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and mesenchymal stem cells: implications for
peripheral nerve regenerationt
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Graphene and bidimensional (2D) materials have been widely used in nerve conduits to boost peripheral
nerve regeneration. Nevertheless, the experimental and commercial variability in graphene-based
materials generates graphene forms with different structures and properties that can trigger entirely
diverse biological responses from all the players involved in nerve repair. Herein, we focus on the gra-
phene and tungsten disulfide (WS,) interaction with non-neuronal cell types involved in nerve tissue
regeneration. We synthesize highly crystalline graphene and WS, with scalable techniques such as
thermal decomposition and chemical vapor deposition. The materials were able to trigger the activation
of a neutrophil human model promoting Neutrophil Extracellular Traps (NETs) production, particularly
under basal conditions, although neutrophils were not able to degrade graphene. Of note is that pristine
graphene acts as a repellent for the NET adhesion, a beneficial property for nerve conduit long-term
applications. Mesenchymal stem cells (MSCs) have been proposed as a promising strategy for nerve
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regeneration in combination with a conduit. Thus, the interaction of graphene with MSCs was also investi-
gated, and reduced viability was observed only on specific graphene substrates. Overall, the results
confirm the possibility of regulating the cell response by varying graphene properties and selecting the
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1 Introduction

In the last few years of studies on nerve injury, biocompatible
scaffolds have increasingly been investigated for their capa-
bility of supporting the regeneration of the damaged nerve.
Many works have reported on how the use of conduits could
beneficially affect the healing process and ameliorate the
outcome of nerve regeneration, thanks to an optimal combi-
nation of specific physiochemical, mechanical, and electrical
properties.'™ Also, these structures can be functionalized with
biological materials such as growth factors, extracellular vesi-
cles and cells, to further support regeneration.*”
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Regeneration conduits are mainly composed of biocompati-
ble natural and synthetic materials, endowed with mechanical
resistance, electrical conductivity, and topographical guiding
features."® The interactions of these materials with neuronal
cells as well as Schwann cells, i.e. the main cells that build up
nerves, are nowadays well documented;”*° the effects that they
exert on neuronal differentiation and neurite outgrowth have
been studied down to the molecular detail.*™** Nevertheless,
injured nerve regions typically include several other cell types
playing a role in the regeneration pathways.***'® An example
is constituted by macrophages and other immune system cells
like neutrophils.’® Indeed, almost immediately after the
damage, Schwann cells dissociate from axons, dedifferentiate,
and secrete cytokines and chemokines,” prompting the recruit-
ment of neutrophils, the first immune cell type that arrives at
the site of inflammation from the bloodstream. They infiltrate
the tissue within 8 hours after damage and carry out their
immune action via three main mechanisms: phagocytosis,
degranulation and NETosis.”>*! NETosis is a process of pro-
grammed cell death characterized by the release of a network
of chromatin, histones and proteins from all types of neutro-
phil granules to the extracellular space. Initially reported for
their ability to form a physical trap for pathogens (from which

This journal is © The Royal Society of Chemistry 2024
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the name neutrophil extracellular traps is derived), NETs have
also been causally linked to the propagation of inflam-
mation.”” Neutrophils are well-known to interact with the
other immune cells to direct adaptive immune responses.*
They contribute to recruiting and activating monocytes,>*
mediate immune modulation of dendritic cells,> affect the
phenotype and function of T cells,?® and are probably involved
in macrophage polarization, regulating their pro- or anti-
inflammatory profile switching.>” Although neutrophil action
is limited to the first few hours of the immune response,
numerous studies show how excessive activation of neutrophils
or their dysregulated deletion in an injured site may amplify
the inflammatory response and tissue damage.>®

Other cell types involved in nerve regeneration are consti-
tuted by stem cells, which either infiltrate the injury site or are
administered locally as cell therapy or in a combinatorial
tissue engineering/cell therapy approach. Stem cells constitute
a promising approach to promote nerve healing and damage
resolution, due to their capacity to differentiate into neuronal
cells or Schwann cells, in the latter case promoting the
secretion of neurotrophic factors to prompt regeneration.*?93!
In particular, both bone marrow and adipose-derived
mesenchymal stem cells (MSCs) have been widely investigated
for their pro-regenerative properties for nerve repair.>>** The
main advantages brought by MSCs are their easy isolation,
differentiation potential, and immunomodulation pro-
perties.>> MSCs are known for their immunomodulatory
activity, which mainly relies on the release of several growth
factors (i.e. brain-derived growth factor (BDNF), vascular endo-
thelial growth factor (VEGF), glia-derived nerve growth factor
(GDNF), nerve growth factor (NGF), and neurotrophic 3 (NT-3))
and cytokines that modulate the surrounding tissue.*?*3*
MSCs spontaneously migrate from the bloodstream to the site
of the lesion, in response to the several cytokines released by
demyelinated Schwann cells, and contribute to wound healing
and tissue regeneration by reducing inflammation, promoting
angiogenesis and sustaining neuritogenesis, axonal growth
and re-myelination.**>?® In particular, MSCs produce several
anti-inflammatory factors, such as IL-10 and IL-4, and decrease
the release of inflammatory factors such as IL-1, IL-6 and TNF-
a, to attenuate inflammation and thus accelerate regeneration.*

