 

labelled by incubating the nuclear marker Hoechst (1:1000 dilution, CF =10 µg/mL in PBS, λEX/EM = 350⁄461 

nm) for 5-10 minutes at room temperature. Samples were shielded from light until imaging. Figure 2.12 

shows exemplary micrographs of cells immunolabelled for light microscopy against WGA and nuclei. Since 
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the staining was performed for a 3D reconstruction of the cell structure, the optical cross sections were 

here provided, in Figure 2.12 C and D. 

 

Figure 2.12. Cell body and nuclear envelop staining. PM and nuclear envelope were singularly labelled with 

WGA (A) and Hoechst (B). Optical cross sections (zy and zx views) were provided beside the xy acquisition, (C 

and D, respectively). 

 

2.6.6   Analysis of plasma membrane integrity 

PM integrity of cells growing on out-of-plane graphene materials was estimated by monitoring possible 

internalization of membrane-impermeable fluorescence die, Calcein. Therefore, Calcein was incubated for 

10 minutes at cell culture conditions (CF = 1 μM in PBS, wavelengths excitation/emission λEX/EM = 490/525 

nm). Afterwards, cells were rinsed in warm PBS and CellMaskTM Plasma membrane marker was incubated 

for 5 minutes (CF = 1x in PBS, λEX/EM = 554/567 nm). Samples were shielded from light until imaging. Figure 

2.13 depicts representative images of cells labelled with Cell Mask and Calcein to visualize possible 

spontaneous penetration event which would lead Calcein to be internalized by cells. 

 

Figure 2.13. Cell body staining and plasma membrane integrity investigation.  
(A) HL-1 cells labelled with cell mask and (B) calcein loading . (C) merged micrographs. 
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2.7   Image acquisition. 
Image acquisition was performed with different optical microscopes, depending on the resolution needed 

for the imaging and whether cells were retained in live or fixed conditions. All labelled cells were shielded 

from light until image acquisition. 

a. Widefield fluorescence microscope (Axio Oberver Z1, Zeiss) operated through epifluorescence and 

was used for live/dead imaging with 10x or Planar Apocromat 20x 0.8 dry; 

b. Inverted microscope (Axio Vario, Zeiss) operates through epifluorescence and was used to track 

the Ca2+ flow variation across a confluent layer of live cells. Images were collected using anEC Plan-

Neofluoar 10 x/0.3 numerical aperture (NA) objective; 

c. Laser scanning confocal microscope (LSM 700, Zeiss) was used for cells labelled by 

immunohistochemistry mainly using a 63x /1,4 NA oil immersion objective. HL-1 cell morphology 

and endocytic pathways data, as well as neuronal polarization images by means of this microscope; 

d. Laser scanning confocal microscope (STED-SP5) was used to acquire images of the growth cones of 

neuronal processes with 100x / 1,4 NA oil immersion objective. 
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2.8   Image processing and analysis. 

2.8.1   Live/dead cell populations analysis. 

Acquired images were processed with Image J software (NIH, USA) to perform cell counting of live and dead 

cells populations. The analysis was performed on each frame derived by the Calcein-AM and Ethidium 

Homodimer labelling (as described in Paragraph 2.5.1).  

 

 

Figure 2.14. Live/dead image analysis. Schematic of the semi-automatic cell counts for viability quantification. 

(A) Live and dead cells frames were individually opened, (B) image background removed,  

(C) a size-dependent threshold applied to identify single cells. (D) Bulkier particles were  

divided with watershed plugin, (F) cells were automatically counted (E-F). 

 

The main analysis steps are described in Figure 2.14. In details, uneven background was removed from the 

fluorescence microscopy images (Figure 2.14 B). Afterwards, an intensity threshold was applied to highlight 

all cells to count. This creates a binary version of the image with only two-pixels intensity (Figure 2.14 C): 

black = 0 (ascribed to the background) and white = 255 (assigned to the cells). Adjacent cells might be 

merged after the threshold filter application, so the watershed function was usually used to separate cell 

clusters by adding 1-pixel line between them (Figure 2.14 D). Through the ImageJ particles analysis plugin, 

each cell was considered as a particle and automatically counted (Figure 2.14 E). However, cellular debris, 
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often present in the cell culture, might be excluded from the automatic counting by adjusting the size 

particles or their circularity values. Viability was determined by acquiring 10 frames per experiment from 3 

independent cell preparations (thereby p = 10 is the population amount, N = 3 the statistical sample) 

collected randomly over the material surface. Each experimental condition was studied in triplicate (n = 3). 

Therefore, the amount of both live and dead cells was discerned from a total of 90 frames. 

 % viability quantification was evaluated using the following formula: 

% Viability =
(Live cells)

(Live cells + Dead cells)
 x 100 

Data are analyzed by one-way ANOVA with a Tukey- post-hoc test (GraphPad Prism 8.4.3) for 95% as 

confidence interval. 

 

2.8.2   Ca2+ wave imaging analysis.  

Ca2+ wave imaging analysis was performed with MATLAB software.  

Images were re-scaled using bicubic interpolation, going from 1216x1920 pixels to 60x96 pixels (Figure 2.15 

A). From the scaling, each pixel acquires a new size of 19 x 19 μm, which increasingly aids the tractability 

of the data. In this way, each pixel might cover an area corresponding to a single cell. The average 

fluorescence intensity of each frame was calculated over time (among all Figure 2.15 B). Each Ca2+ wave 

appeared as a large positive spike in the frame-wide average intensity time-series (Figure 2.15 C). The 16 

frames before and after the positive peak were extracted and considered representative and belonging to 

a single Ca2+ wave event. On individual events, the frame number of maximum intensity was identified for 

each pixel, yielding a single image of the event that depicts the displacement of the calcium wave across 

the field of view of the microscope (Figure 2.15 D). A 3x3 pixels filter was applied to this image to detect 

edges which represent the wave fronts at different times. The filtered edges were thresholded and used as 

a binary filter on the image with the intensity maxima for the given event. The resulting image shows the 

position of the wave front at each time point or frame of the detected event (Figure 2.15 E). The distance 

travelled by the calcium wave between consecutive frames was estimated as the minimum distance 

between wave front positions observed at consecutive time points. The propagation speed was obtained 

by dividing the estimated travelled distance for the acquisition period (the time between frames in the 

image series, 0.056 s). A schematic that summarized the main calcium imaging analysis steps is shown in 

Figure 2.15. 

 

[2] 
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Figure 2.15. Ca2+ wave imaging process. Schematic of the main steps adopted for the analysis including (A) 

time-series size rescaling, (B) fluorescence intensity averaging, (C-D) Ca2+ wave detection as positive peak, 

(E)application of edge detection filter, (F) until the wave front displacement. 

 

2.8.3   Cell shape descriptors analysis. 

The morphological analysis of the HL-1 shape was carried out with the ImageJ software, by considering 

images acquired after immunolabelling of actin fibers by means of Phalloidin-X conjugated dye, explained 

in Paragraph 2.6.1. As shown in the schematic of Figure 2.16, the cells shape was identified after removing 

the background and applying the threshold plugin of Image J. The intensity threshold highlights the 

fluorescence region to analyze (basically the cell), thus creating a binary version of the image with only two-

pixel intensity: black = 0 ascribed to the background and white = 255 to the cells. The highlighted region 

was then measured with ImageJ automatic measure plugin leading to a detailed analysis of the cell shape 

descriptor: area, cell elongation, minor and major cell axis lengths (also considered as cellular width and 

length, respectively), and cell circularity. Cellular shape was described by acquiring 10 cells per 

experimental condition from 3 independent cell preparations (thereby p = 10 is the statistical population 

and the statistical sample is N = 3). Each experimental condition was studied in triplicate (n = 3). The One-
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way Analysis of Variance test (ANOVA test) was carried out with the GraphPad Prism 8.4.3 to statistically 

characterize the cell behavior, and the Tukey test was run to confirm where the differences occurred 

between groups. A p-value lower than 0.5 was considered significant. 

 

 

Figure 2.16. Cell shape descriptors processing. Schematic of the main steps adopted for the analysis of the 

shape descriptor, including (A) the acquisition of fluorescence micrographs, (B) the background removal, (C) 

the intensity threshold filter application and (D) descriptors measurement. 

 

2.8.4   Fluorescence intensity profile analysis across cells area. 

Fluorescence intensity was quantified through the ImageJ software. This procedure was applied for the 

evaluating the expression of actin, focal adhesion and endocytic protein for HL-1 cells, and actin and 

microtubules structures for neurons. Each investigation was performed in triplicate with 3 independent cell 

preparations and the image acquisition parameters (i.e., exposure time, laser power and detectors gain) 

were fixed throughout the experiments. Each cell in the frame was selected independently and the intensity 

quantification was carried on by considering the mean grey value (i.e., the mean fluorescence intensity for 

all pixels within the selected area) as shown in Figure 2.17 A. Mean grey values, associated to the 

background, were measured from regions devoid of cells (Figure 2.17 B) and subtracted from the 

fluorescence intensity values of the investigated samples by following the ensuing formula: 
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𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =  Cell fluorescence − Background fluorescence 

 

where: cell fluorescence is the cell mean grey value and background fluorescence is the background mean 

grey value. The One-way ANOVA was carried out with the GraphPad Prism 8.4.3 and the Tukey test was run 

to confirm where the differences occurred between groups. A p-value lower than 0.5 was considered 

significant. 

 

 

Figure 2.17. Cell fluorescence intensity quantification. Fluorescence intensity was quantified  

by measuring (A) first the mean grey value and (B) the background value from the control sample.  

(C) Fluorescence value resulting from the application of equation [3]. 

 

2.8.5   Fluorescence intensity profile along a linear region of interest. 

The spatial localization of the fluorescence signals emitted from HL-1 cells labelled with anti-clathrin and 

anti-cav-1 probes, as well as from cortical neurons GC labelled against actin and microtubules was studied. 

Therefore, one pixel line, cutting HL-1 cells and cortical neuron GC shape in two, was drawn and the 

fluorescence intensities from the labelled proteins were plotted in function of the segment length (Figure 

2.18 A). To reduce noise, seen as random jumps in the fluorescence intensity profile, a smoothing filter was 

applied in ImageJ (Figure 2.18 B). After the application of this filter, each new pixel depends upon the 

[3] 
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average of the values in a 3 × 3 pixel region. This operation averages out much of the noisy variation, giving 

a result that is considerably smoother. The intensity values found along the line were then plotted by using 

Graph Pad Prism 8.4.3. 

 

Figure 2.18. Cell fluorescence intensity along one-pixel line. The intensity of fluorescence signals emitted  

by HL-1 was plotted along a line, (A) without applying or (B) by exploiting a smooth filter. 

 

2.8.6   Axon length measurements and secondary neurites counting. 

Axon lengths and the number of secondary neurites emerging from the axons were quantified from cortical 

neural cell cultures labelled against MAP2 and Tau proteins (see Paragraph 2.6.3). Analysis was performed 

on solitary or almost solitary neurons within the field of view 63x /1,4 NA oil immersion objective. NeuronJ 

plugin in the ImageJ software was used to measure in semi-automated fashion the axonal length and the 

secondary neurites. Each neuron process was first outlined from its starting point to the terminal end and 

then identified as axon, secondary, tertiary processes or even dendrites with a color code, as shown in 

Figure 2.19 B. Afterwards, lengths measurements of the processes, as well as their counting, was performed 

in an automated way by measurements ImageJ plugin (Figure 2.19 C).  
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Figure 2.19. Axon length measurement and neurite processes counting. (A) MAP2 and TAU labelled cortical 

neurons, (B) whose processes were identified as axon, secondary, tertiary and dendrites processes with a color 

code. (C) Afterwards, length measurements and counting were performed in automated way. 

 

2.8.7   3D optical reconstruction of cell body. 

3D rendering of the cell body was performed by using ImageJ software (plugin 3D viewer). Therefore, z-

stack acquisition of the cell body was performed fixing the slice thickness (Δh) equal to 0.25 μm. The plugin 

3D viewer was set to volume (Figure 2.20 B) and the background to white color (red, green and blue 

channels fixed at 255 as pixel value). In order to gather a lateral visualization of the 3D reconstructed cell, 

the view was set to +yz plane (the basal PM is localized at the bottom) as shown in Figure 2.20 C.  

The cell volume is calculated as the sum of the slice surface areas multiplied by the slice height: 

Cell volume = Σn An Δh 

where An is the surface area of each acquired slice, measured via the ImageJ software algorithm (as 

described in Paragraph 2.8.3) and h is the slice height. 

 

 

[4] 
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Figure 2.20. 3D cell reconstruction in ImageJ. 3D rendering of a cell from an acquired optical z-stack (A) 

processed with the 3D viewer plugin in ImageJ environment fixing volume as final displaying (B). (C) Cell 3D 

view. 

 

 

2.9   Electron Microscopy for cell-material characterization. 

2.9.1   Ultrathin plasticization (UTP) method11,40. 

 

Figure 2.21. Ultra-thin plasticization method. In this schematic the procedure of biological sample preparation 

for EM is shown. (A) figures the cell culture, which is firstly (B) stained with heavy metals to add density and 

contrast to the cells and then (C) embedded in resin. (D) Ultra-thin resin 

removal. 

  

Cells were firstly rinsed with PBS and then washed in 0.1 M sodium cacodylate buffer (C2H6AsNaO2) at 

physiological pH for 5 minutes before being fixed in in 2.5% glutaraldehyde diluted in the same buffer at 

room temperature. Fixation is performed to block any cellular degeneration processes and preserve 

morphological shape from shrinkage and swelling (osmotic damages). Therefore, glutaraldehyde stabilizes 

cellular ultrastrcutures via permanent cross-linking which occurs between its -CHO groups and any protein 



Out-of-plane graphene materials for enhanced cell-chip coupling – Laura Matino, M.Sc. 

61 
 

nitrogen110. However, this strong and irreversible fixative effect only involves protein structures. Lipidic 

structures must undergo a secondary fixation to retain their structures during the entire method. After the 

fixative incubation, samples were transferred on ice (4° C) and washed 3 times for 5 minutes with buffer. 

Unreacted aldehyde groups, not bound to anything, were quenched with 20 mM glycine solution in in 0.1 

M buffer solution for 20 minutes at 4°C. Specimens were then washed 3 times with buffer (5 minutes each) 

at 4°C. To preserve lipidic membranes and fix glycogen, a second fixative step is performed by incubating 

cells with 2% osmium tetroxide and 2% potassium ferrocyanide for 1 hour at 4°C. This post-fixative adds 

density and contrast to the cell as staining solution111. Samples were then washed 3 times with buffer 

solution at 4° C. Prior thiocarbohydrazide (TCH) step, cells were gently washed with DI water at room 

temperature (to prevent TCH salt precipitation). Afterwards, samples were immersed in 1% filtered 

thiocarbohydrazide (TCH) in DI water for 20 minutes at room temperature. TCH solution profoundly 

enhanced the contrast of the osmiophilic cell components.  

Specimens were washed 3 times with DI water for 5 minutes and subsequently immersed in 2% tetroxide 

osmium solution for 30 minutes at room temperature. This entire procedure of staining, Figure 2.21 B, is 

also known as RO-T-O because it includes solutions of potassium ferrocyanide-reduced osmium (RO step), 

TCH (T step) and osmium (O step). Afterwards, specimens were washed with DI water 3 times for 5 minutes 

and incubated overnight in 4% filtered uranyl acetate at 4°C. Uranyl acetate reacts with phosphate and 

amino groups (i.e., nucleic acid, proteins, mitochondria). Then, samples were washed 3 times with DI water 

and incubated with 0.15% tannic acid for 3 minutes at 4°C and then washed 2 times with DI water. 

Dehydration was carried out with a series of ethanol dilutions (30, 50, 75, 95, 100% v/v ethanol in water) 

for 10 minutes each at 4°C. 100% ethanol was exchanged 2 times at room temperature. Specimens were 

then gradually embedded in resin (25 mL of NSA, 8 mL D.E.R. 736, 10 mL of ERL 4221, 301 µL of DMAE) 

with an ethanol : resin ratio (1:3 for 3 hours, 1:1 overnight, absolute resin for at least other 8 hours (Figure 

2.21 C). Minimal resin covering on the cells was achieved by upright positioning the samples and let the 

resin drain by gravity for 2 hours (Figure 2.21 D). In addition, to significantly reduce the final resin layer, 

samples were quickly rinsed with 100% ethanol for less than 2 minutes prior to polymerization. Therefore, 

the whole procedure to prepare biological samples for EM imaging is known as ultrathin plasticization 

method (UTP)11,40. However, absolute ethanol flushing step might introduce some artefacts. Indeed, longer 

washes cause complete exposition and potential dehydration of cellular bodies and processes. Figure 2.22 

shows resin layer reduction as function of the ethanol washing time. Finally, resin was polymerized in the 

oven at 70°C for 12-24 hours. Samples were mounted onto aluminum pin stubs (diameter 3.2 mm) using 

silver conductive paste and sputtered with 5 nm-thick gold layer prior to imaging. 
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2.9.2   Whole-cell scanning electron microscopy.  

Specimens were loaded in a dual-beam microscope which supports both an electron beam column (e-

beam) and a Ga+ ions focused beam column (FIB or i-beam). Cell morphology, polarization and development 

of cellular processes (i.e., filopodia, axons and dendrites) were visualized by whole-cell imaging. Once a ROI 

was located and, whole-cell micrographs in top and tilted view were acquired by scanning the surface point 

by point with the e-beam. Moreover, high magnification micrographs of cellular processes were acquired 

to further characterize cellular spreading and polarization. Here, the e-beam applied voltage and current 

were in the range 5 - 10 kV and 0.34 – 2.7 nA, respectively. Micrographs were acquired in secondary 

electrons mode, which well resolves characteristic topographic and volumetric features of the material and 

by fixing time the dwell time to 45 µs., Low magnified micrographs (from 1000x up to 3500x) were taken 

for visualizing the biological culture or cell morphology and spreading. High magnified micrographs (from 

5000x to 8000x) were acquired to visualize cell processes like filopodia or dendrites. Exemplary whole-cell 

scanning electron micrographs are shown in Figure 2.23. 

 

 

Figure 2.22. Resin layer embedding as a function of ethanol removal. (A) Thick resin embedding layer 

allows only to identify cell on the substrate. (B) Cellular features might be visible with slightly longer ethanol 
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washes. (C) However, extended ethanol rinses bring cells to a complete resin removal and dehydration. 

 

 

Figure 2.23. Whole-cell scanning electron micrograph.  

SEM micrograph of cell in top (A), tilted (B) and close-up view (C). Scale bar 20 μm (A, B), 5 μm (C). 

 

2.9.3   Focused ion beam sectioning/scanning electron microscopy of cross sections. 

The cell-material contact area was exposed through FIB milling and imaging was then performed with SEM.  

Here, a ROI was identified (Figure 2.24 A), a double platinum (Pt) layer was deposited to preserve the 

sample structures from the ensuing destructive cross-sectioning steps. First a0.5 µm-thick Pt layer was 

deposited by e-beam assisted deposition by fixing the voltage of the electron beam at 3 kV and the current 

at 0.69 – 2.7 nA.  Then a second layer (~1 µm nominal thickness) was deposited by ion beam-assisted 

deposition (Figure 2.24 B,C) ), fixing at 30.0 kV and 0.79 nA the ion beam voltage and current, respectively.  