In recent years, graphene-based materials (GBMs) have
attracted the attention of the scientific community in the field
of tissue engineering as promising electroactive conductive
materials for nerve tissue regeneration.'®?”3° Graphene has
been extensively demonstrated to be an excellent platform for
cell culture, promoting adhesion, growth, proliferation and
differentiation of a variety of cells, including neural and
Schwann cells.”***°"** The peculiar electrical properties of gra-
phene are key parameters that could be implemented in nerve
conduits to enhance nerve regeneration and restore proper
signal transmission.>"****” In fact, graphene-based conduits
have been used in combination with exogenous electrical
stimulation.*®*®*° In particular graphene-based materials
combined with electrical stimulation showed improved cell
differentiation and proliferation,®>>" neurite extension®® and
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Schwann cell migration, proliferation and myelination,**>
and functional recovery comparable to the gold standard auto-
graft.’® However, there is a great experimental and commercial
variability in GBMs that leads to materials with different com-
positions and structures that may elicit completely different
biological responses.’*** The most common production
methods include “top down” approaches that start from a
layered precursor that can be exfoliated in a liquid medium
(i.e., liquid phase exfoliation), or use graphite oxide to produce
graphene oxide (GO), eventually turned into reduced graphene
oxide (rGO).>* The size, shape and surface functionalization of
the resulting flakes strongly influence their biocompatibility,
often showing time- and dose-dependent cytotoxicity that can
be improved by increasing the hydrophilicity, reducing the
flakes’ dimension and modifying their surface.>® In addition,
graphene can be grown on various substrates ranging from
semiconductors (e.g., silicon carbide (SiC)) to transition metals
(e.g., Ni and Cu) and insulators (e.g., sapphire (Al,0;)) with
different techniques such as thermal decomposition and
chemical vapour deposition (CVD).>>™° These techniques
allow one to obtain a continuous planar layer of high quality
and crystallinity. In addition, CVD graphene can be easily
transferred and integrated to different target substrates, while
preserving its properties. This versatility is advantageous for
neural interfaces and nervous system regeneration.””*® Along
with graphene, transition metal dichalcogenides (TMDs) have
emerged as functional materials for neuroscience applications,
as they could be adopted to fabricate sensors and neural
implants.®"®? Interestingly, bidimensional (2D) materials also
display quantum properties that could be used to modulate
selective biological functions and to build up advanced,
tunable therapeutic or drug delivery tools.*®> The cytocompat-
ibility of TMD flakes has been explored, revealing that the
choice of the chalcogen atom plays a significant role in deter-
mining the toxicological response of cells, being the telluride
and selenide forms more toxic than the sulfide forms for the
same transition metal.**®* As regards CVD WS,, a pioneering
study by Palumbo and coworkers examined the morphology
and adhesion of fibroblast cells on MoS, and WS, islands,
directly grown on SiO, and transferred onto PDMS.®® They
reported an enhanced morphology on TMDs, explained by
their large surface area, the absence of dangling bonds, and
van der Waals affinity, which favored a higher physical adsorp-
tion of protein on TMDs. Indeed, this might favor the cell
binding to the protein adsorbed on the TMD surface from
culture media.®” Recently, our group assessed the impact of
WS, on SH-SY5Y human neuroblastoma cell culture, using a
uniformly CVD-grown WS,. The cells uniformly adhered to the
substrates and were characterized by neural morphology with
significant neurite outgrowth.®” TMDs have also been com-
bined with a non-invasive external magnetic field to stimulate
mechanosensitive proteins and signaling pathways to remotely
regulate cell behavior.®®
Despite the significant interest in using graphene and
TMDs for neural interfaces,® so far their interaction with cells
different from neurons and Schwann cells in the context of
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Fig.1 Graphene-coated nerve conduit for nerve
Interaction with neutrophils and mesenchymal stem cells.

regeneration.

peripheral nerve regeneration has been scarcely unravelled,
especially concerning the one synthesized by CVD. Yet, to
achieve an optimal pro-regenerative performance of 2D
material-based conduits, the interaction of the 2D material with
the different cell types involved in peripheral nerve injury needs
to be understood. Indeed, the implantation of foreign materials
may reinforce the establishment of a local inflammatory micro-
environment, which leads to the recruitment of even more cells
like neutrophils or MSCs, influencing the correct activation of
the resulting immune cascade.”® Moreover, this microenvi-
ronment could lead to a non-specific destruction of the adjacent
healthy tissue or of the biomaterial and an improper integration
between them.”" Furthermore, both graphene and carbon nano-
tubes may undergo neutrophil-mediated degradation.””>

In this study, we prepared different graphene substrates,
namely CVD graphene on sapphire, epitaxial graphene on SiC
via thermal decomposition, both as-grown and hydrogen inter-
calated (H-intercalated), and CVD graphene grown on copper
and transferred on glass, along with CVD monolayer tungsten
disulfide (WS,) on sapphire, as an alternative to graphene.
Subsequently, we tested them as culture substrates for human
neutrophils and human MSCs to shed light on the immune
and pro-regenerative responses they could stimulate when
adopted as nerve conduit materials in the context of peripheral
nerve regeneration (Fig. 1). No external stimulation was
applied, since we were mostly interested in the intrinsic pro-
perties of the materials, to assess how surface chemistry and
electrical conductivity per se could affect the cell behaviour.

2 Materials and methods
2.1 Substrate preparation and characterization

Graphene on glass (G glass) was obtained by transferring
on glass coverslips graphene grown on copper (Cu).

1794 | Nanoscale, 2024, 16,1792-1806
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Polycrystalline monolayer graphene was synthesized on electro-
polished Cu foil (purity 99.8%, 46365, Alfa-Aesar) using a 4"
Aixtron BM Pro cold-wall reactor as previously described.''">
Graphene was transferred on glass coverslips using a standard
wet etching process with ammonium persulfate (APS, 248614,
Sigma Aldrich) as copper etchant.'*

Graphene was grown on the silicon face (Si-face) of hydro-
gen etched silicon carbide (6H n-type SiC, TankeBlue
Semiconductor, China) in an Aixtron HT-BM reactor via
thermal decomposition (G SiC). Quasi-free standing monolayer
graphene (G SiC Hint) was obtained starting from buffer layer
graphene obtained via thermal decomposition and sub-
sequently intercalated under a hydrogen-rich atmosphere.””*

Monolayer graphene on sapphire (Hangzhou Silan
Microelectronics, China) with bilayer patches (G sapp) was syn-
thesized via CVD in the same Aixtron HT-BM reactor adopted
to grow graphene on SiC.°>”°

Monolayer tungsten disulphide (WS,) was grown directly on
2-inch c¢-plane sapphire wafer (Hangzhou Silan Microelectronics,
China) via a low-pressure CVD process using tungsten trioxide
(W03, 204781, Sigma Aldrich) and sulphur (S, 213292, Sigma
Aldrich) as solid precursors in a horizontal hot-wall furnace
(Carbolite Gero). The growth was performed at 950 °C for
10 minutes under a pressure of 6 mbar and 420 sccm flow of a
gas mixture of 3% H, in argon.®>”®

The controls adopted in the experiments were: (i) bare glass
coverslips (Glass, Corning, USA); (ii) hydrogen etched Si-face
SiC dices (the same substrates where graphene was grown)
(SiC);””” (iii) sapphire dices (Sapp).