Afterwards, by fixing the ion beam voltage and current at 30 kV and 0.25 – 9.3 nA, respectively, a large 

amount of material can be removed by milling, allowing precise exposition of cell-material interface (Figure 
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2.24 D). Notably, the nominal depth (as for silicon) was set to ~ 5 μm and the milling profile used was the 

ramp. The resulting surface was then further polished avoiding curtaining effects with the ion beam voltage 

and current at 30.0 kV and 80 pA-0.23 nA, respectively112.  

Further details on FIB/SEM cutting and polishing operations are reported in Annex A.2. 

The SEM cross-section imaging was performed using the backscattered detector (backscattered electrons, 

BSE). In this configuration, grey levels belonging to the reconstructed images detect contrast between areas 

with different chemical compositions since the number of emitted BSEs is proportional to sample atomic 

number (Figure 2.24 D). Therefore, osmophilic membranes which are highly dense regions compare to the 

cytoplasm appear darker in the micrograph.  

 

 

Figure 2.24. FIB/SEM cross-sectioning and imaging procedure. Cell-material contact area imaging was achieved 

by following thesesequential steps: (A) ROI identification, (B-C) Pt layer deposition with e-beam and i-beam to 

preserve cellular structures, (D) i-beam assisted milling to expose the cross section, and backscattered 

imaging. 
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Chapter 3: Results and discussion. 

3.1   Out-of-plane graphene substrates characterization: morphology and composition. 
Figure 3.1 shows 3D schematics of the fabricated graphene-based materials. In particular, graphene was 

deposited to achieve a planar configuration (Figure 3.1 A), while all the other topographies exhibit a 2.5 – 

3D morphology. Indeed, 3DFG presents a nanoscale roughness where two sides of the graphene flakes are 

exposed (Figure 3.1 B). The arrangement of collapsed NWs in NT-3DFGc offers interspersed micrometric 

cavities and wires located at different heights (Figure 3.1 C) and finally, NT-3DFGnc (Figure 3.1 D) was 

synthesized to obtain a mesh of free-standing NWs. The morphology of each graphene-based substrate 

was examined by scanning electron microscopy (SEM, Figure 3.2). 

 

 

 

Figure 3.1. 3D schematics of the synthesized graphene-based material. (A) planar graphene; (B) 3D fuzzy-

graphene; (C) collapsed nanowire-templated covered with 3D fuzzy graphene; (D) non-collapsed nanowire-

templated covered with 3D fuzzy graphene. 

 

Figure 3.2 A depicts the planar graphene (2DG) surface morphology. The white arrow highlights the grain 

boundary of the graphene layer obtained during the LPCVD deposition process (Materials and methods 

2.1). Instead, the fuzzy morphology of 3DFG material (Figure 3.2 B) is achieved by specific deposition 

parameters: the graphene flakes were oriented perpendicularly out from the substrate, and their density 

was adjusted during the synthesis which was carried for 30 min at 800°C and 25 mTorr as CH4 partial 

pressure. Compared to the planar film, the submicrometric roughness of the final surface topography leads 
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to a larger surface area, as also reported earlier99. The hybrid composition of the NT-3DFG meshes, either 

in collapsed and non-collapsed arrangements, consist of Si NWs catalyzed by a VLS process and coated with 

few layers of graphene flakes which extend from the surface of the wires (insets in Figure 3.2 C, D).  On the 

one hand, NT-3DFGc material (Figure 3.2 C) exhibits a tangled collapsed wires mesh network, where 

microcavities, indicated with yellow arrows, are formed between collapsed wires, giving an overall 

micrometric topography to the material (mesh thickness is 7.2 ± 1.9 μm). On the other hand, the NT-

3DFGnc template, instead, has thick bundles of free-standing NWs which are unevenly distributed across 

the substrate (Figure 3.2 D). Here, the average NW length is in the order of few tens of microns. From the 

SEM observations, wire tips are easily recognizable, however a large number of wires appear to be tilted 

from the vertical position. Therefore, alongside wires end parts, portion of sidewalls, belonged to kinked 

wires, can be recognized.  

Due to the presence of the fuzzy graphene coating deposited on each Si wire, the average diameter of the 

single structure hovers 163 ± 22 nm99. Therefore, for both NT-3DFGc and nc substrates, the deposited fuzzy 

graphene provides a local nanometric roughness, alongside the topographic effect in the micrometric scale 

fulfilled by each Si wire (core size). 

 

Figure 3.2. Scanning electron micrographs of the graphene materials. (A) 2DG planar material: white arrow 

points to the grain boundary; (B) 3DFG material with highly magnified micrograph of the exposed graphene 

flakes; (C-D) NT-3DFGc and NT-3DFGnc out-of-plane materials with highly magnified micrograph given of the 

wires mesh and the fuzzy graphene coating. Yellow arrows in (C) indicate the presence of interspersed 

microcavities. 
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Then, the graphene-based materials were characterized through the Raman spectroscopy technique 

(Materials and methods 2.2.2). Raman measurements provide information on the molecular composition 

of the material through Raman scattering. Therefore, the effects of edges, the presence of defects, and 

number of graphene layers can be inferred from the characteristic peaks analysis (i.e., shape, intensity and 

position)113. These measurements were performed in the Biomedical Engineering Department of Carnegie 

Mellon University, USA.  

In Figure 3.3, the purple curve refers to the spectra of the planar graphene. Here, the presence of a sharp 

G peak at ca. 1580 cm-1 and a symmetric 2D peak at ca. 2700 cm-1 with full width at half-maximum (FWHM) 

of ca. 40 cm-1, corroborate the monolayer graphene nature. As reported in previous works113,114, single 

layer or few-layers of graphene can be easily distinguished from bulk graphite thanks to the evolution of 

both G and 2D peak at ca. 2700 cm-1. Indeed, if bulk graphite shows a wider peak with two components, 

2D1 and 2D2 (roughly 0.25 % and 0.5 % of the height of G peak, respectively114), graphene has a sharp 2D 

peak (with four-time higher intensity than the G peak), as depicted in Figure 3.3. Moreover, the absence of 

a significant D peak at ca. 1340 cm-1 indicates that the synthesized graphene has very limited structural 

defects. On the contrary, the presence of D peak, and D’ peaks, as a shoulder to the G peak in the spectra 

of 3DFG (blue curve), NT-3DFGc (green curve) and NT-3DFGnc (red curve in Figure 3.3) materials is 

attributed to the peculiar graphene edges. The breaking in the translational symmetry due to the presence 

of the graphene flakes edges has direct effect in the activation of D and D’ peaks115. Moreover, a careful 

study of the 2D band shape, width and, number of Lorentzian peaks (which can be fitted in the single 2D 

peak) might provide information about the stacking of the graphene layers and the number of the additive 

graphene sheets113–115. Therefore, for the 3DFG and NT-3DFG templates the board and symmetric 2D peak, 

fitted in a single Lorentzian, suggests the presence of juxtaposed single- to few-layer of graphene flakes in 

the high density 3DFG, as already reported by Garg et al.99. 
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Figure 3.3. Raman spectra of planar and out-of-plane graphene materials.  

Exemplary spectra of 2DG (violet), 3DFG (blue), NT-3DFGc (green) and NT-3DFGnc (red). 

 

In addition, the roughness at the material surface might affect the physical and chemical properties of the 

different graphene materials. Here, considering that hydrophobicity/hydrophilicity influences the coupling 

with biological cells, we investigated the surface wettability through contact angle measurements 

(Materials and methods 2.2.3). Planar graphene shows a slight hydrophobicity (Figure 3.4 B, F, average 

angle Ɵ ~ 91 ±1.3°, N=3), compared to the hydrophilicity of the control sample, Si/SiO2 (Ɵ ~ 51.5± 2.7°, 

Figure 3.4 A, F). When contact angle measurements were performed in the case of out-of-plane graphene 

materials, the angles were Ɵ ~ 133 ± 1.1°, Ɵ ~ 144.5 ± 1.6°, Ɵ ~ 148.8 ± 0.9° for 3DFG, NT-3DFGc and NT-

3DFGnc, respectively (Figure 3.4 F), which ultimately correspond to a superhydrophobic behaviour. 

Although in the 2DG configuration graphene owns a hydrophobic nature, the nanoscale roughness of 3DFG, 

as well as the complex architectures of NT-3DFGc and nc templates further enhance this condition. Indeed, 

possibly the presence of air pockets trapped between the micro- and nano-scaled asperities in the out-of-

plane materials, as explained by the Cassie−Baxter model in the case of porous surface wettability116, 

attributes water-repellent properties. In this model, a water droplet is suspended above the structures 

rather than follow the rough profile of the surface, typical of Wenzel wetting state117 and hence, the 

solid/water interface is minimized as similarly induced by the increase of micro-pores in the topographies, 

as in the cases of NT-3DFGc and NT-3DFGnc118. 

The hydrophobic nature of the graphene materials could preclude their use for biological purposes. 

Thereby, graphene surfaces were functionalized prior to cell culture with PLL and fibronectin/gelatine 

solutions (Materials and methods 2.2.3) based on the cultured cell type.  
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Figure 3.4. Contact angle measurements.  Images of a 1.5 µL of DI water droplet injected on (A) Si/SiO2, (B) 

2DG, (C) 3DFG, (D) NT-3DFGc and (E) NT-3DFGnc. Scale bars, 1 mm. (F) Average contact angles measurements 

of the materials without functionalization, (G) fibronectin/gelatine and (H) PLL functionalizations (N = 3). 

 

Here, the wettability properties of graphene materials were evaluated with a VCA system, after overnight 

incubation of cell-adhesive solutions, as shown in Figure 3.4 G and H for fibronectin/gelatine and PLL 

functionalization, respectively. The transition from Cassie-Baxter to Wenzel wetting state was observed as 

well as a drastic hydrophilic inversion estimated over the graphene materials, especially in presence of NWs 

meshes. Indeed, measured contact angles of PLL-treated graphene substrates highlight an increase in 

hydrophilicity of ~ 43.9 %, 66.3 %, 78.4 % and 84.3 %, in 2DG, 3DFG, NT-3DFGc and NT-3DFGnc materials, 

respectively.  

Hydrophilicity increased also after the absorption of fibronectin/gelatine solution, whilst the effect was only 

distinctly noticeable in the case of out-of-plane topographies. Indeed, hydrophilic improvement was 

estimated to be nearly equal ~ 6.5 %, 41.9 %, 75.9 % and 78.9 %, in  2DG, 3DFG, NT-3DFGc and NT-3DFGnc 

materials, respectively.  

The overnight adsorption of either high positive charges for PLL solutions or protein components in the 

fibronectin/gelatine coating modifies the wetting behaviour of graphene materials by providing the 

chemical links to maximize the solid/water interface and, in turn, increase the hydrophilicity of the 

materials’ surface. Moreover, compared to the planar graphene, the presence of air pockets between the 

protruding nano and micro graphene structures, in NT-3DFGc and nc materials, favours the liquid to flow 

through the cavities and across the surface.  
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3.2   Graphene-cell interface: general considerations. 
Here, the different graphene materials have been characterized to primarily enable an optimal contact to 

cells and also modulate peculiar cellular processes at the interface such as polarization and outgrowth 

which ultimately regulate the cell-chip coupling on the long term. First, possible toxicity effects of the 

materials were evaluated through specific assays and investigation of physiological electrical activity of the 

cells. 

HL-1 cells were used as cardiac cell model as they own morphological and electrophysiologic characteristics 

of adult cardiac monocytes; in addition, primary cortical neurons were employed for the investigation of 

the neuron-graphene materials coupling and its implications in the early development stage of neuronal 

outgrowth. Therefore, considering these peculiar cells properties, either nanoscale and microscale 

topography features were leveraged to study the possible effects they exerted on the cellular cytoskeleton 

reorganization and polarity, the attachment to the surface, possible initiation of endocytosis events, and 

ultimately on cellular metabolism. 

However, it is important to highlight the key role of the cellular PM in the dynamics of interaction occurring 

at the interface between nanostructured materials and biological cells28. Indeed, the PM and its curvature-

dependent arrangement govern the cell-material physical coupling through topography sensing and 

stabilization phases28,30. From the interaction with the underlying substrate, different scenarios might 

ensue (Figure 3.5): i) wrapping of cell membrane around the structures, ii) initiation of endocytosis events, 

iii) structure penetration through the cell membrane. 

 

 

Figure 3.5. Schematics of possible mechanism at the cell out-of-plane material interface.  
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3.3   Biocompatibility of out-of-plane graphene materials. 

3.3.1   HL-1 cells viability.  

Cytotoxic effects of out-of-plane materials were evaluated through a biocompatibility assay performed at 

1 DIV. Therefore, live and dead cells populations were labelled with green and red fluorescence markers in 

Figure 3.6, respectively (Materials and methods 2.5.1 and 2.81). The statistics on the two populations is 

summarized in Figure 3.6 F. HL-1 cells showed higher viability on planar graphene than the control (Si/SiO2), 

while the percentage of live cells slightly decreased by increasing the dimensionality of the topography. 

In particular, besides the NT-3DFGnc culture, the overall percentage of living cells is in average larger than 

90%. When cells were cultures on free-standing NWs meshes, cell viability was estimated to be nearly 88%. 

 

 

Figure 3.6. HL-1 biocompatibility assay. Optical micrographs of HL-1 cultured on (A) Si/SiO2; (B) 2DG; (C)  

3DFG; (D) NT-3DFGc; (E) NT-3DFGnc. Green fluoresce signal refers to live cells, red fluorescence signal refers to 

dead cells. Scale bar: 100 μm. (F) Quantification and statistical analysis of cell viability. Data are analyzed by 

one-way ANOVA with a Tukey- post-hoc test (GraphPad Prism 8.4.3) for 95% as confidence interval. 

 

This might be due to the specific topography of the material and the possible piercing effect which might 

occur when individual cells are in contact at the NW tip. As a result, cell cytosol damage and homeostasis 

could be induced. However, previous studies showed the NWs effect to facilitate movement across cellular 
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and intracellular barrier, as well as lose in cellular stability owing to the high surface-to-volume ratio 

influencing cell viability119–121. 

 

3.3.2   HL-1 Calcium Imaging. 

As a consequence of the adaptive process which drives cells to adhere onto protruding structures, internal 

relocation of cytoskeleton and organelles, including the sarcoplasmatic reticulum (SR), and ultimately 

perturbation of metabolic processes might occur. Therefore, we investigated the metabolic activity 

associated to calcium ions (Ca2+), their diffusion across a highly confluent HL-1 cells monolayer. Remarkably, 

in cardiac monocyte, the rhythmic changes in the Ca2+ concentration are not only correlated to the 

occurrence of action potentials across cells but also support the contractile function of the cardiac tissue122–

124. Therefore, the calcium ion flow was evaluated through live fluorescence imaging (Materials and 

Methods 2.5.2 and 2.8.2).  

A Ca2+ wave is a complex spatio-temporal biological event that consists of a rhythmic increase and decrease 

in cytoplasmic Ca2+ concentration ([Ca2+])122,125,126. The dynamics of this biological event encompasses an 

early Ca2+ ions influx within the cellular body through voltage-gated L-type Ca2+ channels (LTCC) activation 

during membrane depolarization. The resulting increase of Ca2+ concentration triggers a second [Ca2+]i 

amplification by Ca2+ release from the SR Ca2+ store through a mechanism called Ca2+-induced Ca2+ release 

(CICR). The ensuing availability of free Ca2+ ions throughout the cytoplasm volume allows to activate the 

myofilaments contractile machinery122,127. However, changes in [Ca2+]i usually assumes a rhythmic pace 

where contraction phases are always balanced by relaxation ones, which require [Ca2+]i decline and free 

Ca2+ ions transport out of the cytosol. Moreover, these Ca2+ dynamics spatially expands from a localized 

Ca2+ puff within the single cell body to a large-scale propagating movement of ions from one cell to the next 

adjacent ones125,126.  

Here, studying the signal propagation might either give insights about single cell metabolism or network 

interaction (cell-cell communication). However, a homogeneous Ca2+ wave within the entire cell volume or 

among a cell layer relies on the mutual interaction of LTCCs and SR during both contraction and relaxation 

period, as well as on an elaborate network of tubules which brings in close proximity the two entities. 

Here, HL-1 cells were cultured on the different substrates to reach 90% of confluency after 1 DIV. Then, 

after labelling with Fluo-AM (Materials and Methods 2.5.2), live fluorescence microscopy acquisition was 

performed to record movies of the Ca2+ flow for 30 s at ~17 frame/s (Materials and Methods 2.8.2). The 

pre-set acquisition rate enables to follow the transient increasing and decreasing of [Ca2+] and propagating 

phenomena across the single cell body or cell layer. Here, the intercellular Ca2+ wave propagation speed 
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(or Ca2+ wave propagation velocity, CPV), frequency and wave fronts provide information on the effect that 

the graphene materials might have on the cell electrical activity. The average propagation velocities are 

reported in Table 3.1. Slightly faster propagation was recorded when HL-1 cells were in contact with the 

nanoscale features of 3DFG materials, compared to the planar case and the control. Possibly, the presence 

of protruding graphene flakes locally pushes the cell membrane inwards, facilitating a close apposition of 

the SR and the plasma membrane that hosts LTCCs. On the contrary, in the case of the NT-3DFGc cultures, 

characterized by microcavities and collapsed wires, the wave velocity was significantly slowed down. 

Finally, in the case of the NT-3DFGnc cultures, the detected intracellular Ca2+ transients fail to propagate 

across the confluent layer of cells. Probably, this results from the presence of vertical wires that pin the 

plasma membrane in several points, by restraining and hamper a proper cell-cell communication. 

Significantly, this prevents the Ca2+ wave development and propagation.  

 

Ca2+ wave propagation speed [mm/s] 

 
Velocity Standard deviation 

Si/SiO2 0.87 0.010 

2DG 1.22 0.013  

3DFG 1.27 0.0250  

NT-3DFG c 0.76  0.013  

NT-3DFG nc -  - 

 

Table 3.1. Calcium wave speed quantification of HL-1 cells culture on the different graphene materials. 

 

In addition to the speed analysis, Figure 3.7 reports the probability of a specific Ca2+ wave speed, estimated 

for each culture type, to occur. Therefore, larger probability density function (PDF) values correspond to 

more recurrent velocity. The average propagation speed in both Si/SiO2 and NT-3DFG was about 0.8 mm/s 

while in the case of 2DG and 3DFG cultures was 1.2 mm/s. However, the overall speed values result to be 

in average lower than previously reported123. This decrease in CPV was attributable to the effective 

temperature (25°C) maintained during the experiment which it is known to affect the cell activity128,129, 

rather than to a possible negative effect that out-of-plane topographies could have on the final velocities.  



Out-of-plane graphene materials for enhanced cell-chip coupling – Laura Matino, M.Sc. 

74 
 

 

Figure 3.7. Ca2+ wave speed incidence. Ca2+ wave incidence plotted as function of its velocity (mm/s). 

Therefore, the x-axis of the graph represents the propagation velocity of the waves, whereas, on the y-axis 

there are the normalized observation frequencies (essentially the number of observations for each value of 

wave propagation velocity, on x, divided by the total number of observation). 