When graphene and WS, samples needed to be cut to fit
the culture well plates, the surfaces were protected with a
polymer (PMMA, 679.04, All-resist) deposited by spin-coating
to reduce the scratch formation. The polymer was then
removed by immersing the samples in acetone for at least 2 h
and rinsing them with isopropanol. The size of all the samples
was about 4 x 4 mm?®,

Before cell culture, all substrates were sterilized by
30 minutes immersion in 96% ethanol and then rinsed several
times with deionized (DI) water.

The topography, quality and number of layers of graphene
and WS, were assessed by both atomic force microscopy (AFM)
and Raman spectroscopy.

2.2 HL60 cell culture and differentiation

The human promyelocytic leukaemia (HL60) cell line was used
as a cellular model to study NETosis on the 2D material sur-
faces.”® HL60 cells were obtained from the European
Collection of Authenticated Cell Cultures (ECACC, UK Health
Security Agency, UK; 98070106). Cells were cultured in
RPMI-1640 culture medium (Corning™ RPMI 1640 medium
without r-glutamine; 15-040-CV) supplemented with 10% fetal
bovine serum (Corning™ 35-016-CV), 2 mM tr-glutamine
(Euroclone ECB 3000D), 1% penicillin/streptomycin solution
(Corning™ 30-002-CI) and incubated at 37 °C in 5% CO,. The
cells were maintained in suspension at 100 000-1 000 000 cells
per ml confluency. The differentiation of HL60 to neutrophil-

This journal is © The Royal Society of Chemistry 2024
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like phenotype was promoted through a 3 day treatment with a
1 puM solution of retinoic acid (RA) in DMSO for 3 days in com-
plete medium.”® The solutions were diluted 1000-fold in the
growth medium such that the final DMSO concentration was
not higher than 0.1%.

2.3 NETosis induction and quantification

HL60 differentiated into neutrophils were counted and seeded
into a black 96-well plate containing sterilized 2D materials, at
a density of 200000 cells per well in a 200 pl total volume.
Basal NETosis production was compared to that induced by
stimulation with 100 nM phorbol 12-myristate 13-acetate
(PMA) in DMSO, for 4 h at 37 °C.%° In both cases NETs were
quantified by adding 220 nM Sytox™ Green nucleic acid stain
(Invitrogen™, Thermo Fisher Scientific; S7020) in DMSO
during the same 4 h incubation.?! After the incubation, the
fluorescence intensity was read using a spectrophotometer
(excitation/emission: 504/523 nm; EnSight plate reader,
PerkinElmer). NETs produced by neutrophils seeded on 2D
materials were analysed and normalized to the material areas
and to the respective value obtained for the control (glass).
Following quantification, the materials were washed in PBS
and fixed with PFA 4% in PBS for 20 minutes, to evaluate the
adhesion of NETs. The samples were mounted between a glass
support and a coverslip and imaged with a laser scanning con-
focal microscope (Nikon Eclipse Ti-A1), using a 20x air objec-
tive (NA 0.45) and the pinhole was set to 1 Airy Unit. Images
were acquired at 1024 x 1024 pixel resolution using a 488 nm
laser (500-600 emission window). NETs area was analysed with
FIJI (Image] software, Image] 1.53q, Java 1.8.0_322 64 bit).
Briefly, the background was subtracted from all the fields and
a threshold was applied to select the NET signal. The thre-
sholded image was converted into a binary 0-1 mask. For each
binary image, the ratio between the integrated density and the
image area was calculated, to get the NETs covered surface
fraction.

2.4 Analysis of the 2D material degradation by neutrophils

The stability of graphene in the presence of activated neutro-
phils was assessed by Raman spectroscopy. Differentiated
HL60 were seeded on different materials in a 48 well multi-
plate (400 000 cells per well) and incubated with PMA 100 nM
for 24 h or 96 h at 37 °C. Then the materials were washed in
PBS and fixed with PFA 4% for 15 minutes. The possible degra-
dation of the 2D materials caused by NETosis was evaluated by
Raman spectroscopy analysis by analysing the graphene
Raman spectra of each substrate before and after incubation
with differentiated HL60. Three different areas per sample
(bigger than 15 x 15 pm?) were mapped with a Renishaw inVia
microRaman system, equipped with a 532 nm (green) laser. All
the measurements were performed for 1 s, at 5% laser power,
using a 100x (0.89 NA) objective with a spot size of ~1 pm.
From each sample an average of 675 spectra were recorded.
The reported distributions obtained from the Raman maps of
graphene on glass have been taken on more than 1250 spectra.

This journal is © The Royal Society of Chemistry 2024
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2.5 Mesenchymal stem cell culture and viability

Human, bone marrow derived, mesenchymal stem cells
(MSCs) were obtained from Cell Lines Service (CLS,
Heidelberg, Germany) and maintained in a xeno-free medium
(XF MSC expansion medium, Sigma Aldrich) at 37 °C in 5%
CO,. Upon reaching 70% confluence, the cells were harvested,
counted, and seeded on the 2D materials for the experiments
as described. The cell viability was measured by the CellTiter
96® AQueous One Solution Cell Proliferation Assay (Promega).
MSCs were seeded on different materials into a 96 well multi-
plate at 3000 cells per well density. After 72 hours of incu-
bation in DMEM-F12 (Corning™ 10-092 CV), supplied with
10% FBS and 1% P/S, the MTS assay was performed according
to the manufacturer’s instruction. Briefly, 100 pL of fresh
medium were supplemented with 15 pl of the MTS reagent per
well. The multiplate was then incubated for 2 hours at 37 °C in
5% CO,. The supernatant from each well was transferred to a
new multiplate to prevent the interference of the materials
with the measurements, and the absorbance of the formazan
product was read at 490 nm using a multiplate reader (absor-
bance: 490 nm; EnSight plate reader, PerkinElmer).

2.6 AFM analysis on MSCs

To elucidate the MSCs’ morphology, atomic force microscopy
(AFM) was performed with a Dimension ICON (Bruker).
Briefly, MSCs were incubated with the material as described in
the MSCs’ viability assay. After 72 hours, cells were fixed with
PFA 4% in PBS for 20 minutes, washed in PBS and finally
washed in DI water to remove salt residuals. After drying, the
topography of the cells on different 2D materials was imaged
in the peak force tapping mode (Bruker Scan-Asyst). Gwyddion
software (Gwyddion 2.58) was used to process the AFM images
and extract the surface profiles.

2.7 Evaluation of the mitochondrial membrane potential of
MSCs on graphene using JC-1 dye

The mitochondrial activity of MSCs was checked by measuring
the mitochondrial membrane potential marker 5,5',6,6"-tetra-
chloro-1,1',3,3"-tetraethylbenzimidazolylcarbocyanine  iodide
(JC-1 iodide salt mitochondria dye, 70014, Biotium).*>% MSCs
were seeded on SiC or sapphire, with or without graphene.
After 72 h, the cells were washed in warm dye-free culture
medium and incubated with 5 pug ml™ JC-1 probe for
10 minutes followed by washing two times with fresh medium.
Carbonyl cyanide m-chlorophenyl hydrazone (1 mM, CCCP,
21855, Sigma Aldrich) was added for 5 minutes before JC-1
incubation, as a positive control to confirm the probe sensi-
tivity to changes in membrane potential.** The MSCs on
different materials were imaged, by placing the substrate face
down in a 22 mm glass-bottom dish, at an inverted Zeiss LSM
880 confocal microscope, equipped with a 63x%/1.47 oil objec-
tive and 488 and 568 nm lasers to acquire fluorescent images.
The JC-1 monomers were excited with a 488 nm laser, while
the JC-1 aggregates using a 568 nm laser. The fluorescence
emission of JC-1 monomers was collected in the 490-550 nm
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interval, while the 575-630 nm interval was selected for the
aggregates. Typically, 10 fields per sample were acquired with
an average cell number of 13. Variations in the mitochondrial
potential of MSCs seeded on different materials were evaluated
by quantifying the green/red fluorescence intensity ratio.**

2.8 Determination of BDNF released by MSCs on 2D
materials

The amount of produced brain-derived neurotrophic factor
(BDNF) was evaluated with an enzyme-linked immunosorbent
assay (RayBio, cod. ELH-BDNF) according to the manufac-
turer’s instructions. 3000 cells per well were seeded on each
material in a 96 well multiplate and maintained in
DMEM-F12, 10% FBS, 1% P/S for 48 h. The medium was then
replaced with unsupplemented DMEM-F12 and incubated for
a further 24 h. The supernatants were collected, centrifuged,
and used to evaluate the amount of BDNF using a multiplate
reader (EnSight Plate Reader, PerkinElmer).

3 Results and discussion

3.1 Fluorimetric quantification of NETosis on graphene and
WSZ

High-quality fully covered graphene and WS, samples were
grown using different growth techniques, to investigate how
the production method influences the immune response and
the regenerative process following a peripheral nerve injury.
Graphene was grown via thermal decomposition of SiC (G SiC)
as an example of a clean and transfer free approach.
H-intercalated graphene on SiC (G SiC Hint) was also tested to
have a quasi-free-standing material, with reduced SiC substrate
interactions.”* CVD growth on copper was chosen as the most
common technique to obtain large-scale monolayer graphene
that can be easily transferred; such graphene was transferred
on glass (G glass). CVD on sapphire (G sapp) was selected to
have graphene with reduced metal contaminations.’® CVD
WS, on sapphire (WS, sapp) was also tested as an additional
interesting 2D material that could be adopted in neural inter-
faces.®> Bare substrates where 2D materials were grown or
transferred (i.e., SiC, sapphire and glass) were used as controls.
The quality and thickness of each sample were assessed by
Raman spectroscopy. As reported in Fig. Sla,f we observed
typical monolayer Raman spectra for CVD graphene on glass
and H-intercalated graphene, while graphene on sapphire and
on SiC presented measurable bilayer contributions as indi-
cated by an enlarged full-width-at-half-maximum (FHWM) of
the 2D peak. The Raman spectra of the synthesized WS, con-
firmed a monolayer thickness (Fig. S1bf).

To evaluate the ability of graphene and WS, to promote
NETosis, neutrophil-like differentiated HL60 cells (dHL60)
were seeded on all of them, and NETosis was evaluated either
under basal conditions or in response to 4 hours of stimu-
lation with phorbol myristate acetate (PMA), a well-known
NETosis stimulus.®® To quantify NET production, a plasma
membrane-impermeable DNA-binding dye (Sytox™ Green) was
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used, and the resulting fluorescence was quantified. No fluo-
rescence was observed for the materials in the absence of the
cells, which excludes the contribution of the substrates to the
measured fluorescence. All materials showed the ability to
slightly increase basal NETosis after 4 hours of incubation
compared with the control (glass); however only graphene on
SiC (**p < 0.01), graphene on SiC H-intercalated (*p < 0.05)
and WS, on sapphire (**p < 0.01) showed a significant differ-
ence compared to the glass control (Fig. 2a). In contrast gra-
phene transferred on glass and graphene on sapphire per se
did not significantly increase NETosis. We exclude that the
difference observed between the graphene samples was due to
topography, since all the graphene samples had comparable
roughness, regardless of the growth substrates (Fig. S2t).”¢?
The RMS variations at the nanometer scale between the
different graphenes are far away from the surface roughness
that could influence neurons’ biological response.®®