 

To further investigate the spontaneous Ca2+ activity across a confluent layer of cells cultured on the 

graphene materials, the fluorescence intensity profiles, identified by rising (increase in [Ca2+]i) and decay 

phases (consecutive decrease in [Ca2+]i), were represented for each substrate as function of the acquisition 

time (TA). In the case of HL-1 cells culture on Si/SiO2 (Figure 3.8 A), distinct Ca2+ peaks were recognized. 

Figure 3.8 B shows the Ca2+ ions propagation in cells cultured on planar graphene material. Here, due to 

the presence of a sequential Ca2+ spikes, the trailing edge of each wave fails to reach the minimum intensity 

value, typical of a [Ca2+] decay phase. Therefore, in this condition, abortive waves (which do not achieve 

the minimum fluorescence value) were succeeded by regenerative Ca2+ waves. Conversely, as shown in the 

propagation profile originating by HL-1 cultured on 3DFG (Figure 3.8 C), each Ca2+ sparks looked confined 

in time and space, with sharp and distinct peaks. Thereby, when cultured on nanoscale topography, cells 

retain a constant frequency of oscillation during the TA, where each wave sparks and fades its fluorescence 

independently from the other waves. 

The Ca2+ fluorescence signal generated by HL-1 cells cultured on the NT-3DFGc template, was significantly 

lower compared to the other cases, as shown in Figure 3.8 D.  
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Each fluorescence peak, representative of a single Ca2+ wave, looked broader (as a matter of fact, higher 

fluorescent values were retained for longer) and often showed more than one apex (higher fluorescent 

value). This additive or regenerative Ca2+ waves event was due to secondary waves originated by other cell 

pacemaker, which appeared in different areas and originated from the initial triggering region (within the 

analyzed field of view). Arguably, NT-3DFGc geometry-derived cellular dislocation often allows the creation 

of cellular independent pacing areas.  

Finally, Figure 3.8 E depicts the fluorescence signal originated in the intracellular domain. Short consecutive 

spikes, representing rising and decay phases of [Ca2+]i fail to become propagating intercellular wave due to 

the restricted cell-cell communication, which is hampered by the microscale protruding features of the NT-

3DFGnc topography. The discrepancies in Ca2+ wave propagations highlight the great influence the 

topographical cues might have in singularly cueing cells, promoting their architecture remodelling and 

influencing their metabolism.  

 

 

Figure 3.8. Kymographs of Ca2+ ions flow. Fluorescence intensity profiles of Ca2+ wave events, across (A) 

Si/SiO2, (B) 2DG, (C) 3DFG, (D) NT-3DFGc and (E) NT-3DFGnc cultures, were plotted as function of TA (N=10).  

 

Previous studies already highlighted the potential contribution cardiac tissue architecture has in dictating 

its electrophysiological activities170-172,. Indeed, as pathological remodelling of cardiac tissue occurring after 

myocardial infarction or hypertrophy, directly affects the generation of path and velocity propagation of 

electric signals and Ca2+ ions flow, similarly in vitro, topography-driven cardiac architecture changes, 
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contribute to different electrical signalling dynamics. Notably, this is due to the ensuing distribution of gap 

junctions’ structures which provide low-resistance channels for action potential and Ca2+ wave to flow 

through171. The presence of resistive discontinuities profoundly affects electrical impulse initiation and 

propagation. Thus, elongated and aligned cardiac engineered cell cultures, which better replicate the 

cardiac striated architecture, present faster electrical activity along the axis of the cardiac fibres170,172. 

Instead, the discontinuous nature of propagation, which are encountered in isotropic cell architectures and 

produced by the discrete nature of cardiomyocytes, might markedly alter the action potential and Ca2+ 

wave propagations which result to be slower170.  

Equally, the physical presence of graphene protruding NWs, in NT-3DFGc and nc, might limit resistive 

continuum through the HL-1 cell layer, by influencing the propagation and initiation of Ca2+ waves. On the 

contrary, the nanoscale nature of 3DFG does not prevent cells to be separated but rather supports a 

continuous cells monolayer, which results in faster electrical dynamics. 

 

3.3.3   Primary cortical neuronal cells viability. 

Cytotoxicity assays were also carried out in the case of primary neuronal cultures on the diverse graphene 

materials. Viability experiments were performed at 3 and 5 DIV by labelling live and dead cell populations 

with Calcein AM and Ethidium Homodimer, respectively (Materials and methods 2.5.1) as depicted in Figure 

3.9 A – E. Similarly to HL-1 cell culture, the higher percentage of dead cells was found in correspondence 

of wired meshes (Figure 3.9 F).  

Moreover, the mortality rate between 3 and 5 DIV was evaluated. As shown in the Figure 3.9 F, in the case 

of planar cultures (both Si/SiO2 and 2DG), the incremental rate of mortality, resulting from the angular 

coefficients, was almost similar and hovered around ~ 6.9 ± 0.3 %, while the mortality rate was among ~ 

9.1 ± 0.1 %, 7.4 ± 0.3 %, 3.9 ± 0.2 %, in the case of 3DFG, NT-3DFGc and NT-3DFGnc cultures. 
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Figure 3.9. Neuronal cells viability on graphene materials. Exemplary fluorescence micrographs at 3 DIV of cells 

cultured on (A) Si/SiO2, (B) 2DG, (C) 3DFG, (D) NT-3DFGc and (E) NT-3DFGnc. Green refers to live cells, instead, 

red signal to dead cells. Scale bars 100 μm. (F) Percentage of live and dead cell populations at 3 and 5 DIV, (N = 

3). (G) Mortality rate between 3 to 5 DIV, (N = 3). 

  



Out-of-plane graphene materials for enhanced cell-chip coupling – Laura Matino, M.Sc. 

78 
 

3.4   Growth and adhesion modulation of cardiomyocytes-like by means of graphene 

topography.  

3.4.1   HL-1 cell area and height modulation by out-of-plane graphene materials.  

To evaluate the effect of the different graphene-based materials on the cell adhesion and spreading, the 

cells’ morphology was first investigated through the analysis of the spreading area.  

The spreading area was quantified by tracing the cell perimeter (Materials and Methods 2.8.3), measuring 

the average area values and then performing an ANOVA statistical analysis (Figure 3.10 and Table 3.2). 

In the case of planar materials and 3DFG, HL-1 cells exhibit a significant spreading without a preferential 

direction, as effectively no relevant topographical features might physically confine the cells. However, in 

presence of NW-templated graphene materials (both collapsed and non-collapsed NWs arrangements), 

cells have a smaller spreading area suggesting that the discontinuous adhesive surface, due to the 

alternating presence of exposed tips, microcavities and NWs sidewalls (in NT-3DFGc), or the presence of 

separate free-standing and kinked wires (in NT-3DFGnc material) hinders cells to spread.  

 

Figure 3.10. Average area of HL-1 cells cultured on the graphene substrates. Data are analyzed by OneWay 

ANOVA with Tukey- post-hoc test for at least 95% confidence interval. 

 

Significant difference of cell area [µm2] 

  
p-value Significant difference for α = 0.05 

Si/SiO2 2DG 0.167 - 

Si/SiO2 3DFG 0.141 - 

Si/SiO2 NT-3DFGc < 0.001 ✓ 
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Si/SiO2 NT-3DFGnc < 0.001 ✓ 

2DG 3DFG 0.579 - 

2DG NT-3DFGc 0.002 ✓ 

2DG NT-3DFGnc 0.001 ✓ 

3DFG NT-3DFGc < 0.001 ✓ 

3DFG NT-3DFGnc < 0.001 ✓ 

NT-3DFGc NT-3DFGnc 0.691 - 

 

Table 3.2. Significant differences of cell area at 95% confidence interval performing a OneWay ANOVA analysis. 

 

OneWay Anova analysis further confirm the impact the physical features of the topographies have on cell 

morphology. Considering the significant level equal to 5 % (it means α = 0.05), if: 

• p > α → the difference of the two means is not significant; 

• p < α → the difference of the two means is significant. 

If nanoscale structures given by exposed graphene flakes in 3DFG do not confine cells to occupy large 

regions, both collapsed and non-collapsed wires rather impose physical constraints to cells.  

These results confirm that cells are able to sense differences in surface roughness, as well as discriminate 

between differently sized surface structures as previously shown37,41,130,131. The informative cues exchanged 

at the interface between cells and material might produce a robust morphological cellular response as 

previously demonstrated in the case of cells cultured on ordered straws or microfabricated grooves where 

cell polarization was effectively driven by the directionality imposed by the material topography35. 

Moreover, vertical structures as pillars or wires, have been shown to also restrict cellular spreading to 

ultimately induce a spheroidal cell morphology37,46,132. 

Here, we further analyzed the cellular morphology and volume by fluorescence labelling the plasma 

membrane with wheat germ agglutinin (WGA, Materials and Methods 2.6.5) and acquiring confocal z-stack 

micrographs fixing a slice thickness (Δh) of 0.25 µm. 3D reconstructions of sequential micrographs 

(Materials and methods 2.8.7, Figure 3.11 A-E) revealed that the overall cell volume was in average 1200-

1600 µm3 independent of the culture substrate, while the cell height was significantly different (Figure 3.11 

F, Table 3.3). In both NT-3DFG configurations, with collapsed and free-standing NWs, the reduced area for 

cellular growth, provided by few anchoring sites, induced a cell reshaping (i.e., pinning – yellow arrow in 

Figure 3.11 E) which results in a more complex cellular arrangement than the flattening occurring on planar 

[ 5 ] 
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substrates or in the case of 3DFG. Indeed, in the attempt to find new adhesion points to grasp, cells on 

NWs meshes were able to grow in depth along the vertical structures.  

Comparable topography to NWs templates was reported by Lee et al. where Zinc oxide (ZnO) vertical 

nanorods were interfaced with three different cell lines (NIH 3T3, HUVEC and BCE) to study their viability 

and adhesion dynamics173. With reference to the ZnO flat configuration, cell spreading processes were 

markedly altered by the presence of protruding structures which reduced greatly cellular extension area. 

Equally, Formentín et al. found out less elongated and more compact and rounded human aorting 

endothelial cells after 2 DIV when interfaced human aorting endothelial cells with SiO2 micropillars in 

ordered and random distributions, compared to flat control surface174.  

Taken together, cell spreading processes were considerably affected by the topographies, especially when 

the material features sizes were comparable to the cellular dimensions. Indeed, NWs arrangements, in NT-

3DFGc and nc, physically confine cells to freely spread in xy direction, however HL-1 cells adapt and spread 

on the top and in between the protruding microstructures, which ultimately results in larger cellular height. 

Differently, topographic features commensurate in size to sensorial organelles, as in the case of fuzzy 

graphene, promote cell adhesion and flattening on the xy plane, which results larger coverage area and 

smaller height, as also it occurs in planar cultures. 
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Figure 3.11. 3D HL-1 cell membrane reconstruction by confocal microscopy and cell height analysis.  

Z-Stack of WGA-labelled HL-1 cells were acquired at 1 DIV by fixing the slice thickness at 0.25 µm.  

3D reconstruction of cell body was provided for HL-1 cultured on (A) Si/SiO2, (B) 2DG, (C) 3DFG, (D) NT-3DFGc 

and (E) NT-3DFGnc. Scale bar 10 µm. (F) Cell height measurement by one-way ANOVA with a Tukey- post-hoc 

test for at least 95% confidence.  

 

Significant differences between HL-1 cells heights [µm] 

  
p-value Significant difference for α = 0.05 

Si/SiO2 2DG 0.993 - 

Si/SiO2 3DFG 0.971 - 

Si/SiO2 NT-3DFGc < 0.0001 ✓ 

Si/SiO2 NT-3DFGnc < 0.0001 ✓ 

2DG 3DFG 0.713 - 

2DG NT-3DFGc < 0.0001 ✓ 

2DG NT-3DFGnc < 0.0001 ✓ 

3DFG NT-3DFGc < 0.0001 ✓ 

3DFG NT-3DFGnc < 0.0001 ✓ 

NT-3DFGc NT-3DFGnc 0.092 - 

 

Table 3.3. Significant differences of HL-1 cells height at 95 % confidence interval by one-way ANOVA 

analysis. 

 

3.4.2   HL-1 cells polarization, actin and focal adhesion proteins organization. 

As discussed in Chapter 1, micro and nanopatterned materials can modulate certain cellular processes such 

as polarization and eventually migration41. Here, contact guidance might determine cells’ elongation, 

during the polarization progress, through the competing influence of intracellular and extracellular 

cues34,41. Cell elongation involves two basic internal mechanisms: actin polymerization and focal adhesion 

proteins organization.  

Filamentous actin (F-actin), complemented microtubules, and intermediated filaments represents a 

component of the cell cytoskeleton. It provides internal mechanical support, aids movements of 

intracellular materials and sustains and strengthen the plasma membrane during the cellular elongation 

and motion133. F-actin represents only a part of the cytoskeleton that supports cell structures. Although, it 
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is one of the smallest filamentous components (with a diameter of about 10 nm), under physiological 

conditions the polymerization and assembly of actin filamentous into thicker stress fibres can occur. Those 

thicker structures suffice to change the shape of the cells, as well as produce membrane protrusions133. 

Equally, the shaping of adhesive structures, the FAs, is crucial in the modulation of the crosstalk between 

cells and substrate underneath. These supramolecular complexes are made of integrin proteins, direct 

mediators of the interaction with the extracellular environment, adapter proteins (i.e., talin, vinculin and 

paxillin)134 which are associated to the cytoplasmic domains of the integrin, cytoskeleton elements and 

signalling molecules. Altogether these constituents not only modulate cellular attachment, but also 

participate to the “outside-in” transmission of mechanical cues (physical and structural activities) as well 

as  “inside-out” biological signals (signalling tasks)135,136.  

Therefore, to study cellular polarization, cytoskeleton arrangement and FAs formation triggered by the 

presence of the different graphene materials, F-actin and paxillin proteins were first labelled through 

immunohistochemistry after 1 DIV (Materials and Methods 2.6.1) and then confocal fluorescence 

micrographs were acquired (Materials and Methods 2.7).  

Figure 3.12 shows the z-stack optical cross sections acquired by fixing the slice thickness (Δh) of 0.125 µm. 

Xz and zy views depict the actin spatial arrangement which on planar and nanoscale topography encircle 

the nucleus and populate the peripheral cortex (Figure 3.12 A, B and Annex A.1). In contact with NW-

templated materials, the actin cytoskeleton acts either as an intracellular barrier to NW-tip penetration or 

as physical spacer together with the membrane to isolate the internal cytoplasm from the outer 

environment (Figure 3.12 C, D). Therefore, denser actin fluorescence signals were recognized solely at basal 

membrane when NWs were in collapsed arrangement, whereas both at the basal and apical membranes 

in non-collapsed configuration. In this case, the actin accumulation could indicate that possible engulfment 

events might have occurred when cells are interfaced with needle-like structures as the NW tips. 
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Figure 3.12. Optical cross sections. Z-stack fluorescence images (xy plane) and optical cross sections (bottom xz 

plane, right yz plane) of HL-1 on (A) 2DG, (B) 3DFG, (C) NT-3DFGc, (D) NT-3DFG nc labelled against actin 

filaments in red and paxillin proteins in green. Slice thickness was fixed at 0.125 µm; scale bar 25 µm.  

 

Moreover, the cell morphology was evaluated considering a classification in non-polar and polar 

configurations. Non-polar cells show no discernible front or rear regions, or prominent extensions from the 

central body while polar cells present two or more prominent extensions that protrude outside the main 

cell body as shown in Figure 3.13 A, B. The percentage of non-polar and polar cells (Figure 3.13 C) was 

determined considering the acquired optical images. HL-1 cells cultured on planar and 3D fuzzy graphene 

showed mainly a polar morphology while in the out-of-plane cultures, cells mostly arranged in a non-polar 

configuration.  
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Cell polarization was further evaluated through the analysis of the minimum and maximum axis average 

length (Materials and Methods 2.8.3, Figure 3.13 D) and their aspect ratio (Figure 3.13 E) defined as: 

 

𝐴𝑠𝑝𝑒𝑐𝑡 𝑟𝑎𝑡𝑖𝑜 =  
𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑐𝑒𝑙𝑙 𝑎𝑥𝑖𝑠

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑐𝑒𝑙𝑙 𝑎𝑥𝑖𝑠
 

 

No significant differences in polarization were found comparing the morphological behaviours across the 

different topographies as supported by the OneWay Anova test (Table 3.4). Indeed, aspect ratios were in 

the range 0.6 - 0.7(Figure 3.13 E). Despite of the measured values that could be interpreted as a similar cell 

polarization across the different graphene topographies, standard deviations have high values. These 

findings were fundamentally due to the presence of polarized cells along with the circular ones over the 

substrates, as illustrated in Figure 3.13 C.  

 

 

Figure 3.13. Cell morphology analysis.  Brightfield images of a (A) non-polar and (B) polar HL-1 cells; (C) 

Percentage of non-polar and polar cell populations across all substrates; (D) Quantification of minimum and 

maximum cellular axes length. (E) Axis aspect ratio quantification and analysis with OneWay Anova with Tukey- 

post-hoc test at 95 % confidence interval.  

 

 

1 → cell form a perfect circle. 

0 → cell show a polarized shape. 
[ 6 ] 
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Significant difference of polarization ratio 

  
p-value Significant difference for α = 0.05 

Si/SiO2 2DG 0.106 - 

Si/SiO2 3DFG > 0.999 - 

Si/SiO2 NT-3DFGc 0.996 - 

Si/SiO2 NT-3DFGnc 0.373 - 

2DG 3DFG 0.075 - 

2DG NT-3DFGc 0.042 ✓ 

2DG NT-3DFGnc 0.968 - 

3DFG NT-3DFGc 0.999 - 

3DFG NT-3DFGnc 0.294 - 

NT-3DFGc NT-3DFGnc 0.194 - 

Table 3.4. Significant difference of polarization ratio at 95 % confidence interval. 

 

In addition to the polar vs. non-polar classification, the F-actin arrangement and expression was further 

investigated. In fact, on planar substrates, HL-1 cells exhibit thick actin bundles which support internal 

scaffolding (Figure 3.14 A-D). Here, quasi-circular cells have a predominant presence of F-actin at the cell 

periphery while in the case of polarized cells, the actin network is homogeneously distributed at the cell 

body. 

Similarly, HL-1 cells cultured on 3DFG develop long and thick fibres within the cell body, however in non-

polar cells these fibres were mainly located at the cortical region (Figure 3.14 E, F).  

HL-1 cells cultured NWs mesh templates (NT-3DFG materials), showed a different actin organization 

characterized by accumulation points. Indeed, in the case of collapsed NWs, over NT-3DFGc template, 

shorter and thinner actin filaments were complemented with clusters, sporadically recognized at the cell-

substrate contact area (Figure 3.14 G, H). In addition, the free-standing NWs of NT-3DFGnc triggered actin 

accumulation as shown in Figure 3.14 I, J. Here, despite few NWs in kinked configuration, the majority of 

the wires expose their tips directly to be in contact with the basal membrane of cells, where the actin 

fluorescence signal exhibits accumulation points. Therefore, in both NT-3DFGc and nc cultures, actin 

assemblies into few thick and long fibres were completely reduced and accumulation points often 

developed when cells encounter NWs tips as contact sites. Possibly, the cytoskeleton distribution with actin 

accumulation sites might operate as intracellular scaffolding barrier to the single nanowire-tip 
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penetration137 or eventually stabilizes the cell attachment over the protruding structures, which is highly 

beneficial with designed pseudo-3D electrodes in bioelectronics6.  