To determine whether the effects of graphene and WS, on
NETosis were quantitatively higher upon stimulation, we ana-
lyzed the NET production following PMA addition (Fig. 2b). As
expected, PMA triggered the formation of NETs in all the sub-
strates, evidenced by the doubling of fluorescence values with
respect to the basal NETosis (Fig. S31). Interestingly, the PMA-
activated NETosis induced on both H-intercalated graphene on
SiC and WS, was significantly higher than the other sub-
strates, confirming the trend previously observed in the not-
treated samples. Conversely, we did not observe a significant
increase in NETosis on graphene on SiC (G SiC) which instead
increased the basal NETosis (Fig. 2a). The reason for this
difference may not be attributed to the material per se, as it
could be that the PMA activation hampers the possibility to
appreciate significant differences in NETosis due to the
material. Recently, it has been demonstrated that a polyacryl-
amide (PAA) gel substrate does not provide a suitable surface
for neutrophil adhesion in the absence of specific functionali-
zation.’” In accordance, we did not evidence a specific
adhesion of neutrophils on the 2D materials. The same
authors reported that PMA-induced NETosis is independent of
cell adhesion and scaffold elasticity. Thus, the increased
NETosis promoted by G SiC Hint and WS, sapp may as well
not depend on a direct cell-material contact. However, we
could hypothesize that the increase of NET release could be
related to a transient interaction of neutrophil suspension
with the 2D material surface even in the absence of cell
adhesion. Of note, WS, has comparable roughness to
graphene”® and is more hydrophilic than G SiC Hint
(Fig. S41) thus, other chemical-physical properties of 2D
materials may be involved.

3.2 Adhesion of NETs on graphene and WS,

NETs have a known sticky and highly charged nature,®® and
constitute a platform for pathological thrombosis onset® and
for the integrin-dependent adhesion of several other inflam-
matory cell types.”® Thus, materials adopted in conduits and
implants shall not unspecifically adsorb NETs on their surface
as this could lead to undesired effects. This prompted us to

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Neutrophil-like differentiated HL60 (dHL60) cultured on graphene transferred on glass (G glass), graphene on SiC (G SiC), graphene on SiC
hydrogen intercalated (G SiC Hint), graphene on sapphire (G sapp), WS, on sapphire (WS, sapp) and control substrates: glass, SiC and sapphire
(Sapp). (@ and b) Quantification of the mean fluorescence intensity of NETs released as extracellular DNA by Sytox green staining of dHL60 after a
4 h incubation with graphene and WS, in the absence (a) or presence of PMA (b). Data of two independent experiments were reported as mean +
standard error of the mean (s.e.m.). Data are expressed as the fluorescence intensity versus the glass control set to 1. One-way ANOVA with Dunnet
post hoc test was used for statistical significance with respect to glass control, with *p < 0.05, **p < 0.01. No statistical significance (one-way with
Sidak post hoc test, p < 0.05) was observed between graphene and WS, with respect to the substrate on which they were grown (SiC, sapphire) or
transferred (Glass). (c) Representative confocal images of fixed NETs released from PMA-activated neutrophils adhered to each 2D material. NETs
were identified as positive for cell impermeable Sytox green. Scale bar: 20 pm. (d) Quantitative analysis of NET covered surface fraction of the 2D
materials. Data of two independent experiments are reported as mean + s.e.m. One-way ANOVA with Dunnet post hoc test was used for statistical
significance with respect to glass control, with *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA with Sidak post hoc test was used for statistical
significance with respect to the growth substrate, with #p < 0.05, ###p < 0.001, #*#*##p < 0.0001.
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quantify by confocal microscopy how much of the NETs
(stained with Sytox green) induced by PMA-stimulated neutro-
phils remained adhered to each tested substrate after 4 h incu-
bation and subsequent removal of the cells (Fig. 2c). The ana-
lysis of NET covered surface fraction reported in Fig. 2d
showed that all graphene substrates reduced the adhesion of
NETs with respect to the glass control. In particular, a signifi-
cant reduction, with respect the glass control, was observed for
graphene transferred on glass (*p < 0.01) and H-intercalated
graphene on SiC (**p < 0.01). Among the bare substrates, SiC
significantly increased the adhesion of NETs over glass, indi-
cating a substantially higher adhesion relative to graphene and
H-intercalated graphene on SiC (**p < 0.0001). Finally, WS,
did not reduce the adhesion of NETs like graphene, resulting
in an area occupation similar to the respective sapphire
control. Overall, all the graphene samples reduce the adhesion
of NETs, possibly as a result of the high hydrophobicity of gra-
phene compared to WS, and the control substrates (Fig. S47).
Interestingly WS, significantly attracted NETs (Fig. 2d). Yet, in
addition to hydrophilicity (Fig. S47), different surface chem-
istry and the presence of substitutional oxygen atoms (well
known to take the place of sulfur in WS, °') may significantly
affect NET adhesion. The mechanism behind the NET for-
mation on graphene and WS, needs to be further investigated.
Additional studies could aim at exploring the intrinsic
material properties that are involved in the NET formation and
adhesion. All in all, these experiments convey an important
message: graphene promotes NETosis while acting as a repel-
lent for NETSs, an important set of properties for the realization
of nerve conduits.

3.3 Graphene and WS, resistance to NET-induced
degradation

Recent results have shown that factors secreted by neutrophils
are responsible for the degradation of carbon based materials,
such as graphene and carbon nanotubes (CNTs).”?7%9%9
CNTs were shown to undergo oxidative biodegradation when
exposed to primary human neutrophils or to isolated NETs
that released myeloperoxidase (MPO). MPO was also shown to
degrade highly dispersed GO flakes.”**> Also single-layer and
few-layer graphene flakes were not exempt from degradation,”
although at a slower speed, due to the reduced number of
defects and functional groups, that are determinant factors for
the enzymatic degradation process.”®

In light of these considerations, we investigated whether
our graphene was subjected to degradation. As previously
reported before for graphene flakes,”> we used Raman spec-
troscopy to assess structural integrity and defects in graphene
and thus evaluate possible alterations in the material induced
by dHL60. First, we characterized the as-grown graphene
samples, and all displayed the characteristic Raman spectrum,
with low disorder-induced D peak (~1340-1350 cm™") indicat-
ing high crystallinity of the grown graphene (Fig. S17).