As discussed in Chapter 1, the interaction between cells and out-of-plane materials modulates the spatial 

organization of cytoskeletal components, and in particular the actin architecture, whose arrangement 

resembles rings/caps or clusters at the contact points with the structured materials.  

The limited available surface liable for cellular adhesion and the initial bending of the PM during the 

adaptative process to conform to the underneath structures dictate actin filament polymerizations as well 

as the dynamics of cell spreading, as already reported in literature30,43.  

 

 

Figure 3.14. Actin organization in HL-1 cell cultures on the different graphene substrates. F-actin was 

fluorescently labelled with Phalloidin-555 in the case of Si/SiO2 (non-polar and polar configurations in A, B, 

respectively), 2DG (non-polar and polar configurations in C,D, respectively), 3DFG (non-polar and polar 
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configurations in E, F, respectively), NT-3DFGc (non-polar and polar configurations in G, H, respectively) and 

NT-3DFGnc (non-polar and polar configurations in I, J, respectively). 

 

Furthermore, to evaluate the F-actin protein expression, we analyzed the intensity profiles extracted from 

the fluorescence micrographs as previously described (Materials and Methods 2.8.4)139. The statistical 

analysis was carried out through a OneWay Anova test. As shown in Figure 3.15, the highest F-actin intensity 

was found when cells were cultured on the 3DFG material. Here, actin fibres were yet longer and thicker 

compared to the other materials. However, from the OneWay Anova analysis, no significant difference was 

found in comparison to the 2DG case (p-values are indicated in Table 3.5). HL-1 cells in contact either with 

planar or fuzzy graphene, were able to build longer actin bundles and ultimately an interlaced actin internal 

scaffold. Notwithstanding the presence of actin accumulation sites at the interface with NWs tips, the 

fluorescence signals collected from cells cultured on NT-3DFG templates were, instead, milder. Indeed, 

beside the actin accumulation spots, sparsely distributed within the HL-1 cell bodies, only few short actin 

filaments were recognized. In contrast, interwoven and long actin bundles formed in the whole cell body, 

with an increased density at the peripheral regions when cells assumed a non-polar configuration. Here, 

the average fluorescence intensity value was correlated to the protein expression level: lower fluorescence 

values correspond to reduced expression of the target proteins, which is in line with the overall decrease 

of the number of actin stress fibres formed in the case of cultures with protruding topographies43,46,140.  

 

Figure 3.15. Average actin-associated fluorescence intensity quantification at 95 % confidence interval. Data 

were analyzed with OneWay Anova with Tukey- post-hoc test at 95 % confidence interval.  
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Significant difference of F-actin fluorescent signal  [a.u.] 

  
p-value Significant difference for α = 0.05 

Si/SiO2 2DG 0.849 - 

Si/SiO2 3DFG 0.012 ✓ 

Si/SiO2 NT-3DFGc 0.054 ✓ 

Si/SiO2 NT-3DFGnc 0.036 ✓ 

2DG 3DFG 0.143 - 

2DG NT-3DFGc 0.004 ✓ 

2DG NT-3DFGnc 0.002 ✓ 

3DFG NT-3DFGc < 0.001 ✓ 

3DFG NT-3DFGnc < 0.001 ✓ 

NT-3DFGc NT-3DFGnc 0.999 - 

Table 3.5. Significant difference of F-actin fluorescent signals at 95 % confidence interval. 

 

Similarly, cellular adhesion was analyzed by labelling the integrin-associated protein paxillin which binds 

the cytoplasmic tail of the integrin. Thus, the distribution and expression of paxillin proteins were evaluated 

through confocal microscopy to characterize the assembly of FAs.  

Figure 3.16 A, B and Figure 3.17 A, B show FAs localization when HL-1 were cultured on planar materials: 

here dense FAs plaques form at the extremity of actin fibres to link intracellular cytoskeleton to the outer 

space. In particular, beside elongated fibrillar adhesion at the actin extremities, numerous attachment 

locations were found over the entire cell ventral surface (Figure 3.16 A, B). 
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Figure 3.16. HL-1 paxillin distribution and its association with actin fibers on Si/SiO2.  

(A, B) Paxillin distribution of non-polar and polar cells cultured on planar Si/SiO2.  

(C, D) FAs association with actin fibres extremities in non-polar and polar configuration. 

 

The transition from molecular to supramolecular adhesive complexes, typical of the protein clustering 

process, is characterized by an increase in FAs length and total area, as well as association with the terminal 

ends of actin stress fibres136. Therefore, in both Si/SiO2 or 2DG cultures the continuous surface area 

available to cells, enables the formation of mature and stable adhesion patches. As a matter of fact, stable 

FA assemblies require close integrin ligand interspacing135,136, which in planar cultures is ensured.  

However, considering that the distance between each exposed graphene flakes, comprised in the 

underlying 3DFG topography, is less than 100 nm (as shown Figure 3.2 B) similar results to the planar case 

were achieved: the adhesion proteins clustering enables the formation of mature adhesive complexes. In 

addition, besides the elongated patches at the cellular edge in correspondence of lamellipodia and filopodia 

protrusions, a diffused paxillin-associated fluorescence signal was observed in correspondence of the 

central region of the cell bodies (Figure 3.18 A and B).  
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Figure 3.17. HL-1 paxillin distribution and its association with actin fibers on 2DG.  

(A, B) Paxillin distribution of non-polar and polar cells cultured on planar 2DG.  

(C, D) FAs association with actin fibres extremities in non-polar and polar configuration. 

 

In the case of NT-3DFGc and NT-3DFGnc cultures, abnormal assembly of FAs arises due to integrin inability 

to cluster over contiguous lengths of micron scale. Therefore, within HL-1 bodies cultured on NWs mesh, 

the paxillin-associated fluorescence signal was significantly diffused (Figure 3.19 A, B,). Sporadic paxillin 

spots were localized within and the edge of cell body in the case of NT-3DFG c (Figure 3.19 A), probably 

where cell finds larger anchoring points. Although a statistical analysis on the FAs plaque size is out of the 

scope of this thesis, fluorescence micrographs show FAs formed in correspondence of collapsed wires 

present a dot-like shape and smaller area (compared to the planar cultures), distinctive for nascent FAs136.  

However, because of NT-3DFGc topography characterized by interspersed micrometric cavities and NWs, 

as well as the presence of few exposed NWs tips, diffuse fluorescence was mostly recognized on these 

samples.  

Finally, in the NT-3DFGnc templates, a diffused milder fluorescent signal was distributed within the cell 

bodies (Figure 3.20 A, B). Despite of the freestanding NWs being densely distributed and often in contact 

with the basal membrane, the interspacing between single nanostructures do not suffice to ensure the 
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minimal required distance for FAs plaques maturation135. Moreover, a clear link to the actin structures was 

not recognizable (Figure 3.20 C, D). 

 

 

Figure 3.18. HL-1 paxillin distribution and its association with actin fibers on 3DFG.  

(A,B) Paxillin distribution of non-polar and polar cells cultured on planar 3DFG.  

(C,D) FAs association with actin fibres extremities in non-polar and polar configuration. 

 

Furthermore, the intensity of the paxillin-associated fluorescence signal was measured and analyzed using 

OneWay Anova test (Figure 3.21, p-values are depicted in Table 3.6). Comparing the mean fluorescence 

values among the samples, the intensity related to the FAs organization was higher when cells were 

cultured on Si/SiO2, 2DG and 3DFG materials due to the presence of denser and larger adhesive structures. 

Less anchoring sites provided by the substrates with NWs lead to a reduced number of mature FAs and in 

turn  lower fluorescent paxillin-associated intensity. Nevertheless, the presence of sporadic dot-like FAs at 

the cell body edge on NT-3DFGc leads to a slightly higher mean intensity value than in the NT-3DFGnc case. 

Therefore, based on the paxillin-associated fluorescence signal intensity and distribution across the cell 

body, stable and mature FAs were built in 2DG and 3DFG cultures. Beside the visualization of large adhesive 

plaques, solid cytoskeleton structures terminating with dense FAs further suggest that no physical 

impediments inhibit FAs maturation on planar and nanoscale topographies. On the contrary, NWs 
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interspacing exceed the maximum distance required for FAs formation, resulting in hindered FAs assembly 

and maturation.  

 

 

Figure 3.19. HL-1 paxillin distribution and its association with actin fibers on NT-3DFGc.  

(A, B) Paxillin distribution of non-polar and polar cells cultured on planar NT-3DFGc.  

(C, D) FAs association with actin fibres extremities in non-polar and polar configuration. 

 

Consistent with our results, hampered FAs development was previously reported, for different cell lines in 

contact with protruding structures15,42,43,66.  

For instance, nanoprotrusions with edge-edge spacing below 60 nm do not perturb lateral spacing of 

integrin clustering yet increasing the number of available binding sites for FAs formation. Therefore, stable 

and larger adhesive structures were found in flat conditions or when features spacing within 60 nm, as it 

occurred in the 3DFG case study. On the contrary, in the case of surface patterning in the micrometer range 

and inter-structures period exceeding the critical ligand interspacing, local integrin aggregation might be 

disrupted66.  

Taken together the results from the SEM characterization of the graphene materials, cellular spreading 

analysis as well as actin and FAs investigation, the variation in substrate topography from nano to 

microscale features (i.e., from 3DFG to NWs templates) might modulate nanoscale integrin ligation and 
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clustering, resulting in changes in adhesion assembly. Since FAs are signaling structures responsible of 

intracellular pathways activation, topographic-driven changes in adhesion results in different regulation of 

cell behavior. Notably, inadequate FAs formation and maturation affects actin filaments polymerization, 

which in turn contributes to decreased cell spreading over microstructured graphene surfaces (both NT-

3DFGc and nc). 

 

 

Figure 3.20. HL-1 paxillin distribution and its association with actin fibers on NT-3DFGnc.  

(A, B) Paxillin distribution of non-polar and polar cells cultured on planar NT-3DFGnc.  

(C, D) FAs association with actin fibres extremities in non-polar and polar configuration. 
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Figure 3.21. Paxillin fluorescence intensity quantification at 95 % confidence interval. Data were analyzed 

with OneWay Anova with Tukey- post-hoc test at 95 % confidence interval.  

 

 

Significant difference of Paxillin protein fluorescence [a.u.] 

  
p-value Significant difference for α = 0.05 

Si/SiO2 2DG 0.012 - 

Si/SiO2 3DFG 0.086 - 

Si/SiO2 NT-3DFGc < 0.0001 ✓ 

Si/SiO2 NT-3DFGnc < 0.0001 ✓ 

2DG 3DFG 0.992 - 

2DG NT-3DFGc < 0.0001 ✓ 

2DG NT-3DFGnc < 0.0001 ✓ 

3DFG NT-3DFGc < 0.0001 - 

3DFG NT-3DFGnc < 0.0001 ✓ 

NT-3DFGc NT-3DFGnc 0.297 - 

 

Table 3.6. Significant difference of paxillin proteins fluorescence at 95 % confidence interval. 
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3.4.3   Investigation of endocytic processes at the cell-material interface. 

Actin organization is actively involved into the processes of approaching and stabilization of cell growth 

onto micro and nanopatterned materials. As demonstrated in previous reports43, actin spatial remodelling 

with the combined effects of membrane bending might be modulated by the interaction with vertical 

protruding materials.  

Mechanisms occurring at the interface, as stable and controlled PM curvatures, locally recapitulate 

membrane geometries which cells encounter during their physiologic dynamics, as along vesicles 

trafficking39,47,54. Here, high positive curvature induced by the material topography might facilitate clathrin-

coated pits and caveolae formation53,56,141,142. However, at the interface, this coupling might be governed 

also by the spontaneous rupture of the PM and penetration of the structured materials in the intracellular 

domain. If a penetration does not occur, the membrane bending triggered by the recruitment of endocytic 

vesicles might still enable a very tight contact at the cell-material interface. 

 

 

Figure 3.22. Endocytic pathways in HL-1 cultured on Si/SiO2 and 2DG. (A,B) and (E,F) Spatial distribution of 

clathrin and cav-1 mediated vesicles, when cells were interfaced with Si/SiO2 and 2DG, respectively. (C,G) The 

yellow segments are the region of interest (ROI) along which fluorescence intensity signals were investigated 

to assess the spatial distribution of the endocytic structures. (D,H) Fluorescence intensity profiles along the 

yellow segment highlights the distribution of the vesicles within cellular body on Si/SiO2 and 2DG, respectively. 

Green traces depict clathrin intensity profile, red indicates cav-1 signal, and finally blue traces show nuclei 

fluorescence profiles. Each trace was obtained by averaging among ten different cells. 
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In this scenario, endocytic proteins recruitment and vesicle budding formation, resulting from the local 

inward pushing forces applied by nano and microstructures of the graphene materials, were considered by 

labelling clathrin and caveolin-1 (cav-1) proteins by means of immunohistochemistry (Materials and 

Methods 2.6.2).  

 

 

Figure 3.23. Endocytic pathways in HL-1 cultured on out-of-plane graphene materials.  

(A, B), (E, F) and (I, J) spatial distribution of clathrin and cav-1 mediated vesicles on 3DFG, NT-3DFGc and NT-

3DFGnc, respectively. (C, G, K) The yellow segments are the ROIs along which fluorescence intensity signals 

were investigated to assess the spatial distribution of the endocytic structures. (D H, L) Fluorescence intensity 

profiles along the yellow segment highlights the distribution of the vesicles, when cells were in contact with 

3DFG, NT-3DFGc and NT-3DFGnc, respectively. Green traces depict clathrin intensity profiles, red indicates the 

cav-1 fluorescence signal, and finally blue traces show nuclei fluorescence intensity profiles. Each trace was 

obtained by averaing among ten different cells. 

 

Notwithstanding, endocytic vesicles are difficult to resolve via optical microscope, the presence of 

punctuated fluorescence signals provides evidence about the accumulation of both clathrin-supported 
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structures and caveolae at the basal membrane as shown in Figure 3.22 and Figure 3.23 for cells cultured 

on planar substrates and out-of-plane graphene materials.  

Here, newly formed vesicles (possibly detached from the membrane) or PM-invaginations and pits which 

are promptly coated by clathrin-proteins or cav-1 are visualized.  

By analysing the relative position and intensity of the fluorescence signals (Materials and Methods 2.6.2), 

CME vesicles were consistently present at the basal membranes of HL-1 cells. In particular, independent of 

the culture substrate, clustered clathrin-associated structures were discernible at the proximity of the 

nuclear envelope (Figure 3.22 A, E and Figure 3.23 A, E, I for Si/SiO2, 2DG, and 3DFG, NT-3DFGc and NT-

3DFGnc, respectively). This is also confirmed by single peaks of green traces in the proximity of the blue 

trace (that refers to the nuclear fluoresce signal in Figure 3.22 D, H and Figure 3.23 D, H).  

However, in the case of NT-3DFGnc cultures, the clathrin intensity profiles show more than one peak along 

the segment that defines a ROI located for the analysis, as well as higher fluorescence values. Consistently, 

from the fluorescence intensity quantifications, performed via OneWay Anova test, the higher mean values 

achieved were found when cells were cultured on free-standing wires. However, comparable clathrin-

associated fluorescence intensities were measured when cells were in contact with the out-of-plane 

features, probably because all pseudo-3D topographies, even in NT-3DFG templates, had the same 

superficial roughness, given by the exposed graphene flakes which trigger membrane invaginations in the 

average size of the clathrin-coated pits. In contrast, by comparing planar cultures, significant differences 

were found (Figure 3.24 A, p-values in Table 3.7). 

Furthermore, the fluorescence micrographs also show that cav-1 protein has a uniformly punctuated 

distribution within the cell body apart from the nuclear areas (Figure 3.22 B, F and Figure 3.23 B, F), which 

was reliably mirrored by the fluorescence intensity traces along cell-dividing segments (Figure 3.22 D, H 

and Figure 3.23 D, H, L). In addition, cav-1-associate fluorescence intensity profiles analysis suggest a higher 

expression when cells were cultured on out-of-plane graphene materials than planar substrates (Figure 

3.24 B, p-values in Table 3.9).  

In agreement with previous studies 15,27,39,47, the presence of out-of-plane structures might facilitate 

enhanced ruffling and bending of the PM. The acquired pre-curved membrane configurations, from the 

interaction with nano and microstructured materials, not only might facilitate the recruitment and 

accumulation of endocytic vesicles, but also reduce the energy consumption required for PM bending47,57. 
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Figure 3.24. Fluorescence intensity quantification of clathrin and cav-1 protein.  

(A) Mean values of intensity of clathrin- associated fluorescence signal; (B) Mean values of intensity of cav-1-

associated fluorescence signal. Data were analyzed with OneWay Anova with Tukey- post-hoc test at 95 % 

confidence interval.  

 

 

Significant difference of Clathrin protein fluorescence [a.u.] 

  
p-value Significant difference for α = 0.05 

Si/SiO2 2DG 0.92 - 

Si/SiO2 3DFG < 0.001 ✓ 

Si/SiO2 NT-3DFGc < 0.001 ✓ 

Si/SiO2 NT-3DFGnc < 0.001 ✓ 

2DG 3DFG < 0.001 ✓ 

2DG NT-3DFGc < 0.001 ✓ 

2DG NT-3DFGnc < 0.001 ✓ 

3DFG NT-3DFGc 0.90 - 

3DFG NT-3DFGnc 0.97 - 

NT-3DFGc NT-3DFGnc 0.54 ✓ 

 

Table 3.7. Significant difference of clathrin proteins fluorescence at 95 % confidence interval. 
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Significant difference of Cav-1 protein fluorescence  [a.u.] 

  
p-value Significant difference for α = 0.05 

Si/SiO2 2DG 0.06 - 

Si/SiO2 3DFG < 0.001 ✓ 

Si/SiO2 NT-3DFGc < 0.001 ✓ 

Si/SiO2 NT-3DFGnc < 0.001 ✓ 

2DG 3DFG < 0.001 ✓ 

2DG NT-3DFGc < 0.001 ✓ 

2DG NT-3DFGnc < 0.001 ✓ 

3DFG NT-3DFGc 0.006 ✓ 

3DFG NT-3DFGnc 0.09 ✓ 

NT-3DFGc NT-3DFGnc 0.89 ✓ 

 

Table 3.8. Significant difference of cav-1 proteins fluorescence at 95 % confidence interval. 

 

3.4.4   HL-1 – material interface characterized at the nanoscale by scanning electron 

microscopy/focused ion beam. 

To further investigate the effect of the different materials on the membrane bending, the formation of 

membrane invagination to initiate endocytic processes and possible spontaneous internalization at the cell-

material interface, we perform high resolution electron microscopy imaging of the contact area between 

the junctional domain of the PM and the surface of the diverse materials. 

Here, whole-cell SEM provides an overview of the cell-material interaction through macroscopic 

visualization of cellular bodies and their spreading. We investigated the membrane elongated protrusions 

and local contact points to the material surface, and finally, performed cross sectioning through FIB in order 

to characterize the membrane curvature at cell-structures interface with nanoscale resolution. 

As discussed in Chapter 1, TEM is one of the most used methods to resolve plasma membrane deformation 

and intracellular compartments with nanometer resolution resolution however, sample preparation might 

require the removal of the substrate via chemical or physical etching to create thin lamellae. This cell-

material dissociation might induce artefacts at the interface and thus limit the investigation of the contact 

area and interaction between the membrane and material surface. Therefore, in the present study an 
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alternative method to the TEM process has been used both for specimen preparation and its imaging. The 

exploited procedure comprised of UTP for cell preparation and FIB/SEM  for the sectioning and imaging40.  

Here, samples were fixed and stained with heavy metals after 1 DIV, as described in Materials and methods 

2.9.1 and the imaging was performed as described in Materials and Methods 2.9.2. The thin resin 

embedding provided by the UTP procedures ensures both biological samples and graphene features to be 

structurally preserved and distinguishable. 

Top view images of HL-1 cultured on graphene materials reveal cell spreading and protrusions formation 

(Figure 3.25 and Figure 3.26). Indeed, cell PM might form thin protrusive structures at the leading edge of 

cells called filopodia143,144. These hair-like extensions act as sensing “antennae” by which cells probe their 

neighbouring environment and gather spatial, topographical, and chemical information143,144. Indeed, there 

are several signalling receptors (i.e., integrins) contained within filopodia tips and along their shaft. 

However, the interaction with the materials established by filopodia, differs according to the out-of-plane 

or planar natures of the materials. Figure 3.25 depicts the interfacing of HL-1 cells in planar cultures, Si/SiO2 

and 2DG. In both cases cells appeared to spread across the growth substrate and established protrusive 

structures along the cellular perimeter. In particular, filopodia assemblies in short and long structures 

(Figure 3.25 B, C, E, G), as well as microspikes completely embedded into the cell cortex (Figure 3.25 F) 

were also identified. 
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Figure 3.25. Scanning electron micrographs of HL-1 cells culture on planar materials.  

(A) Lower magnified image of HL-1 cultured on Si/SiO2. (B, C) Higher magnified micrographs of membrane 

protrusions, short and long. (D) Lower magnified image of HL-1 cultured on 2DG. (E, F, G) Higher magnified 

micrographs of filopodia emerging from the cell body, in short, microspikes and long structures. Scale bars (A, 

D) 15 and 5 μm (B, C, E, F, G).  

 

 

Figure 3.26. Scanning electron micrographs of HL-1 cells cultured on out-of-plane graphene.  

(A) Lower magnified micrographs of HL-1 cultured on 3DFG. (B, C) Higher magnified micrographs of membrane 

protrusions. (D) Lower magnifiedmicrograph of HL-1 cultured on NT-3DFGc. (E, F) Higher magnified 

micrograph of filopodia emerging from the cell body, in microspikes and thin structures, respectively. (G) 

Lower magnified micrograph of HL-1 cultured onNT-3DFGnc. (H) Higher magnified micrograph of filopodia 

which wraps the single NW. Scale bars 15 (A, D, G) and 5 μm (B, C, E, F, H).  

 

Here, vertical protruding graphene features emerging from the growth substrates offer anchoring sites to 

cells. Nanoscale features in 3DFG encourages the shaping of filopodia. Dense topography, as in the case of 

3DFG with nanoscale features, appear like a continuous surface where cells can establish an adequate 

number of adhesions, which are supported by filopodia structures. These long-assembled projections 

further push the PM leading-edge forwards and supposedly promote additional cell extension, as shown in 
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Figure 3.26 A, B, C. In presence of interlaced NWs spaced with microcavities, HL-1 show either microspikes 

bulging from the membrane (Figure 3.26 E) or thin protrusions (Figure 3.26 F).  

Finally, on vertical nanowires, cell-structures coupling was mediated by the formation of thick filaments 

able to wrap and grasp individually each free-standing nanowire (Figure 3.26 G, H).  

To further valuate the interaction between cells and the single features embedded on the graphene 

material surface, direct visualization of the PM contact points is of critical importance, and therefore, here 

provided by exposing the cell-material cross section. As described in Chapter 1.3.1, FIB/SEM represents a 

powerful method for an in situ visualization of peculiar cellular processes at the interface (i.e., membrane 

ruffling and budding vesicles) as well as the quantification of the physical distance (cleft) between the 

plasma membrane and the materials surface22,40,145. 

When HL-1 cells were cultured on planar materials their PM mostly follow the surface, by flattening its 

shape and maximizing the contact with the materials (average distance was quantified to be ~ 80 nm, Figure 

3.27 A, C). However sporadic PM microdomains that bud inwards the intracellular environment were 

pointed by the red arrows in Figure 3.27 B, D. Deeper PM points distance from the planar surface of ~ 134.2 

± 4.2 nm, which is the characteristic size of endocytic vesicles47,141.  

 

 

Figure 3.27. FIB/SEM cross section of HL-1 cells cultured on planar materials.  

Cell-material cross-sections acquired in backscattered mode show HL-1 intracellular environment (nucleus, N, 

mitochondrion, M, cytoplasm, endoplasmic reticulum, RE) and the interaction with planar substrates, Si/SiO2 
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and 2DG. (A, C) Low magnified micrograph of cell-planar interface on Si/SiO2 and 2DG, respectively. Scale bars 

5 μm. (B, D) High magnified micrographs of PM processes occurring at the interface. Scale bar 500 nm.  

  

However, when in contact with out-of-plane structures, cells deform the membrane curvature by assuming 

different shapes depending on either structures size or design15,22,28. As a consequence of cellular 

membrane flexibility, cells might promote engulfment events with the protruding features of the coupled 

materials, thus drastically decreasing cleft distance to few nanometres. In details, in the case of 3DFG 

substrates, HL-1 cells were able to locally pin their basal membrane as shown in Figure 3.28 A, B. Peculiar 

bending points were identified when cells were in contact with the exposed graphene flakes (whose 

thickness is ~ 464 ± 25 nm). In addition, at these locations, the plasma membrane seems to be in physical 

contact with the upper regions of the flakes, as indicated by the red arrows in Figure 3.28 B.  
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Figure 3.28. FIB/SEM cross sections of HL-1 cells cultured on out-of-plane graphene materials. 

Cell-material cross-sections acquired in backscattered mode show HL-1 intracellular environment (nucleus, N, 

mitochondrion, M, cytoplasm, endoplasmic reticulum, RE) and the interaction with planar substrates, 3DFG, 

NT-3DFGc and nc. (A, C, F) Low magnified micrographs of cell-material interface on 3DFG, NT-3DFGc and nc, 

respectively. Scale bars 5 μm. (B, D, E, G, H) High magnified micrographs of PM processes occurring at the 

interface. Scale bar 500 nm.  

 

Instead, Figures 3.28 C, D, E show how cells remarkably deform their PM following the topography 

architecture of NT-3DFGc. In presence of alternating microcavities and collapsed wires, PM bends outwards 

to sink cell body into the cave regions and simultaneously cell body grows on the intertwined collapsed 

NWs. Therefore, in line with the 3D reconstruction in Figure 3.11 D, cell height results to be larger, since 

cell potentially grows at different depths. The peculiar topography, however, enables cells to gain an 

intimate contact with the substrates underneath. Moreover, in the fibers-like architectures clear 

membrane wrapping event might develop around the single NW as shown in Figure 3.28 E (red arrow). 

Finally, NT-3DFGnc architecture with high-aspect-ratio features might noticeably perturb the cell 

membrane profile. Indeed, it was reported that sharper nanostructures tend to favour great membrane 

deformation19,39, and their strong engulfment at the basal membrane of the cell body. Thereby, vertical or 

slight skewed wires, present in NT-3DFGnc, might facilitate more prominent PM bending, since membrane 

wrapping occurs around the single wires, as visible in Figure 3.28 G, H (red arrows). Cell turgidity in Figure 

3.28 F, as well as darker grey signal around the wire in Figure 3.26 G, suggest that nanostructures does not 

gain direct access to cellular cytoplasm but rather promote a tight sealing. Moreover, Annex 4 shows the 

results of additional experiments to ensure the PM integrity. From one side, cells accommodate into the 

cavities between adjacent wires when in contact with collapsed NWs mesh. However, in presence of free-

standing or slightly tilted wires, despite the high density, complete structures engulfment occurs. In the 

light of this, the increase in dimensionality of the culture substrates not only enables to reduce the cleft, 

but also enlarges the superficial area of the structured material which is in direct contact with cells.  

 

  



Out-of-plane graphene materials for enhanced cell-chip coupling – Laura Matino, M.Sc. 

105 
 

3.5   Neuronal polarization outgrowth mediated by out-of-plane graphene materials. 

3.5.1   Neuronal polarity and growth cone morphology. 

As discussed in Chapter 1, out-of-plane graphene materials might emulate structures already present in 

the ECM or even geometries similar to the finest neuronal processes of axons and dendrites, effectively 

providing unprecedented control in the interaction between neuronal membranes and the material 

surface. Thereby, to understand how size and arrangement of the graphene structures might affect the 

neuronal outgrowth and adhesion, primary chicken cortical neurons were cultured on the different 

graphene materials to characterize: 

• architecture and cytoskeleton composition of the terminal ends of the axons; 

• mean and maximum axon length;  

• presence of secondary neurites emerging from the axon (hence, the mean number); 

• attachment to the out-of-plane structures. 

In in vitro cultures, neuronal cells undergo a sequence of developmental events which ultimately lead to 

the acquisition of the arborized shape and the establishment of a mature cell culture107,108,146,147. As shown 

in Figure 3.29, shortly after the initial attachment, neurons present a spheroidal shape (stage 0). However, 

the spherical symmetry breaks with the extension of circumferential lamellipodia around the cellular 

periphery (stage 1: formation of lamellipodia). This highly motile veil-like structure might coalesce into few 

discrete patches along the cellular periphery, thus starting the transition from lamellipodia to the emerging 

of first minor neurite processes (stage 2: outgrowth of minor processes). Multiple minor neurites are 

essentially indistinguishable, as any of them could potentially become axon. However, only one neurite 

begins to grow at much more rapid rate and then sprouts as axon (stage 3: neuronal polarization). 

Successively, the remaining neurites grow and arborize into morphologically distinct dendrites (stage 4: 

dendritic outgrowth), whose development proceeds with the dendritic spines enrichment. At this stage 

(stage 5: maturation), neurons form synaptic contacts through dendritic spines and axon terminals of 

different cells, thus establishing a mature neural network.  

For the purpose of this thesis, the characterization of the interaction between cortical neurons and 

graphene materials has been carried out only in the early phase of the neuronal development (stage 3), 

where axons are fully established107,108,146. 
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Figure 3.29. Neural development and neurite initiation. Neural morphogenesis might be divided in five 

different phases from the initial attachment in culture (stage 0): formation of lamellipodia (stage 1), outgrowth 

of minor processes (stage 2), neural polarization (stage 3), dendritic outgrowth (stage 4), and neural 

maturation (stage 5). 

 

Although extracellular polarity-regulating cues might influence the overall process of the neural 

morphogenesis, cell-autonomous signalling cascade run in harmony to promote spontaneous neural 

polarization. Indeed, new PM is recruited and delivered by vesicles at the leading edge to extend; signalling 

molecules such as PI 3-kinase, Rho GTPase and receptors accumulate to mediate polarity development, as 

well as actin and microtubules (MTs) synergically are activated to stabilize neurite architecture108,147. These 

last two components enrich the neural cytoskeleton framework by holding essential roles. F-actin bear 

tensile forces and, either in the lamellipodia mesh or within the filopodia, drives the exploration and the 

motility across the environment108,148. In parallel, MTs resist compressive loads and act as principal railways 

along which the materials are transported from the cell body into the neurites108,148. Although separate 

entities, a bidirectional signalling between F-actin and MTs is existing, as previously shown149,150. Indeed, at 

the tissue level, F-actin and MTs synergically and actively participate to the brain development through the 

modulation of specified patterns of wiring between neurons. At the cellular level, their cooperation sustains 

not only changes in the cytoarchitecture and neural polarization106,147,149, but also the integration of 
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multiple stimuli from the extracellular environment151,152.  

In these mechanisms, neuronal growth cones (GCs) play a key role: these highly dynamic and motile 

structures, located at the terminal ends of the axon, act as pathfinder during neuronal wiring dynamics to 

reach their axon synaptic partners106,149,151. GCs actively sense the neighbouring areas ahead of the neurites 

either for attractive or repulsive signals for neuron development.  

In this context, an elaborate cue-receiving system, comprised of specific guidance signalling receptors at 

the GC region, deals with their transduction into adequate and coordinated cytoskeletal rearrangements. 

The adaptative process of the GC attachment to the growth surface initiate this signalling cascade151,153, 

where permissive surfaces support GC adhesion and neurites elongation. In contrast, repellent cues 

operate as physical boundaries by prohibiting axon advancement106,149,151, by causing axon steering 

movements or pauses. In response to the “go” and “stop’ signals, GCs exhibit different morphologies. 

In this scenario, out-of-plane graphene materials might provide alternating adhesive and repulsive growth 

surface for neurons polarization. Here, the terminal ends of the axons were ranked into four different 

classes based on their shapes. Small GCs present tapering shape, resembling either needles or bullets 

(Figure 3.30 A). This morphology is typically associated to active and rapidly extending axons150,154. The 

second class is identified as large GCs, which, occupy a rather wide area (often up to 50 μm in diameter, 

Figure 3.30 B). During prolonged pausing state from forward axon advance, cortical neurons develop large 

flat GC characterized by MT loops, extended lamellipodia and several spiky filopodia149,150,154. However, 

from stalling periods neurons might develop new extending GCs, thus the re-extending axons configuration 

is presented in Figure 3.30 C. Here, new protrusions emerge from the MT loops in the central region and 

unbundled short MTs are propelled away from the loop. Finally, the last considered GC shape is the 

branching axon, featured by numerous lateral filopodia, in the attempt to maximize the sensory exploration 

of the environment and extend the advancing edge (Figure 3.30 D).  

Here, the occurrence of each GC shape was quantified through a direct visualization of the neuronal 

cultures at 3 DIV and shown in Figure 3.30 E.  

In both Si/SiO2 and 2DG cultures, the GC population was significantly heterogeneous. Indeed, the lack of 

any specific physical constrains and the large growth area available for the neuronal development enable 

the establishment of large as well as branching processes. However, even small GCs were found across the 

cell cultures, indicating the presence of rapidly growing axons.  

Similarly, the high area to volume provided by the exposed graphene flakes in 3DFG cultures enables 

neurons to rapidly grow across the culture (Figure 3.30 E), as well as to sample larger area through several 

filopodia in the branching axon configuration. In the case of NT-3DFGc and nc cultures, where NWs were 
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covered with nanoscale fuzzy graphene, the dominant GC morphology was given by small GCs. Here, the 

NT-3DFGc material offers the lateral surfaces of the collapsed NWs as adhesive surface on which GCs might 

attach. Instead, the interspersed microcavities between the collapsed NWs might prohibit the axon 

advancement: these microcavities might be considered as a “stop” stimulus to further axonal advance, 

however, preventing the formation of large GCs (Figure 3.30 E). The repellent cues were thereby 

transduced as steering instructions during the GC routing and thus, in the axon direction.  

 

 

Figure 3.30. Growth cone morphology classification. Micrographs of GC shapes: (A) small, (B) large, 

(C) re-extending axon and (D) branching axon. (E) Occurrence of the GC shapes in the different cultures. 

 

Similar results were achieved in the case of NT-3DFGnc cultures (Figure 3.30 E): here, the vertical NWs 

might prevent MTs to be bundled and looped and thus forming pausing shaped GCs. Thus, the predominant 

GC configuration established across NT-3DFGnc is the small, bullet-shaped GC. Therefore, the presence of 

bulkier structures embedded into the graphene materials, as in both NT-3DFG templates, entail lateral 

physical boundaries, hence preventing GC covering of large superficial area.  

Considering the ability of neurons to polarize, the integration of topographical stimuli might ultimately 

dictate which GC morphology neurons is able to establish155–158. Thus, in the presence of pillar-like surfaces, 
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the need for a wide fan-shaped GC is drastically reduced in accordance with the available growth area105. 

Similarly, channels-based patterns enhance GCs confinement  and consequently their dimension. Hence, 

wider channels tend to produce flatter GCs, enriched with more lamellipodia features, while neurons 

growing into narrower channels exhibit tube or bullet-like shaped GCs158.  

Although a variety of regulating proteins is engaged in a spatial-temporal manner to form and drive the 

protrusion of the leading-edge membrane, we investigated actin and MTs structures which are largely 

involved in neuritogenesis and axogenesis. As a matter of fact, only their coordination can promote the 

neuronal development into a polarized cell106,151. This cooperative activity might support two fundamental 

mechanisms106,151: 

1) New-advancing neurite assembles from the actin lamellipodia which surrounds cell body, 

afterwards polymerizing MTs bundle to stabilize the neurite shaft; 

2) Emerging filopodia from the cell body become engorged with MTs, which penetrate into 

filopodium and colocalize with actin structures. The new-formed structure then becomes a neurite 

with a developed GC. 

Therefore, here, the spatial distribution of either actin and MTs across the terminal end of the axon was 

thoroughly investigated by means of the immunofluorescence labelling and compared across the different 

growth substrates. Therefore, immunohistochemistry labelling with phalloidin and βIII-tubulin antibody 

(Tuj-1) was performed as explained in Materials and methods 2.6.4 at 3 DIV (stage 3 of neuronal 

development).  

Moreover, depending on the mutual organization of the cytoskeletal components, GCs were generally sub-

divided into 3 regions106,149, as depicted in Figure 3.31. The central domain (C) directly outgoes from the 

neurite shaft, it contains some organelles (i.e., mitochondria) and is mainly occupied by MTs. The green box 

in Figure 3.31 displays the presence of bundled structures which are related to the neuronal MTs, that 

branches from the axonal shaft. Whereas peripheral domain (P) generally lies at about 0.5 μm from the 

distal end of the GC and thereby it is defined as the leading edge. This region is devoid of organelles and 

defined by the actin network, as lamellipodia veil-like structures or bundled filopodia. The burgundy box in 

Figure 3.31 depicts the actin-based structures, the quasi 2D mesh lamellipodia and the thicker filament 

which are associated to filopodia. Between the C and P domains, there is a transitional zone (T), where the 

actin network cohabits with MTs. In particular, actin structures should provide a physical obstacle for 

farther MTs invasion and extension towards the periphery, thereby actin elements lie perpendicular to both 

MTs from C and filopodia enclosed into the P zone (Figure 3.31). In the orange box in Figure 3.31, thicker 

structures are associated to MTs while smaller features underneath might also include actin fibres. 
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Figure 3.31. Definition of peculiar growth cone regions. A representative scanning electron micrograph of a large 

paused cortical neuron GC where PM was removed with a Triton-X100 treatment to expose the intracellular 

architecture. The central, transition and peripheral regions are indicated in green, orange, and red, respectively.  

 

3.5.2   Growth cone analysis of neurons cultured on planar Si/SiO2 substrates. 

In Si/SiO2 cultures, the continuous adhesive growth substrate and the lack of relevant topographic features 

which might address neurons towards a specific target or physically confine the final establishment of the 

GC shape, lead GC populations to be highly heterogeneous, as already shown in Figure 3.30 E. As a result, 

the chemotactic cellular endings navigate across the planar substrate and integrate the extracellular 

environment information by alternating advancement periods, pauses or regrowth phases. Considering the 

small GC shape, MTs initially grow along the actin fibres and then, exceed them to fix the new axonal 

direction (Figure 3.32 E, I). As mentioned earlier, the P domain, which lies in the very terminal part of 

neuronal ending, is typically occupied by actin structures150,151. However, during the neuronal stages of 

development, the initial actin remodelling becomes gradually supported by MTs which move from the C 

domain and invade the P area. This phase, called engorgement, aims at consolidating the new region of the 

axonal shaft151. Similarly, in the branching axon, the actin-based filopodia protrusions are supported by 
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dynamic pioneering MTs along their path, as shown by the colocalization of both actin and MTs 

fluorescence signals in Figure 3.32 H, L.  