Each graphene sample was then incubated with dHL60 and
analyzed using Raman spectroscopy to identify possible neu-
trophil-induced graphene alterations. We compared the repre-
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sentative Raman spectra of graphene on glass, with the charac-
teristic D, G and 2D bands, before and after 1 and 4 days of
incubation with dHL60 and we did not observe significant
alterations in graphene Raman spectra in the presence of
PMA-stimulated neutrophils (Fig. S5). To verify the hypothesis
that NETs do not introduce defects in planar graphene, we per-
formed the Raman analysis of distinct areas of the graphene
substrates. Fig. 3 plots the histograms of the FWHM of the gra-
phene 2D Raman peak (FWHM 2D) and of the ratio of the
intensities of the 2D and G peaks (I(2D)/I(G)) and the D and G
peaks I(D)/I(G) for six selected areas (15 x 15 pum?) of graphene
on glass, before and after the incubation. By analyzing FWHM
(2D), I(2D)/I(G) and I(D)/I(G) relevant information about gra-
phene thickness, doping level and defect density can be
extracted.’®®” We found that their distributions after the incu-
bation overlapped with the one retrieved for the bare substrate,
with a difference that can be ascribed to the intrinsic vari-
ations between samples of distinct growths, indicating the
absence of degradation in both conditions. We performed the
Raman mapping also for graphene on sapphire (Fig. S61) and
graphene on SiC, confirming no alteration in the Raman
peaks after the treatment (Fig. S7t). Similar to graphene WS,
also did not show alteration following 4 days of incubation
with dHL60, as confirmed by the histograms of the ratio of the
intensity of the 2LA + Ey;/A;, Raman modes reported in
Fig. S8.1

Overall, the collective evidence suggests that CVD and
epitaxial graphene are not degraded by activated neutrophils
after 1 and 4 days of culture, in contrast to what was
previously reported for GO. Notably, our graphene presented
a negligible number of defects, as clearly visible by their
characteristic Raman spectra with a low or null D-peak
(Fig. S1at). In addition they are planar and not suspended, a
crucial aspect to be considered knowing how differences in
shape and lateral size can produce dramatically different bio-
logical results.”®

3.4 Viability and morphology of MSCs on 2D materials

We then focused on another player involved in nerve regener-
ation, MSCs. First of all, we investigated whether MSC
adhesion would be affected by 2D materials. We cultured
MSCs on all the substrates for 72 hours and quantified the cell
number. As visible in Fig. 4a and Fig. S9,7 2D materials and
their growth substrates differently affected cell adhesion.
Interestingly the number of cells was higher on SiC and sap-
phire compared to the bare glass control. All the graphene sub-
strates showed a reduced number of cells compared to the
growth substrate, with a significant decrease for the
H-intercalated graphene on SiC (31.3%) and for graphene on
sapphire (29.9%) (**p < 0.0001) (Fig. S91). A similar result
was previously observed by Kim and coworkers for hMSC cul-
tured on CVD graphene transferred on glass.”

Then, the viability of MSCs was quantified by tetrazolium
MTS reduction assay, that is based on the quantification of
intracellular NADH. The reduced adhesion on graphene,
seemed not to have a significant impact on cell viability, apart

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Raman analysis of graphene on glass before and after treating with

neutrophil-like differentiated HL60 for 1 and 4 days. (a—i) Representative

histograms obtained from 15 x 15 pm? Raman maps, showing the (a—c) FWHM of the 2D peak, (d—f) the 2D/G intensity ratio, and (g—i) the D/G

intensity ratio, before (a, d and g) and after 1 day (b, e and h) and 4 days (c, f

from graphene on SiC and sapphire (Fig. 4b). We observed a
similar cell viability for cells cultured on the bare substrates
used to grow graphene (SiC and sapphire) and glass control.
Also, WS, displays a similar cell viability to both glass and sap-
phire, probably helped by good hydrophilic surfaces that could
enhance the early stages of cell adhesion and proliferation, in
comparison to hydrophobic surfaces.®” Among the graphene-
coated samples, those on SiC and on sapphire showed a sig-
nificant decrease of 16.2 and 23.1% in comparison to the glass
control group (100 + 8.9%) (**p < 0.01 and ***p < 0.001,
respectively) and a decrease in the percentage of viability of
19.6 and 22.4% when compared to the bare substrates on
which graphene was grown, namely SiC and sapphire (*p <
0.01 and " p < 0.001, respectively). These variations in cell via-

This journal is © The Royal Society of Chemistry 2024

and i) of incubation.

bility were, however, not high enough to promote significant
variations in the BDNF released by MSCs when incubated with
the different substrates (Fig. S10t). A previous study showed a
PC12 cell viability on graphene on SiC comparable to that
obtained for other controls (glass and SiC).” However, in that
work a polymeric coating was used to improve the cell
adhesion on the substrates. When an uncoated G SiC Hint was
used, cell bodies aggregated and neurite bundles were
reported, a clear sign of reduced adhesion.”*' Interestingly,
the performance of graphene on SiC was different from that of
H-intercalated graphene, our results show a higher viability
despite the reduced number of cells (Fig. 4b, G SiC Hint). The
reduced MSCs viability on graphene on sapphire confirmed
what was previously observed for SH-SY5Y on the same gra-
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Fig. 4 (a) MSC cultured on graphene transferred on glass (G glass), gra-

phene on SiC (G SiC), graphene on SiC hydrogen intercalated (G SiC
Hint), graphene on sapphire (G sapp), WS, on sapphire (WS, sapp) and
control substrates: glass, SiC and sapphire (Sapp). Scale bars: 100 pm.
(b) Cell viability after 72 hours was tested by MTS assay. The results are
reported as percentage versus glass control set to 100%. Data are
reported as mean + s.e.m. of two independent experiments per sub-
strate. One-way ANOVA with Dunnet post hoc test was used for statisti-
cal significance with respect to glass control, with **p < 0.01, ***p <
0.001, and with Sidak post hoc test for statistical significance with
respect to the growth substrate, with ##p < 0.01, **#p < 0.001.

phene.®” Something that these two substrates (i.e., graphene
on SiC and graphene on sapphire) have in common, and that
differentiates them from the other graphene substrates, is the
higher percentage of areas with bilayer thickness. In addition,
we noticed that the graphene film on sapphire can be easily
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scratched forming graphene debris, resembling the condition
of suspended graphene flakes in the cell medium.