Moreover, in the case of large GCs, bundled MTs shaft first splay apart once approaching the cytoplasmatic 

C domain, then form prominent loops where their terminal ends fold towards the axonal shaft (Figure 3.32 

J). Despite the MT looped-structure in the C domain, some pioneer MTs extend from the loop and engorge 

the emerging filopodia into the P zone. In addition, the C domain has weak actin structures which were 

instead found in the P domain (Figure 3.32 F).  

Generally, the large GC configuration refers to prolonged pausing phase, during which axon stalls minutes 

up to hours without navigating the surrounding environment149,150,154. This is mainly achieved by MTs facing 

backwards.  

During the transition from pausing to growth state, depicted in Figure 3.32 C, new short MTs sprout and 

invade the GC periphery from the loop-like arrangement to explore new possible directions of growth 

(Figure 3.32 K). Moreover, the fluorescence signal from the actin filaments is present in the T and P zones 

(Figure 3.32 G). 

Figure 3.32 M depicts the growth cone area measurements of cells cultured on planar Si/SiO2 substrates. 

Here, large GCs extend wider than the other three configurations onto the growth surface and the average 

area value hovered around 110-130 μm2 (OneWay Anova analysis with p-value < 0.001, 95 % C.I. for the 

mean). Smaller area values were measured for the other configurations. In particular, small GCs and re-

extending axons, which together represent the axon growth state, cover a similar area (no significant 

difference in the OneWay Anova analysis, ~ 23.5 ± 9 μm2 and ~ 38.8 ± 12.2 μm2 for small and re-extending 

shapes, respectively). In the branching axon configuration, the presence of several filopodia encircling the 

terminal end almost doubles the area underneath the single GC comparing to the small GC case (p-value < 

0.001). By contrast, re-extending and branching axon configurations have similar coverage area (no 

significant difference, p-value < 0.87). 
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3.5.3   Growth cone analysis for neurons cultured on 2DG substrates. 

Figure 3.33 A, E, I depict neurons on 2DG substrates with a small-shaped GC which occupies on the average 

an area of ~16 ± 8.9 μm2 (Figure 3.33 M). Small GC establishment is supported either by actin structures or 

MTs in the sensing of the extracellular environment. Although the general consideration lies on the actin 

Figure 3.32. Growth cone characterization on Si/SiO2. 

Neurons immulabelled for F-actin (green), βIII-tubulin 

(red) and nuclei (blue), present characteristic 

terminal GC, which have (A) small, (B) large, (C) re-

extending and (D) branched configurations. High 

magnified views of actin and MT structures are 

showed in (E, I) small, (F, J) large, (G, K) re-extending 

and (H, L) branching configurations. (M) 

Quantification of GC areas. Data were analyzed with 

OneWay Anova with Tukey- post-hoc test at 95 % 

confidence interval. 
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filaments initiating the process of contact guidance150,151, different studies also show that MTs are capable 

of exploring the P domain and dictate axon orientation159, even in the low-extended structures where C 

and P domains are not distinguishable. The large GC configuration is shown in Figure 3.33 B, F, J: here, 

outgoing MTs from the axon shaft assume large loops in the C domain, which ultimately enlarge the overall 

occupied area. On the contrary, the actin-based fluorescence signal, colocalizes in the axon shaft, but 

gradually fades once approaching the P area. The re-extending axon (Figure 3.33 C, G, K) presents MTs 

fragments which break off from the loop configuration to create a new leading edge with both lamellipodia 

and MTs structures into the small-tipped end. 

Finally, the branching axons present a typical bifurcation which is supported by MTs bundles in the C 

domain and actin in the farthest region from the cell body (Figure 3.33 D, H, L). 

The average GC area measurements (Figure 3.33 M) show large GCs having the largest surface area and 

being statistically different from the other configuration (OneWay Anova analysis, p-value < 0.001).Indeed, 

in the large configurations GC were ~ 2-fold, ~ 4-fold and ~ 8-fold higher than the case of branching axon, 

re-extending axon and small growth cones, respectively.  

Small and re-extending GCs, which both refer to the active state of the axonal terminal ends, share similar 

morphologies which only differ by the presence of broader regions in re-extending configuration (indicated 

by the white arrow in Figure 3.31 G and K). Thereby, from the parallel comparison performed by OneWay 

Anova, their means area values were found not statistically significant (p-value < 0.11). 

On the contrary, by comparing small GCs and branching axons, membrane protrusions, typically enriching 

the neural terminal ends architecture in the last configuration, lead to a coverage area value almost 4-fold 

the extension area of small GCs (p-value < 0.001). The analysis of the area values of branching and re-

extending axons shows a less pronounced difference, however, statistically significant for p-value = 0.003. 
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3.5.4   Growth cone analysis for neurons cultured on 3DFG substrates. 

Figure 3.30 E shows high occurrence of branching axons which are specifically characterized by the 

outwards projected membrane in 3DFG cultures. This topography-driven effect might depend on the 

exposed graphene flakes which are comparable in size to the membrane receptors and could trigger their 

Figure 3.33. Growth cone characterization in 2DG 

cultures. 

Neurons immunolabelled for F-actin (green), βIII-

tubulin (red) and nuclei (blue), present characteristic 

terminal GC, which have (A) small, (B) large, (C) re-

extending and (D) branched configurations. High 

magnified views of actin and MT structures are 

showed in (E, I) small, (F, J) large, (G, K) re-extending 

and (H, L) branching configurations. (M) 

Quantification of GC areas. Data were analyzed with 

OneWay Anova with Tukey- post-hoc test at 95 % 

confidence interval. 
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activity153. However, small, large and re-extending GCs also populate the 3DFG cortical neurons culture. 

Small GCs (Figure 3.34 A, E, I), are supported either by the actin or MTs structures: the C domain has mainly 

MTs while both T and P zones present the colocalization of the two cytoskeleton components.  

The MT architecture of large GCs is characterized by a wide loop (MT filaments create a circular structure 

and face their terminal ends towards the axon shaft) in the C zone, wherein it is partially supported by actin 

structures. Instead in the T zone, ahead of the MT loop, the actin fluorescence signal is visible and 

associated to transversal actin arcs that limit the MTs advancement in the P domain. 

The re-extending axons of cortical neurons in contact with 3DFG (Figure 3.34 C, G, K) present a small loop 

with a strong MT fluorescence signal (white arrow), from which a new-leading terminal appendage 

emerges. At the new forefront terminal (yellow arrow), a strong colocalization of both actin and MTs signals 

is visible, which indicates the axon active state in sampling the extracellular environment. This is mainly due 

to the axon motility that relies firstly on the dynamic properties of actin and MTs  translocating into the P 

zone151,160. Similarly, branched neurons, which are the most recurring GC configuration in the 3DFG cell 

culture, present MTs aligned along the longitudinal axis of the filopodia as shown in Figure 3.34 D, H, L. 

Finally, the average GC spreading area across the 3DFG was quantified by outlining the neuronal appendage 

(Figure 3.34 M). Significantly, large GCs exhibit the wider and larger morphologies compared to the other 

configurations found in the 3DFG culture (p-value < 0.001). However, considering the average area 

measurements in the case of Si/SiO2 and 2DG cultures (i.e., 112.9 ± 18.7 μm2 and 135.4 ± 26.1 μm2, 

respectively), the 3DFG topography supports smaller GCs. The presence of membrane protrusions in the 

branching axon configuration enables to cover an area significantly higher than the small GC (p-value < 

0.001), however, still limited than the large GC case (p < 0.001). Instead, parallel analysis of small GC and 

re-extending ones reveal similarities between the two classes, which not only include small-tipped terminal 

but also reduced coverage area (p-value = 0.09). 
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3.5.5   Growth cone analysis for neurons cultured on wires templated graphene substrates. 

Figures 3.35 A, E, I depict representative micrographs of bullet shape-tipped neurons in the case of NT-

3DFGc cultures. In contrast to the previous results, large GCs fail to extend over 30 μm2 wide areas as 

Figure 3.34. Growth cone characterization in 3DFG 

cultures. 

Neurons immunolabelled for F-actin (green), βIII-

tubulin (red) and nuclei (blue), present characteristic 

terminal GC, which have (A) small, (B) large, (C) re-

extending and (D) branched configurations.  

High magnified views of actin and MT structures are 

showed in (E, I) small, (F, J) large, (G, K) re-extending 

and (H, L) branching configurations. (M) Quantification 

of GC area. Data were analyzed with OneWay Anova 

with Tukey- post-hoc test at 95 % confidence interval. 
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probably their spreading is limited by the absence of a continuous adhesive growth support due to the 

succession of microcavities and finite collapsed graphene NWs. Here, MTs loops, previously found in the 

large GCs configuration, are not visible (Figure 3.35 B). Therefore, few neurons develop enlarged GCs that 

cover a very restricted area.  

Consequently, the re-extending axons configuration which comes from the establishment of MT loops in 

the large GC, is not significantly present in the overall GCs’ population. However, exemplary images of 

solitary neurons with re-extending tips are provided in Figure 3.35 C, G, K, where the white arrows point to 

the wider area from which new leading axons begin to venture across the growth substrate. Here, the 

development and axon guidance of the re-extending neuron are supported by either actin or MTs, 

especially in the terminal part. Finally, branching axons are shown in Figure 3.35 D, H, L whose occurrence 

within the GC population on NT-3DFGc has been appraised to be near the 18%. Here, the new extending 

filopodia, which surround the axonal terminal end, grasp sideways the collapsed wires as anchoring sites. 

In this guidance dynamics, MTs and actin fibres support altogether the cytoskeleton organization as visible 

in Figure 3.35 H, L.  

From the GC area analysis, the highest GC coverage is attained by the branching configuration, whose 

means difference are statistically significant when compared to small and re-extending GCs (p-values < 

0.001). Instead, statistically mean difference was found by comparing branching axon and large GC 

configurations (p < 0.05, with 95 % C.I. for the mean). Coverage area values measured for small, re-

extending and large GCs were almost comparable, indeed no significant differences were identified in the 

OneWay Anova analysis. 
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Finally, Figure 3.36 shows the GC cytoskeleton analysis when cortical neurons were cultured on the NT-

3DFGnc substrates. The available regions for cell growth and spreading are limited to the top extremities 

and portions of the lateral surface, in case of vertical or kinked NWs, respectively. Thus, the reduced 

contacting interface might compel the neuronal GCs cytoskeleton to have a smaller configuration, which is 

Figure 3.35. Growth cone characterization  

on NT-3DFGc. 

Neurons immunolabelled for F-actin (green), βIII-tubulin 

(red) and nuclei (blue), present characteristic terminal 

GC, which have (A) small, (B) large, (C) re-extending and 

(D) branched configuration.  

High magnified views of actin and MT structures are 

showed in (E, I) small, (F, J) large, (G, K) re-extending and 

(H, L) branching configurations.  

(M) Quantification of GC areas. White arrows in (G) and 

(K) indicate decision region and P domain of re-extending 

axon. Data were analyzed with OneWay Anova with 

Tukey- post-hoc test at 95 % confidence interval. 
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the most predominant GC shape over the other neuronal terminal (Figure 3.30 E). Figure 3.36 A, E, I show 

exemplary images of a solitary cortical neuron with a small GC. The neuronal outgrowth across the wires 

template terminates with a bullet shape tip which is sustained either by actin structures or MTs. On the 

contrary, the very few GCs which might establish large appendage at the interface with the protruding 

graphene material, exhibit a rounded shape as shown in Figure 3.36 B. In this configuration, the terminal 

area presents the colocalization of both actin and MTs, without recognizing any specific spots where only 

one of the two cytoskeleton components is located (Figure 3.36 F, J), as it often occurs in the large GC 

configuration. Figure 3.36 C, G, K depicts re-extending with strong accumulation of actin and MTs in the 

distal end (yellow arrows) and the decision region (white arrows). In addition, branching axons, whose 

shape occurrence was identified to be ~ 13 % across the culture, have well-defined MTs structures. 

However, the actin presence is detectable by mild a fluorescence signal in the more peripheral region.  

Considering the GC extending area (Figure 3.36 M), small GCs occupy in average the most restricted area 

(almost ~11.5 ± 5.3 μm2, p-value < 0.001). On the contrary, large GCs, re-extending and branching axons 

have comparable values (large GC vs. re-extending has p < 0.90, large GC vs. branching axon has p < 0.98, 

and finally re-extending and branching axon has p < 0.96). 

Similarly to the results discussed in the case of HL-1 cells interfaced with out-of-plane graphene materials, 

variations in substrate topography from simply fuzzy graphene to NWs templates directly modulate the 

available regions where cell adhesion might initiate. Thus, as in cardiomyocytes cultures, neuronal cell 

spreading, and axonal terminal reshaping was drastically influenced by the decreased adhesive surface.  

The analysis of neuronal GC extensions over the different graphene materials, revealed a reduction of GC 

extension for small GC, re-extending and branching axon configurations. However, the gradual decrease of 

GC extension was more prominent comparing the large GCs across the graphene materials; indeed, 

significant differences in mean area values were found comparing the planar graphene with 3DFG (p < 

0.008 with OneWay Anova at 95 % of confidence interval), NT-3DFGc and nc (both have p-value < 0.001).  

Taken together, these results confirm the essential role the cellular adhesive processes have in the 

regulation of cellular behaviour, directly affecting GC morphology and modulating the neuronal active 

state.  
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Figure 3.36. Growth cone characterization 

 on NT-3DFGnc. 

Neurons immunolabelled for F-actin (green), βIII-tubulin 

(red) and nuclei (blue), present characteristic terminal 

GC, which have (A) small, (B) large, (C) re-extending and 

(D) branched configurations. High magnified views of 

actin and MT structures are showed in (E, I) small, (F, J) 

large, (G, K) re-extending and (H, L) branching 

configurations.  

(M) Quantification of GC areas. White arrow indicates the 

GC decision region, the yellow one the P domain. Data 

were analyzed with OneWay Anova with Tukey- post-hoc 

test at 95 % confidence interval. 
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3.5.6   Actin and tubulin arrangement at the growth cone. 

To further characterize the actin and MTs architecture and protein expression, confocal fluorescence 

micrographs have been further analyzed (Materials and Methods 2.8.4 and 2.8.5). In general, the actin-

associated fluorescence signal is mainly punctuated, while MTs arrange in a fiber-like assembly. Moreover, 

actin and βIII-tubulin mean fluorescence signals intensity were measured in correspondence of the GC 

region in planar and out-of-plane cultures (Figure 3.37, Materials and Methods 2.8.4)140.  

 

 

Figure 3.37. Fluorescence intensity quantification of actin and βIII-tubulin in neuronal cells.  

Comparison of actin and βIII-tubulin fluorescence signals were performed between same GC morphologies 

across the different cultures. Actin fluorescence intensity analysis of small GCs, large GCs, re-extending and 

branching axons are depicted in (A), (B), (C) and (D), respectively. Similarly, βIII-tubulin fluorescence intensity 

analysis of small GCs, large GCs, re-extending and branching axons are depicted in (E), (F), (G) and (H), 

respectively. Data were analyzed through OneWay Anova with Tukey- post-hoc test at 95 % confidence 

interval.   

 

Here, the GCs actin-associated fluorescence intensity in planar cultures was generally higher than in out-

of-plane conditions. However, small GCs developed in 3DFG cultures show an actin-associated fluorescence 

intensity significantly higher than planar and NWs-templated cultures (Figure 3.37A). Similarly, βIII-tubulin-

associated fluorescence intensity was significantly higher in 3DFG cultures (Figure 3.37E). In addition, on 
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planar cultures the ratio between actin and MTs fluorescence signals was found to be almost unitary, as 

actin and MT structures colocalize and interact together to perceive extracellular cues and facilitate axon 

routing. However, fluorescence ratios between the two signals from small GC over NWs cultures show a 

weaker actin contribution. 

Large GCs highly populate planar and 3DFG cultures, but they were occasionally in contact with the 

protruding NWs on NT-3DFGc and nc materials, due to the reduced adhesion surface accessible to cells. As 

a matter of fact, larger GCs have a well-developed and complex MTs network with peculiar looped 

structures in the C domains towards the P domain. Thus, actin structures enrich the axonal appendage in T 

and P domains. Therefore, the large GCs developed in planar cultures show higher fluorescence intensities 

for both MTs and actin components. However, only actin fluorescence values collected from large GCs on 

planar cultures were statistically significant than the ones from out-of-plane graphene materials as shown in 

Figure 3.37 B (MTs associated fluorescence signals were not statistically different, Figure 3.37 F). In all culture 

conditions, actin and βIII-tubulin fluorescence ratios show stronger βIII-tubulin-associated signals than actin. 

For instance, in planar cultures GCs can largely spread and be supported by MTs developing from the axonal 

shaft to the P domain while actin structures are rather discontinuous (completely absent in the C domain). 

On the contrary, NWs-templated materials promote the formation of MTs in GCs which stabilize the axonal 

terminal appendage. 

Although re-extending axons exhibit similar morphology of small GCs, the actin-associated fluorescence 

signal intensity was found to be different from the previous configuration. Indeed, the intensity was 

significantly higher in planar cultures. However, multiple comparison of actin values shows no significant 

difference by comparing them with GCs cultured on 3DFG (Figure 3.37 C). Oppositely, MTs-associated 

fluorescence intensities were comparable among all culture conditions (Figure 3.37 G). Fluorescence ratios 

between the mean values of actin and βIII-tubulin intensity values show an equal contribution of these 

proteins to the appendage architecture when GC were developed in planar cultures while, increasing 

topography dimensionalities, MTs structures-associated fluorescence intensities are higher than actin-

associated fluorescence intensities in out-of-plane cultures.  

Finally, branching axons show comparable fluorescence intensity values associated to MTs structures 

among the graphene cultures (Figure 3.37 H). Similarly to the other GC morphologies, actin-related 

fluorescence intensity values were significantly lower in out-of-plane cultures than planar ones (Figure 3.37 

D). However, no significant difference was estimated comparing the actin intensity values within branching 

axon terminal of planar and 3DFG cultures. In addition, ratios between the mean values gathered from the 

actin and βIII-tubulin fluorescence signals show a prevalent contribution of MTs structures within the 
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branched GC among all cultures. These results further suggest that MTs stabilize and consolidate the 

extensions as new region of the axonal shaft. 

During neuronal polarization, actin and MTs coordinate their activities through three different stages: 

protrusion formation with actin advancement, then stabilization of the axon direction and structures by 

MTs and ultimately consolidation of the new axonal branch with PM reinforcement around MT bundles 

and actin depolarization106,149–151. 

Therefore, here, the predominant presence of MTs over actin in the P domain does not prevent axonal 

elongation or routing across the extracellular environment: in fact, GCs are stabilized by MTs bundles and, 

thereby, consolidated as a new axonal shaft section.  

Indeed, the actin dynamics, which i typically consists of assembly, retrograde flow and depolymerization 

processes require to be bias towards an increased polymerization phase to push the GC leading edge 

forward. However, one way to balance the higher level of actin polymerization and advancing protrusions 

involves a reduced retrograde flow or improved actin coupling with the growth substrate. When the 

coupling is strong, peripheral corridors devoid of actin will facilitate the gradual MTs occupancy into the P 

area106,161. Therefore, MTs might engorge filopodia into the P domain or invade lowered F—actin 

regions108,150,160.  

Therefore, in this study, progressive MTs presence over the actin also in the P domains, as it typically occurs 

during the engorgement and consolidation phases151,161, might result from an enhanced coupling between 

the single neuron with the growth substrate.  
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Figure 3.38. Fluorescence intensity quantification across GC domains on Si/SiO2.  

Fluorescence signals of actin and βIII-tubulin (in green and red, respectively) were quantified along a segment 

fixed from the axon shaft (indicated with a white triangle) to the P domain (indicated with a yellow triangle). 

Quantification was evaluated and plotted as a function of the segment length for small GC (A, E), large GC (B, 

F), re-extending axon (C, G) and branching axon (D, H). The green trace is associated to the actin fluorescence 

signal and the red trace to MTs. Light blue triangles, without and with black outline, point the C and T domains 

within the large GC (F), respectively. Scale bars 5 μm. 

 

A comprehensive assay which includes fluorescence intensity quantification (Materials and methods 2.8.5) 

across the specific GC domains (from the axon shaft to the P domain) was here provided for a better 

understanding of the cytoskeleton spatial organization within the various GC configurations across the 

different graphene-based cultures.  

In the case of Si/SiO2 planar cultures (Figure 3.38) all GCs configurations are supported by the presence of 

both actin and MTs structures. In particular, high values of tubulin intensity were always found at the axon 

shaft location, since MTs organize in thicker and composite bundles, as well as at “decision regions”, which 

are T domain in large GCs (dark blue triangle in Figure 3.38 F) or where MTs force new growing direction 

(white triangle in Figure 3.38 C). Here, the actin fluorescence signal is moderate, yet present within almost 

all GCs except the case of the large configuration which lacks actin structures in the C domain (light blue 

triangle in Figure 3.38 F). If the presence of the actin fluorescence signal almost in all GC domains still 
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indicates the continuous GC ability to collect information from the extracellular environment during its 

protrusive activity, instead, the presence of the tubulin fluorescence signal consolidates the neuron portion 

as new region of the axon shaft.  

Similarly, in 2DG neuronal cultures (Figure 3.39), the axonal shafts and decision regions (dark blue and 

orange triangles in Figure 3.39 F and G, respectively) show higher tubulin fluorescence intensity. On the 

contrary, a less intense tubulin fluorescence signal was measured in the C domain in large GCs where MT 

loops are developed (light blue triangle in Figure 3.39 F). As active and motile structures, small GCs and re-

extending axons show highly localized actin fluorescence signal at their P domains (Figure 3.39 E, G) as 

supportive structure to the protrusions and therefore axonal advancement. Colocalization of actin and 

tubulin within the GC domains in the branching configuration ensures the strong interactions of these two 

proteins to support axonal outgrowth, guidance and sensing (Figure 3.39 H).  

 

Figure 3.39. Fluorescence intensity quantification across GC domains on 2DG.  

Fluorescence signals of actin and βIII-tubulin (in green and red respectively) were quantified along a segment 

fixed from the axon shaft (indicated with a white triangle) to the P domain (indicated with a yellow triangle). 

Quantification was evaluated and plotted as a function of the segment length for small GC (A, E), large GC (B, 

F), re-extending axon (C, G) and branching axon (D, H). The green trace is associated to the actin fluorescence 

signal and the red trace to MTs. Light blue triangles, without and with black outline, point the C and T domains 

within the large GC (F), respectively. Instead, orange triangles, without and with black outline, point the first 

loop and the terminal end within the re-extending axon (G), respectively. Scale bars 5 μm. 
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Figure 3.40 shows the fluorescence intensity profiles within GC structures when cortical neurons were 

cultured on 3DFG. Here, the actin fluorescence signal was generally following the MTs-associated fluoresce 

signal within the GC elongation from the axon shaft to the P domain. Especially in the case of small and re-

extending configurations, the actin-associated fluorescence signal increases in the P domain to reflect the 

active state in creating new protrusions (Figure 3.40 E, G) 

Concurrently, MTs structures support GC bodies from the axon shaft to the more distal end of the GC.  

βIII-tubulin fluorescence intensity values are higher than actin, beside the last few micrometres of the large, 

re-extending and branching axon configurations, where the actin fluorescence signal was predominant due 

to the protrusive process (Figure 3.40 F, G, H). Therefore, the higher fluorescence values associated to the 

actin emission within the terminal micrometres of the GC might be justified by the enhanced actin-

mediated protrusive activity, which is propelled by the presence of topographic features at similar length 

scale of the adhesive protein structures in the GC.  

 

Figure 3.40. Fluorescence intensity quantification across GC domains on 3DFG.  

Fluorescence signals of actin and βIII-tubulin (in green and red respectively) were quantified along a segment 

fixed from the axon shaft (indicated with a white triangle) to the P domain (indicated with a yellow triangle). 

Quantification was evaluated and plotted as a function of the segment length for small GC (A, E), large GC (B, 

F), re-extending axon (C, G) and branching axon (D, H). The green trace is associated to the actin fluorescence 

signal and the red trace to MTs. Light blue triangles, without and with black outline, point the C and T domains 
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within the large GC (F), respectively. Instead, orange triangles, without and with black outline, point the first 

loop and the terminal end within the re-extending axon (G), respectively. Scale bars 5 μm. 

 

Cortical neurons are forced to assume slimmer shapes because of the reduced available growth area in NT-

3DFG cultures. Hence, actin and MTs structures colocalized within the developed appendage (Figure 3.41 

A, E, C, G), which consist of a single bullet-shaped terminal, in small GC configuration (pink triangle in Figure 

3.41 E), instead in a douple round-shaped appendages in the re-extending configuration (orange arrows 

with and without black border, respectively in Figure 3.41 G). Thereby, two fluorescencepeaks are found 

only at the larger regions, which basically indicates the colocalization of actin and MTs. Similarly, in the 

branching configuration, both actin and tubulin fluorescence signals were found along the axonal 

extension, which terminates with actin accumulation (purple triangle in Figure 3.41 H). The few large GCs 

recognized across the NT-3DFGc cultures had similar behaviour of small GCs, which results in higher signals 

both for actin and MTs structures colocalized within the cytoplasmatic region (light blue arrow in Figure 

3.41 F).  

 

Figure 3.41. Fluorescence intensity quantification across GC domains on NT-3DFGc.  

Fluorescence signals of actin and βIII-tubulin (in green and red, respectively) were quantified along a segment 

fixed from the axon shaft (indicated with a white triangle) to the P domain (indicated with a yellow triangle). 

Quantification was evaluated and plotted as a function of the segment length for small GC (A, E), large GC (B, 

F), re-extending axon (C, G) and branching axon (D, H). The green trace is associated to the actin fluorescence 
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signal and the red trace to MTs. Pink arrow denotes the small GC body (E), instead the light blue one the large 

GC appendage. Orange triangles, without and with black outline, point the first loop and the terminal end 

within the re-extending axon (G), respectively. Purple triangle in panel H denote the filopodia contribution in 

the P domain. Scale bars 5 μm. 

 

Finally, Figure 3.42 depicts the fluorescence intensity quantification across GCs domains in NT-3DFGnc 

cultures. As mentioned earlier, due to the physical properties of the topography (i.e., discontinuous and 

reduced area faced at the junctional membrane of the neurons), neurons mostly built small GCs. As a 

consequence, extremely few large GCs were available across the cultures. The two classes were here 

differentiated considering the GCs width rather than the coverage area (no significant difference was found 

between the area values, Figure 3.36 M) where small GCs exhibit an aligned structure and small width while 

large GC had the typical fan-like and broadened architecture. Considering the reduced coverage area, the 

two configurations have similar fluorescence intensity profiles, with higher tubulin signal at the axonal 

shaft, and almost constant values for all the coverage area. In contrast, two evident actin peaks were found 

at the initial and terminal parts of the GC body (C and P domains). 

In the re-extending configuration (Figure 3.42 C, G) MTs populate the whole GC body  providing a higher 

fluorescence intensity at the axon shaft site, the initial loop and terminal end. Actin-associated fluoresce 

intensity is lower, thereby, figuring at the initial loop and bullet shape appendage.  

The branching axon configuration, lastly, consists of MTs and actin which together mediate neurons 

pioneering activity in the surrounding extracellular environment (Figure 3.42 D, H). 

Taken together, these results suggest how the synergistic organization of actin and MTs stabilizes the whole 

cellular structure, regulates the tension forces occurring at the interface with the growth substrate, 

necessary requirement during the neuritogenesis and, ultimately, determines the neural and GC 

shapes106,149,151.  

As the presence of actin signal witnesses, the active state of neuron in protruding the leading edge of the 

GC, MT inclusion (together or separate from the actin activity) states the consolidation of the new axonal 

tract.  
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Figure 3.42. Fluorescence intensity quantification across GC domains on NT-3DFGnc.  

Fluorescence signals of actin and βIII-tubulin (in green and red, respectively) were quantified along a segment 

fixed from the axon shaft (indicated with a white triangle) to the P domain (indicated with a yellow triangle). 

Quantification was evaluated and plotted as a function of the segment length for small GC (A, E), large GC (B, 

F), re-extending axon (C, G) and branching axon (D, H). The green trace is associated to the actin fluorescence 

signal and the red trace to MTs. Orange triangles, without and with black outline, point the first loop and the 

terminal end within the re-extending axon (G), respectively. Scale bars 5 μm. 

 

3.5.7   Axon elongation, neuronal branching. 

At the leading edge of a growing axon, the GC determines which path the axon will undertake to reach its 

target. During its outgrowth, an axon might alternate advancing phases to branching, turning, stopping, or 

even retracting states. Together with the intrinsic machinery which regulates the cell polarization, 

extracellular cues might provide relevant signals (i.e., chemical, topographical) for addressing neurons 

towards a specific state regulating 105,155,162,163, for instance, axonal motility and elongation also through the 

GC topography sensing105,155,163,164. As mentioned earlier, here different GC arrangements have been found 

depending on the substrate topography (Figure 3.30); however, as the out-of-plane features become more 

prominent with the presence of NWs meshes in the collapsed and non-collapsed arrangements, GC 

responsiveness to either the physical confinement or the reduced adhesive area leads axons to assume a 

small GC configuration.  
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Such differences in axonal morphology, which mimic the cytoskeleton organization underneath the plasma 

membrane, might trigger relevant changes in the neuronal  dynamic outgrowth158,165. 

Indeed,  bullet-shaped GCs ( small GCs), are associated to advancing axons while broad and rather flat GCs 

with emerging filopodia might pause for long time154,158,165. However, this stalling phase still includes the 

active movement of transient filopodia that can navigate nearby the GC location without an evident 

elongation155. In addition, neurons in the re-extending configuration resume the elongation and promote 

further navigation across the extracellular environment from the flattened region still persisting along the 

whole axon shaft. Finally, branching axons strive to maximize the sensory exploration of the environment 

and extend the advancing edge. Thereby, how neurons shaped their terminal ends has strong implications 

onto their activity state 105,155,162,163.  
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Figure 3.43. Axon elongation through the graphene topographies.  

(A, B, C, D) SEM micrographs of small, large, re-extending and branching GCs, respectively, cultured on 

Si/SiO2. Scale bars 5 μm. (E, F, G, H) SEM micrographs of small, large, re-extending and branching GCs, 

respectively, cultured on 2DG. Scale bars 5, (E, F), and 10 μm (H, G), respectively. (I, J, K, L) SEM 

micrographs of small, large, re-extending and branching GCs, respectively, cultured on 3DFG. Scale bars 5 

μm (I - L), 10 μm (J – K). (M) Quantification of the mean axon lengths attained by cortical neurons after 3 

DIV on the different topographies. (N) Maximum extensions axons reached considering their saltatory 

growth. (O, P, Q) SEM micrographs of small, large and branching GCs, respectively, cultured on NT-3DFGc 

and indicated by red arrows. Scale bars 5 μm. (R, S, T, U) SEM micrographs of small, large, re-extending 

and branching GCs, respectively, cultured on NT-3DFGnc. Scale bars 5 μm. 

 

Moreover, considering the preferential GC morphologies found over the different planar and out-of-plane 

materials, graphene substrates were employed as cell-instructive platforms to also modulate axonal 

elongation. Figure 3.43 M shows the mean axonal length measured after 3 DIV by using optical micrographs 

of neurons immunolabelled against MAP2 and Tau-1 proteins (dendrites and axon neuronal markers, 

respectively, Materials and Methods 2.6.3). The image analysis was carried out with ImageJ as described in 

Materials and Methods 2.8.6.  

Here, all topographies promoted the axonal growth, resulting in neurons having longer axons pared to 

those on flat substrates. In particular, the large standard deviations on both planar and 3DFG materials 

highlight the presence of heterogeneous GC morphologies (Figure 3.43 A – L) which, in turn, might define 

diverse neuronal activity states. The longest axonal average length values were attained when cells adhered 

on top of the free-standing NWs and were confined by their side walls in NT-3DFGnc cultures. Similarly, in 

NT-3DFGc cultures, axons largely extend from the cell body. Although the reduced growth area offered by 

the limited area of NWs exposed to the cell attachment, these protruding structures and their spatial 

arrangement provide contact points from which cells might anchor the GC to pull forward advancement by 

means of actomyosin-driven traction forces153. 

Indeed, considering the high affinity that GC morphologies have with the pattern of the underlying 

substrate, as well as the association between their morphological properties and functional behaviour, the 

external structural cues might consequently regulate axon movement and polarization158,165. Thus, the 

increased dimensionality of the topographies, from planar to pseudo 3D structures, allows neurons to 

stretch further and develop longer axons. Table 3.9 shows the percentage increase of axonal length 
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compared to the growth across the planar graphene. On non-collapsed NWs the axonal elongation was 

more than doubled.  

 

Axon increase length (%)  

3DFG 36.6 

NT-3DFG c 79.4 

NT-3DFG nc 129.5 
Table 3.9. Percentage increase of axonal length compared to planar graphene culture. 

 

Similar topographical guidance was obtained by Milos et al. using pillars as growth substrates164. Here, not 

only the median axon lengths were 40% longer when in contact with pillars in comparison to the flat 

substrates, but also the ordered protruding structures aligned neurites along the pillar distribution. In our 

case, no clear directionality was observed as the graphene materials exhibit randomly distributed 

topographical features. However, similar effects of local random micro and nanotopographies on the axon 

elongation has been previously reported166.  
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Figure 3.44. Secondary neurites investigation along the axon shaft.  

The presence of secondary neurites was quantified from optical images of solitary neurons stained against 

Tau-1 axon-specific marker. For each substrate, an exemplary SEM micrograph of the neurons in contact with 

the pattern underneath has been provided. Scale bars 15 μm. 

 

Considering the neuronal growth process (stage 3, see Figure 3.29), the structural might affect the GC 

morphology and ultimately the neuronal functional activity. Therefore, restricted growth area, in NT-3DFGc 

and nc cell cultures, forced neurons to assume streamlined shape which proceeds through the path without 

minimal pausing, and ultimately results in higher values of the branches elongation. Moreover, as shown 

in Figure 3.41 E, G and 3.42 E, the active state of small GCs is also supported by the presence of actin-based 

assemblies which play a key role in the initiation of the GC advancement151.  
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Instead, in the case of continuous material surfaces (i.e., Si/SiO2 and 2DFG) or out-of-plane features 

interdistance as equal as the contact adhesion size (i.e., 3DFG material), neurons face only few physical 

boundaries to the GC establishment. This results in higher chance for neurons to build broad axonal 

terminals, which ultimately lead them to alternate advancing growth to pausing phases and minimal 

elongation.  

 

Figure 3.45. Neuron-Si/SiO2 adhesion.  

Cross-sections (A, B) acquired in backscattered electrode mode show the intracellular environment which 

includes nucleus (N, in red), cytoplasm (C, in red), mitochondria (M, in red), as well as possible endocytic 

pathways (micropinocytosis and vesicles (V)). Cross-sections scale bar 1 μm and 500 nm, for A and B 

micrographs, respectively. 
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Besides affecting the axonal elongation, the out-of-plane materials might also influence neurites’ 

branching. Figure 3.44 shows the statistical analysis of the average number of neurites developed on the 

different graphene substrates.  

The presence of secondary neurites along the axonal shaft indicates not only the capability of cells to 

explore the neighbouring environment but also their capacity to create a well-developed cell network. 

Indeed, as the axon terminal crawls across the extracellular landscape to reach its targets, which might be 

another neuron, similarly secondary neurites might become new consolidated tracts of the axonal shaft, 

but also create contact points with adjacent cells151. However, the lack of physical confinements fosters the 

initiation of new emerging branches along the axonal shaft Figure 3.44. In particular, in line with the 

enhanced protrusive activity triggered by the nanoscale topography in 3DFG cultures, axons were enriched 

by a higher number of secondary processes. On the contrary, few protrusions emerging from the axon were 

found by analyzing NT-3DFG templates cultures. The analysis was performed on solitary or almost solitary 

neurons. However, by increasing the cells density, complex and well-formed neuronal networks developed 

even in presence of more prominent structures as in the NT-3DFGc and nc cases. 
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Figure 3.46. Neuron-2DG adhesion.  

Cross-sections (A, B) acquired in backscattered electrode mode show the intracellular environment, as well as 

PM conformation to the flat material profile. Cross-sections scale bars 1 μm and 500 nm, for A and B 

micrographs, respectively. 

 

3.5.8   Neuron-graphene material coupling investigated by SEM/FIB. 

As discussed earlier, the strong affinity that neuronal cells have with the topography of the underlying 

substrates also impacts GC migration across the external environment. In particular, the ability of neurons 

to migrate, which is considered at the basis of brain building and its functional outcome, simply arises with 

GC crawling and the polarization of the axon167,168. However, migration requires the establishment of forces 

that cells exchange with the substrate underneath. As a consequence, strict connections to the 

topographical features introduced by the substrate are necessary to activate the internal contractile 

machinery and finally produce a cellular response such as dynamic translocation30,31,153,167.  

Similarly to the HL-1 case, the neuronal response to the topotaxis (i.e., stimuli originating from the 

geometric structures of the substrate) involves complex mechanotrasduction pathways which are located 

at both sides of the junctional PM or within internal compartments and drive cells during the adaptive 

process of attachment. In this scenario, the analysis of the adhesive coupling between cell and graphene 

materials is provided by means of SEM/FIB micrographs which depict the PM profile, its change in the 

curvature when in contact with out-of-plane features and, finally, the distance established between cell 

and material.  

Figure 3.45 A shows a cross section of a neuronal cell cultured on Si/SiO2. Consistent with previous 

reports12,40,146, in planar cultures the distance between cell and material underneath hovers 100-150 nm, 

besides regions where PM is engaged in newly formed invaginations (Figure 3.45 B). A flatter neuronal body 

was found in the case of 2DG (Figure 3.46 A) where the PM still follows the plane material with sporadic 

invaginations (Figure 3.46 B).  
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Figure 3.47. Neuron-3DFG adhesion.  