In order to study if a loose adhesion to the substrate could
affect MSC viability on graphene, cells grown on each sample
were then assessed by AFM, to evaluate possible alterations in
cell morphologies and topographies (Fig. 5). AFM topogra-
phies of fixed MSCs revealed the height of contours of the cell
surface. The bright areas identified the elevated parts of the
cell, where the nuclei are located. Besides the intrinsic hetero-
geneity in cell morphology, results evidenced no clear altera-
tions in the shape and morphology of MSCs grown on most of
the graphene substrates compared to the glass control. Only
the shape of some MSCs on graphene on sapphire seemed
more rounded, with shorter protrusions, pointing to a possible
reduced cell adhesion (Fig. 5b, G sapp), confirming what was
previously observed in Fig. 4a. On the other substrates the
cells were mainly spread, showing a healthy and normal shape
(Fig. 5b and Fig. S11t). The high cell body is clearly visible
(green line profiles in Fig. 6), as well as the cell protrusions
that extend toward the cells for more than 100 pm (Fig. 5b, G
SiC). A similar morphology was also observed in MSCs grown
on the other substrates (Fig. S111). Interestingly, AFM of G on
SiC revealed the nanometric terraces of the SiC substrates
(Fig. 5b and ¢, G SiC), which do not influence the cell polarity,
with the cell protrusions aligned independently from the direc-
tion of the terraces.

Overall, the AFM micrographs revealed a comparable behav-
iour of MSCs on graphene, with spreading adherent cells.
Despite the reduced viability on G SiC, we did not observe con-
siderable cell shape alterations. The cells expressed variable
extensions on the substrate, independent of the substrate
topography.

Concerning material stability issues, it should be noted
that both graphene and WS, showed good stability and
remained intact during the entire culture period. No visible
alterations were observed (Fig. 4a and Fig. S11a, S127), resem-
bling the results previously reported for PC127 and SH-SY5Y®
cells.

3.5 Assessment of mitochondrial function on graphene

To explore whether the reduced viability measured by the MTS
assay for MSC grown on graphene on SiC and graphene on
sapphire is mediated by a mitochondrial instability (which
may justify a reduced NADH measured by MTS), we also deter-
mined the mitochondrial potential (Ay,,) of MSCs grown on
graphene using a fluorescent cationic dye JC-1 (Fig. 6). Indeed,
the MTS assay results depend on the mitochondrial electron
transport chain; thus, a decreased formazan production could
be ascribed to a reduced metabolic activity due to mitochon-
drial damage. Furthermore, Ay, is considered a valuable indi-
cator of cell functional status that helps to evaluate their physi-
copathological conditions,®® with a decrease in Ay usually
being associated with reduced cell viability and apoptosis.®*
The mitochondrial activity was evaluated by detecting the
red/green fluorescence intensity ratio of JC-1. As shown in
Fig. 6a, in the glass control JC-1 emits red fluorescence. After

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Characteristics of MSC morphology on graphene substrates. (a) Morphological images of MSCs after 72 h of culture on glass control and line
profiles along the cell body (green) and cell protrusions (red), which are plotted in the near graphs. (b) Morphological images of MSCs grown on gra-
phene on glass (G glass), on SiC (G SiC) and on sapphire (G sapp). Scale bars: 10 uym. (c—e) Line profiles along cell protrusions (c, red), SiC nanometric

terraces (d, cyano) and cell body (e, green).

MSC cells were exposed to CCCP (positive control of depolariz-
ation), a significant increase in green fluorescence intensity
was observed, indicating, as expected, a reduction in Ay,
(****p < 0.0001, Fig. 6b).3* Then, the effect of the materials on
Ay, was investigated. As reported in Fig. 6b, in the control the
ratio was 1.97 + 0.23. After treatment with CCCP the ratio dras-
tically decreased (0.77 + 0.26). A significant decrease was also
observed in graphene on sapphire (***p < 0.001), while the
other substrates did not affect the mitochondrial activity.
Overall, the variation in Ay, for graphene on sapphire (G
sapp, Fig. 6) confirmed what was previously reported in the
MTS results. In contrast, no alterations were observed on gra-
phene on SiC, even though this substrate showed a reduced
viability similar to graphene on sapphire (Fig. 4). Graphene-

This journal is © The Royal Society of Chemistry 2024

based materials have been shown to alter the stability of mito-
chondria in different cell models."**'** Xiaoli and coworkers
reported an increased mitochondrial stress with a reduction in
the membrane potential (Ayi,)."®" A positively charged poly-
ethylenimine (PEI)-functionalized GO was also shown to
promote mitochondrial fragmentation and cell apoptosis.'®®
However, these studies were conducted by incubating the cells
with GO or graphene flakes, a completely different condition
compared to cells seeded on planar GBMs. As a matter of fact,
studies showed the downregulation of neuronal signalling of
graphene-exposed neurons, in contrast to the unaltered neuro-
nal activity when seeded on planar graphene, clear proof of
the influence of the materials’ physical-chemical features on
their interaction with the cells."**"%*
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Fig. 6 Evaluation of the mitochondrial potential by JC-1 in MSCs grown on graphene. (a) Representative confocal fluorescence images of MSCs
after 4 days of culture, stained with JC-1. Cells on glass were used as the healthy control (Glass). CCCP treated cells were used as positive control of
mitochondrial damage (Glass + CCCP). Scale bars: 20 pym. (b) Graph showing the ratio of the intensity of red (JC-1 aggregates) to green
(JC-1 monomers) fluorescence. Each value represents the mean intensity ratio of more than 5 fields (200 x 200 um?) per type of substrate of two
independent experiments. Data reported as mean + s.e.m. One-way ANOVA with Dunnet post hoc test vs. glass control, was used for statistical sig-

nificance, with ***p < 0.001, ****p < 0.0001.

In conclusion, only graphene on sapphire shows poorer cell
morphology, reduced cell viability and mitochondrial activity.
One could speculate that the lower viability might be induced
by small fragments of graphene that could be released by the
samples and could be internalized by the cells, with harmful
effects. Bilayer graphene is loosely bonded to the substrate and
in the presence of a significant number of small bilayer
islands, a detachment and internalization of these flakes
could indeed negatively affect cell viability. In addition, the
debris formed following graphene scratching could release
similar flakes with negative effects. Unfortunately, following
24 h incubation with the cell medium, the morphological vari-
ations due to medium residuals were comparable to a single
layer of graphene thickness and did not allow to appreciate a
potential bilayer patch detachment (Fig. S21) and also micro-
Raman spectroscopy did not allow us to appreciate variations
at the submicrometric scale. Therefore, further studies are
necessary to evaluate if other morphological, electrical and/or
chemical properties could have impacted the cell behaviour.