Cross-sections (A - B) acquired in backscattered electrode mode show the intracellular environment, as well as 

PM roughness due to graphene spikes protruding from the material. Cross-sections scale bars 1 μm and 500 

nm, for A and B micrographs, respectively. 

 

In the case of 3DFG cultures, the nanoscale graphene spikes which protrude from the planar surface are 

mostly mirrored by the basal PM, which appears to be rough in Figure 3.47 B. This result supports the PM 

fluidity to conform to the external topographical stimuli. Moreover, the superficial fuzziness of the 

graphene material, which is in the dimension range of endocytic pathways40,46,142, might trigger curvature 

progression at the interface with the material, as indicated by the letter V in Figure 3.47 B.  
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Figure 3.48.  Neuron-NT-3DFGc adhesion.  

Cross-sections (A-B) acquired in backscattered electrode mode show the intracellular environment, as well as 

cell accommodation through NWs microcavities. Cross-sections scale bars 1 μm and 500 nm, for A and B 

micrographs, respectively. 

 

Cross sections of cells in NT-3DFGc cultures revealed that neuronal bodies closely follow the topography 

underneath also fitting portion of its body within the microcavities of the collapsed wire mesh (Figure 3.48 

A). These findings demonstrate how flexible and fluid are both the cell itself and the PM. Indeed, during 

these processes of cellular adaptation, the PM assumes pronounced curvatures to accommodate through 

NWs microcavities which might foster the initiation of vesicle buds (Figure 3.48 B).  
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Figure 3.49.  Neuron-NT-3DFGnc adhesion.  

Cross-sections (A) acquired in backscattered electrode mode show the intracellular environment and the 

interaction with free-standing wires. Scale bar 1 μm. (B - E) High magnified views depict the invagination 

events which occurs at cell-wire contact points. Scale bar and 500 nm. 

 

Finally, Figure 3.49 illustrates the neuron-material interaction when cells were cultured on free-standing 

NWs. Comparing to the HL-1 cases shown in Figure 3.26 where cells seem to be sink into the wire mesh 

and be far greater than the single structures, here the neuronal body appeared rather floating on the single 

NWs. This might also depend on the different cell size cardiomyocytes and neuronal cells have. Moreover, 

only few NWs underpin neuronal bodies, compared to the HL-1 case where packed NWs were found in 

direct contact with the cell body. Thus, the cell here appears to have contact only with occasional wires 

(Figure 3.49 A), which foster marked inwards PM curvature, typical of the engulfment phenomena40. 

However, from the serial milling, no internalization was detected, as depicted in Figure 3.49 B, C, D, E. 

Indeed, darker signal associated to the PM was easily detectable.  
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Chapter 4: Conclusions. 

The application of electronic devices in the study of human body has moved forward in the understanding 

of several biological dynamics and promises to lead additional advance in both biology and medicine 

science. However, the most enticing implications pledge to unlock new strategies for delivering 

personalized therapies.  

Indeed, comprehensive study of the cellular electric state might further elucidate pathological conditions 

which comprises impaired electrical activity at cellular and/or cellular network level. However, detailed 

investigations require the adoption of “tissue-like” technologies capable of producing stable interface at 

the cellular to subcellular level when in contact with the biological system over extended periods of time. 

Concurrently, exploiting biomimicry mechanisms to encourage a stable coupling with the electronic devices 

enables to fulfil some bioelectronics requirements for an optimal analysis which, as mentioned already, 

include increasing exposed electronic surface area at the interface with the cells, lowering the electrode 

impedance and reducing cell-material cleft distance. For these purposes, flat electronics unlikely proves to 

be an ideal solution, due to reduced interface area, as well as their oversimplified architecture hardly 

recapitulates the complexity of the in vivo environment.  

In this thesis, the development of three different out-of-plane carbon-based topographies were analyzed 

as promising candidate of electrode topographies. The non-planar nature of the materials enables to 

overcome some limits the current planar bioelectronics faced.  

Such non-planar structures enable to leverage graphene outstanding surface-to-volume ratio by exposing 

both sides of graphene flakes to the basal membrane of the cells above them cultures. The physical 

characterization, here provided by means of scanning electron microscopy imaging, yet shows that the 

developed architectures are in the comparable scale of cellular processes (as filopodia or emerging 

neurites). As a consequence, direct activation of protein pathways occurs at the interface. 

Significantly, from the interaction of HL-1 cardiomyocytes like-cells and abovementioned graphene 

materials, mature and adhesive processes in contact with nanoscale topographic feature (i.e., 3DFG) 

enables cells to build stable long actin fibers-based cytoskeleton. As the feature height and interspacing 

start to increase (i.e., as in the case of NT-3DFG templates), the distance between adjacent wires became 

relevant to stabilize focal adhesion maturation. Moreover, less organized cytoskeleton, with actin 

architectures similar to small spheres, develop at the interface with the upright features. The immediate 

consequence of this crosstalk causes cells to reshape their volumetric morphology accordingly. Flattened 

cells maximized the contact with the material, extending on xy-fashion in 3DFG, while on both nanowire 
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mesh templates cells show remarkable membrane deformations fitting their body between the 

microcavities left among the interwoven or free-standing nanowires, which enable them to adopt longer 

heights. Moreover, those peculiar membrane curvatures at the interaction sites with the nanostructures 

allow cells to be physically in contact with the upper regions of the graphene flakes, in 3DFG, and be 

completely sink into the micrometric topography on wires arrangements. In particular, wrapping event 

around the single wire developed in the fiber-like architecture of NT-3DFGc, as at the basal plasma 

membrane or with perimetral filopodia. Instead, the vertical arrangement of the wires in NT-3DFGnc, 

completely, perturb the junctional membrane profile, by promoting strong positive curvature and 

engulfment event of the single wire. The membrane ruffling occurring as consequence of the adaptive 

process of attachment to the structured graphene materials, results in enhanced activation of the endocytic 

pathways as the comprehensive analysis of clathrin-mediated vesicles and caveolae spatial distribution 

demonstrated. 

Similarly, the interaction between cortical neurons and out-of-plane graphene was studied during the early 

phases of neural network development, when cellular processes (i.e., neurons and dendrites) were 

distinguished. Here, rather than analyzing the cellular body, the focus was moved on growth cone terminals 

which are leading actuators of the brain wiring dynamics, and therefore, neuronal polarization. Thereby, 

growth cone morphologies were assessed with specific attention to the actin and microtubules 

cooperation, and then categorized in four different classes small, large, re-extending and branching. 

Growth cone classification has strong implications on neuronal cells behavior, influencing its active or 

pausing states. In particular, small bullet-shaped and re-extending configurations are associated to the 

advancing axons, broadened and flat morphologies to pausing phase in the advancing, and finally the 

branching topology to the sensory exploration. Resulting from the affinity with the graphene topographies, 

wires mesh templates encourage growth cone to assume a small bullet-shape and therefore, neurons to 

be active in the navigation which ultimately results in enhanced axon elongation. In parallel, the interaction 

with nanoscale graphene materials leads neuronal cells to preferentially develop branched structures. 

However, all the non-planar topographies foster longer axonal processes pared to those on flat substrates. 

These findings result from enhanced coupling cells have with vertical protruding structures. 

In conclusion, this work demonstrates the advantages and versatility of using out-of-plane graphene 

structures as potential candidates for microelectrode fabrication. The required increase in exposed cell 

area to interface to the cells, in bioelectronics technologies, is completely fulfilled by leveraging out-of-

plane structures which not only recapitulate topographical motifs already existing in in vivo context, but 

encourage a tight contact with cells, via membrane ruffling and engulfment events.  
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Although, the present study provides a comprehensive view of the interface between electrogenic cells 

and 3D micro and nano-structured materials by using fluorescence and electron microscopy for a biological 

readout, additional electrical recordings would add further information about the efficiency of the cell-

material interaction as well as the functional state of the cells. Therefore, 3DFG, NT-3DFGc and/or NT-

3DFGnc could be fabricated as sensing areas of MEAs by using a top-down patterning approach. Moreover, 

due to the sharp membrane engulfment events occurring at the interface with the single graphene 

features, the recording of electrical cell activity might be characterized on the basis of the detected action 

potential shapes as extra or intracellular. The exploited fine graphene structures might open up new 

possibilities to probe cells at the subcellular scale. 

Further experiments might be addressed to use the graphene out-of-plane materials as cell-instructive 

platforms. Moreover, considering the endocytic processes triggered by the out-of-plane graphene 

materials, these structures might be used as tools to deliver cargoes in the cells as drug or gene (i.e., in 

transfection approach). In this perspective, differential activation of endocytic pathways might be studied 

by incubating inhibitor drugs (for example of dynamin proteins). 

Moreover, with specific reference to the neuronal culture, the different adhesion cues provided by the 

accessible surface area might be harnessed either to study calcium ions dynamics, involved into the neural 

polarization processes or to analyze the shaping of excitatory and inhibitory neurons circuitry, as several 

integrin families, at the forefront of cell adhesion, mediated intracellular calcium signalling and 

glutamatergic neurons activities. 
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Annex A 

1. Optical cross section of HL-1 cytoskeleton 
The optical cross sections (xz and yz views) reported in Figure 3.21, further confirms differences in cell 

height with the same cell volume. Here below, optical cross sections of the HL-1 cortical regions were 

provided. 

In Figure A.1, the xz and yz views show HL-1 cells cultured on the planar graphene material, 2DG (the otpical 

cross section has final thickness of 5.56 µm. Cell cortical region basically consists of dense and actin fibres 

lattice and terminates with large paxillin patches. Indeed, if in the xz view the whole cell body is detectable, 

in yz view only the cell terminal region is visible. 

 

Figure A1.1. xz and yz vies of HL-1 cells cultured on 2DG. 

In Figure A.2, the xz and yz views show HL-1 cells cultured on the exposed graphene flakes present in 3DFG 

configuration, (optical cross section thickness equal to 4.96 µm). Cell cortical region is a thin plasma 

membrane strip, consisted of dense and interlaced actin fibers. Thereby, if in yz view the whole cell body 

is detectable, in xz one we can pinpointed only the terminal region. 
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Figure A1.2. xz and yz vies of HL-1 cells cultured on 3DFG. 

In Figure A.3 the xz and yz views show HL-1 cells cultured on the interwoven texture formed by collapsed 

NWsin NT-3DFGc configuration (optical cross section thickens equal to 7.02 µm). The focused cell region is 

a cortical area where actin accumulation is dominant due to the presence of out-of-plane micrometric 

features. Thereby, if in yz view the whole cell body is detectable, in xz one only the terminal region can be 

visible. 

 

Figure A1.3 xz and yz vies of HL-1 cells cultured on NT-3DFGc. 

Finally, in Figure A.4 below, the xz and yz views show HL-1 cells cultured on the freestanding graphene NWs 

of NT-3DFGnc configuration. Here, it is clearly visible the actin accumulation at the wire-cell points of 

contact. 
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Figure A1.4. xz and yz vies of HL-1 cells cultured on NT-3DFGnc. 
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2. FIB/SEM cross sectioning parameters. 
 Revealing cell-material cross sections requires steps that should be executed sequentially: ROI 

identification, e-beam assisted deposition of Pt layer, i-beam assisted deposition of Pt layer, the physical 

milling of a cell, the polishing to remove the shallower exposed cross-section which might be affected by 

curtain effects. Here below possible milling parameters are provided (Table A2.1) . Rough cutting/polishing 

reduce the overall processing time, however, might require additional fine step to clear out the exposed 

cross-section. 

Milling via FIB 

  Coarse  Intermediate Fine  

Voltage [kV] 30.0 30.0 30.0 

Current [A] 9.3 n 0.79 n 0.23 n 

Nominal thickness [μm] 5 μ (sample-specific) 5 μ (sample-specific) 5 μ (sample-specific) 

Volume per dose [μm3 nC-1] 1.500 e-1 1.500 e-1 1.500 e-1 

 

Table A2.1. Milling operational setting. 

 

Polishing via FIB 

 
Coarse  Intermediate Fine  

Voltage [kV] 30.0 30.0 30.0 

Current [A] 0.79 n 0.23 n 0.23 n 

Nominal thickness [m] 200 n 200 n 200 n 

Volume per dose [μm3 nC-1] 3.000 e-1 1.500 e-1 1.500 e-1 

Table A2.2. Polishing operational setting. 
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3. Optical cross section of CME pathways of HL-1 cells 
The presence of out-of-plane features embedded onto the culture surfaces locally push PM inward. These 

pre-curved PM configurations promptly initiate the recruitment of endocytic proteins, in particular 

clathrin-mediated ones, at the contact site with the protruding structures (basically, at basal membrane). 

Here below, yz views of HL-1 fluorescently labelled with clathrin antibody extracted from confocal z-stack 

acquisition (fixing Δh = 0.2 μm) clearly highlight protein accumulation at when PM adopts a high positive 

curvature, compared to the planar cultures which present quite homogeneous fluorescence signal 

distribution. 

 

 

Figure A3.1. Clathrin-mediated protein spatial distribution. Yz views of clathrin fluorescent signal 

expressed by HL-1 cultured on (A) Si/SiO2, (B) 2DG, (C) 3DFG, (D) NT-3DFGc and (E) NT-3DFGnc.  
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4. PM integrity through analysis of possible calcein internalization 
For this analysis cells were prepared as described in Materials and methods 2.6.6.  

Internalization events were detected when calcein fluorescence signal was observed in a non-punctuated 

pattern within the cell body, which generally occurs to calcein binding cellular debris and is characterized 

by bright fluorescence spots.  

As depicted in Figure A4.1, calcein was not found to be concentrated within the cellular area. These results 

ultimately ensure HL-1 ability retain an intact PM, even when the interaction with protruding sharp NWs 

promotes marked invagination and engulfment. Therefore, any penetration occurs from the interaction of 

HL-1 and out-of-plane graphene materials. 

 

 

Figure A4.1 HL-1 membrane integrity from interaction with out-of-plane structures.  

HL-1 cells cultured on (A) Si/SiO2, (B) 2DG, (C) 3DFG, (D) NT-3DFGc and (E) NT-3DFGnc, were stained with 

cell mask (in red). Bright calcein signals (in green) point possible uptake of fluorescent die, which occurs 

only with dead cells (in D and E). Scale bar 50 μm. 
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Annex B 

 

Item Specifications Company Catalog number
Countess™ II Automated Cell Counter Thermo Fischer Scientific A27977

Cu foil 99.8% Alfa Aesar

Dual beam microscope (SEM/FIB) Helios NanoLab 600i and 650 Thermo Fischer Scientific

Glass coverslips 12 mm diameter Thermo Scientific cat. Num. 11856933

Microtube BioSigma cat. num. CL20.002.0500

Polymethylmethacrylate PMMA 950 A4 MicroChem

Scanning electron microscopy (SEM) ULPTRAPLUSS ZEISS field emission gun (FEG) ZEISS

UV-ozone cleaner PSD Pro series digital UV-Ozone Novascan 

Video Contact Angle (VCA) optima AST products

Item Specifications Company Catalog number
Acid ascorbic Sigma Aldrich cat. num. A7506

Alexa Fluor 405 anti-chicken, 2 mg/mL Abcam  cat. num. ab175674

Alexa Fluor 488 anti-rabbit, 2 mg/mL Abcam cat. num. ab150077

Alexa Fluor 488 anti-mouse, 2 mg/mL Thermo Fischer Scientific cat. num. A11029

Alexa Fluor 546 anti-mouse, 2 mg/mL Thermo Fisher Scientific cat. num. A11030

Anti - βIII-tubulin Abcam cat. num. Ab78078

Anti-Caveolin-1 0.1 mg/mL Abcam cat. Num. Ab17052

Anti-Clathrin heavy chain Ab I 1 mg/mL Abcam cat. num. Ab21679 

Anti-MAP2 SYSY cat. num. 188002

Anti-Paxillin Ab I 0.2 mg/mL Thermo Fisher Scientific cat. num. AHO0492

Anti-PSD95 1 mg/mL SYSY cat. num. 124011

Anti-Tau anti-mouse, 0.5 mg/mL Thermo Fisher Scientific cat. num. 13-6400

Au NanoParticles solution Ted Pella

B-27™ Supplement Thermo Fisher Scientific  cat. num. 17504044

Bovine Serum Albumin BSA Euroclone SPA cat. num. CHB3057401

Brain-derived Neurotrophic Factor Merck Life Science S.r.l. B3795-5UG

Calcein Sigma-Aldrich cat. Num. C0875

Calcein-AM Sigma Aldrich 17783

Cell maskTM 1 mg/mL Thermo Fisher Scientific cat. num. C10046

CH4 Matheson Gas

Claycomb medium Sigma Aldrich cat. num. 51800C

DRAQ5 5 mM abcam cat. num. ab108410

Dulbecco’s Modified Eagle’s Medium Sigma-Aldrich  D6546

Ethidium Homodimer Sigma Aldrich  cat. num. 46043

FeCl3.6H2O  Sigma Aldrich

Fertilized eggs Charles rivers

Fetal Bovin Serum for HL-1 Sigma Aldrich cat. num. TMS-016-B

Fetal bovine serum Sigma-Aldrich cat. num. F7524

Fibronectine 0.1% solution Sigma-Adrich cat. num. F0895

Fluo-4 AM 1 mM Thermo Fisher Scientific cat. num. F14201

Glial fibrillary acidic protein GFAP Abcam ab4674

glutaraldehyde Società Italiana Chimici cat. num. 16220

Glycine ≥ 99 % (titration) Sigma-Aldrich cat.num. G7403

H2 Matheson Gas

HCl acid CMOS grade J.T. Baker

Hibernate
TM-A Medium Thermo Fisher Scientific cat. num. A1247501

HL-1 

HNO3 solution CMOS grade J.T. Baker

Hoechst 10 mg/mL Thermo Fisher Scientific cat. num. H3570

L-glutamine 200 mM Sigma Aldrich cat. num. G8541

MEM Non-essential Aminoacids 100x EuroClone cat. Num. ECB3054D

Neurobasal
TM medium Thermo Fisher Scientific cat. num. 21103049

Norepinephrine powder Sigma Aldrich cat. num. A0937

Osmium tetroxide Società Italiana Chimici  cat. num. 19190

Paraformaldheyde 16 % in acqueous solution S.I.C. SOCIETA' ITALIANA CHIMICI cat. Num. 15710

Penicillin-Streptomycin 10,000 units penicillin and 10 mg streptomycin/mL Sigma Aldrich cat. num. P4333

PH3 Matheson Gas

Phalloidin-X 555 conjugated dyes Abcam cat. num. ab176756

Phosphate Buffer Saline Sigma Aldrich D8537

Poly-L-lysine 0.1% (w/v) H2O Sigma-Adrich cat. num. P8920

potassium ferrocyanide Società Italiana Chimici cat. num. 25102-20

Resin Società Italiana Chimici cat. num. 14300

SiH4 10% in H2 Matheson Gas

silver conductive paste RS Component cat. num. 1863593

sodium cacodylate buffer Società Italiana Chimici cat. num. 11652

Tannic acid Sigma-Aldrich cat. num. 403040

Thiocarbohydrazide (TCH) Società Italiana Chimici cat. num. 21900

Triton-X 100 Sigma-Aldrich cat. num. T9284-1L

Wheat Germ Agglutinin 5 mg/mL Thermo Fisher Scientific cat. num. W21404

Chemicals

Equipment