4 Conclusion

In order to fully understand the potential of 2D materials for
tissue engineering applications, it is critical to explore their
interaction with all the cells involved in the process of interest.
This is particularly true for the implementation of graphene
and the other 2D materials in nerve conduits for peripheral
nerve regeneration, where highly different cells (including
neurons, Schwann cells, immune cells, stem cells, and fibro-
blasts) play a role. While the interaction of graphene with
nerve cells has been widely explored, less is known about other
cells in the context of peripheral nerve injury."®

1802 | Nanoscale, 2024, 16,1792-1806

Here, first, we assessed the interaction of graphene and
WS, with neutrophils. Phagocytic cells, such as neutrophils
and monocytes, represent the first line of defence against a
foreign material and play a critical role in immune
response.””'® Among the strategies through which neutro-
phils eliminate the pathogenic insult, recently it has been
reported that neutrophils can extrude NETs, which are mainly
composed of DNA and granule proteins.*® The effects of neu-
trophils on implanted biomaterials vary considerably based on
the material used to make implants and the anatomical site of
the implant.’® Neutrophil activation in the first phase of bio-
material implant is pivotal to guarantee the lack of bacterial
infection.”! Notably, excessive neutrophil activation can lead to
negative effects. Therefore, their modulation is a key factor to
improve tissue-material integration.'®>'%® Keshavan et al. dis-
cussed the impact of engineered nanomaterials on neutrophils
and how neutrophils, in turn, may digest carbon nanotubes
and graphene oxide.'® They also observed that micrometric GO
sheets disrupt the lipid rafts in neutrophils and induce the for-
mation of NETs, associated with calcium influx and the pro-
duction of ROS.” A similar size-dependency was observed also
by Huang and coworkers, who showed how neutrophils gradu-
ally degraded GO following two distinct defensive pathways
dependent on the dimension of the sheets: NETosis for
micrometer-sized flakes or degranulation for nanometer-sized
flakes.'®” The degradation mechanism was probably triggered
by defects and oxygenated functions on the sheet surfaces,
since GO showed faster degradability, when compared to pris-
tine graphene sheets produced by mechanochemical exfolia-
tion.”” In view of these considerations, here, we explored if our
graphene substrates triggered the release of NETs. We found
that graphene and WS, were both able to activate NETosis,
although the effect was more significant under basal con-

This journal is © The Royal Society of Chemistry 2024
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ditions than under conditions in which neutrophils are acti-
vated. However, it is worth noting that unlike GO and pristine
graphene sheets, our materials were planar and continuous.
Only a few nanometric features were present, namely the
ridges on graphene on sapphire, formed as a consequence of
the different thermal expansion coefficients of graphene and
sapphire,”® and the atomically flat terraces separated by nano-
metric steps on graphene on SiC, formed after hydrogen
etching of the SiC substrate.”'® However, these features are
different from the sharp corners and asperities that character-
ize the dispersed graphene flakes. Indeed, the flakes have been
shown to elicit neutrophil’s membrane stripping”® and easily
pierce cell membranes, allowing graphene to penetrate the
lipid bilayers and interfere with the normal cell function.'®® In
agreement with these observations, we found that differently
from other graphene forms, our materials were not degraded
up to 4 days of incubation with neutrophils. Also, we highlight
here the unprecedented observation that pristine graphene
may act as a repelling agent for NETs persistence in the injury
site, which may be a useful property to exploit for the design
of new nerve conduits.

Furthermore, herein, we enriched the details of graphene
interactions with MSCs. To date, many studies have reported
encouraging results regarding adhesion, proliferation and
neuronal differentiation of MSCs on GO, rGO and other gra-
phene-based hybrid materials."*®'** All these graphene forms
have been extensively used to realize scaffolds, showing
improved nerve regeneration and neurite sprouting and
outgrowth.**''2711¢ [n contrast, the effect of monolayer CVD
graphene on MSCs is still little explored. CVD graphene has
been demonstrated to promote the neurogenesis of hMSCs as
well as the neurite outgrowths by enhancing MSC-substrate
and cell-cell interactions.”® However, the majority of the
studies focus on the application of CVD graphene in bone
tissue engineering for osteogenic differentiation."””'° We
focus on CVD and epitaxial graphene, in a relatively pure and
flat form, and demonstrate as substrates that are nominally
the same material, graphene, but have different effects on
MSCs due to their intrinsic properties, a key point in perspec-
tive to use graphene in peripheral nerve regeneration.
Despite many studies proving that graphene is highly
biocompatible,””°>'?%*! here graphene on SiC and on sap-
phire was shown to induce a significant decrease in the viabi-
lity of MSCs. This, at least for the graphene on sapphire,
seems to correlate with a lower mitochondrial activity of the
cell and a looser adhesion when they grow on this substrate.
Further studies that deepen the knowledge of the surface
characteristics and homogeneity of graphene will certainly aid
in understanding better the cell-graphene interface that
strongly influences the resulting interaction.

Overall, these findings emphasize the importance of choos-
ing the right graphene form to adequately regulate the cell
response. The possibility to change and tune graphene pro-
perties (i.e. via intercalation or functionalization) can provide
the possibility to avoid undesirable characteristics and explore
the use of graphene as a peripheral neural interface. Indeed,
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once the effect of 2D materials on the players involved in nerve
regeneration is unravelled, it would be possible to integrate
the materials onto a biopolymer support to realize a planar
polymeric structure rolled to form tubular nerve conduits. In
the literature there are many examples of 3D tubes prepared
from a planar scaffold that can be simply rolled along the
lengthwise edge and taped,'®> implanted and wrapped directly
around the nerve stumps'*® or prepared using self-rolling
films."** Similar examples are also between FDA-approved
nerve grafts, such as NeuraWrap™ (Integra LifeSciences Co.)
that is used by wrapping around the injured nerves, or
NeuroMend™ (Collagen Matric, Inc.) that can be unrolled and
self-curled to match the dimensions of the injured tissue.
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