SCUOLA INTERNAZIONALE SUPERIORE DI STUDI AVANZATI

SISSA Digital Library

Shedding Plasma Membrane Vesicles Induced by Graphene Oxide Nanoflakes in Brain Cultured Astrocytes

Original

Shedding Plasma Membrane Vesicles Induced by Graphene Oxide Nanoflakes in Brain Cultured Astrocytes
/ Musto, Mattia; Parisse, Pietro; Pachetti, Maria; Memo, Christian; Di Mauro, Giuseppe; Ballesteros, Belen;
Lozano, Neus; Kostarelos, Kostas; Casalis, Loredana; Ballerini, Laura. - In: CARBON. - ISSN 0008-6223. -
176:(2021), pp. 458-469. [10.1016/j.carbon.2021.01.142]

Availability:
This version is available at: 20.500.11767/118246 since: 2021-02-09T10:13:15Z7

Publisher:

Published
DOI:10.1016/j.carbon.2021.01.142

Terms of use:

Testo definito dall’ateneo relativo alle clausole di concessione d’uso

Publisher copyright
Elsevier

This version is available for education and non-commercial purposes.

note finali coverpage

(Article begins on next page)

17 May 2024



Journal Pre-proof

Shedding Plasma Membrane Vesicles Induced by Graphene Oxide Nanoflakes in
Brain Cultured Astrocytes

Mattia Musto, Pietro Parisse, Maria Pachetti, Christian Memo, Giuseppe Di Mauro,
Belen Ballesteros, Neus Lozano, Kostas Kostarelos, Loredana Casalis, Laura
Ballerini

PII: S0008-6223(21)00162-7
DOI: https://doi.org/10.1016/j.carbon.2021.01.142
Reference: CARBON 16070

To appearin:  Carbon

Received Date: 4 December 2020
Revised Date: 25 January 2021
Accepted Date: 27 January 2021

Please cite this article as: M. Musto, P. Parisse, M. Pachetti, C. Memo, G. Di Mauro, B. Ballesteros,
N. Lozano, K. Kostarelos, L. Casalis, L. Ballerini, Shedding Plasma Membrane Vesicles Induced
by Graphene Oxide Nanoflakes in Brain Cultured Astrocytes, Carbon, https://doi.org/10.1016/
j.carbon.2021.01.142.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2021 The Author(s). Published by Elsevier Ltd.



https://doi.org/10.1016/j.carbon.2021.01.142
https://doi.org/10.1016/j.carbon.2021.01.142
https://doi.org/10.1016/j.carbon.2021.01.142

Shedding Plasma Membrane Vesicles Induced by
Graphene Oxide Nanoflakes in Brain Cultured

Astrocytes

Mattia Musto'?, Pietro Parisse’, Maria Pachetti?, Christian Memo', Giuseppe Di Mauro’,
Belen Ballesteros?, Neus Lozano?, Kostas Kostarelos®#, Loredana Casalis®* and Laura

Ballerini™

International School for Advanced Studies (SISSA), 34136 Trieste, Italy

ELETTRA Synchrotron Light Source, 34149 Basovizza, Italy

3Catalan Institute of Nanoscience and Nanotechnology (ICN2), Campus UAB, Bellaterra,
08193 Barcelona, Spain

“Nanomedicine Lab, National Graphene Institute and Faculty of Biology, Medicine & Health
The University of Manchester, Manchester M13 9PT, United Kingdom

Credit Author Statements

M.M. performed cell biology, electrophysiology, and immunofluorescence experiments and
analysis; M.M. and P.P. designed and performed AFM experiments; M.P. performed IR and
UVRR experiments and analysis. CM and GDM performed biology and WB experiments; N.L.
and K.K. contributed to the synthesis and characterization of thin graphene oxide of
biological grade. BB performed SEM micrographs of GO. L.B. and L.C. conceived the study;
L.B. conceived the experimental design and contributed to the analysis of data; L.B. wrote

the manuscript.



Graphene

Do
N

O
o °




[

© 00 N O

10
11
12

13

14

15

16

17

18

19

20

21

Shedding Plasma Membrane Vesicles Induced by
Graphene Oxide Nanoflakes in Brain Cultured

Astrocytes

Mattia Mustd”, Pietro Pariss& Maria Pachetti, Christian Memd Giuseppe Di Maur Belen

Ballesterod, Neus Lozant Kostas Kostareld$, Loredana Casalfs and Laura Ballerini’

HInternational School for Advanced Studies (SISS¥)1.36 Trieste, Italy

’ELETTRA Synchrotron Light Source, 34149 Basovidizly

3Catalan Institute of Nanoscience and Nanotechno{t2jy2), Campus UAB, Bellaterra, 08193
Barcelona, Spain

“Nanomedicine Lab, National Graphene Institute amcly of Biology, Medicine & Health
The University of Manchester, Manchester M13 9Piiitédl Kingdom

Abstract

Microvesicles (MVs) generated and released by egtes, the brain prevalent cells, crucially
contribute to intercellular communication, represen key vectorized systems able to spread
and actively transfer signaling molecules from @sttes to neurons, ultimately modulating
target cell functions. The increasing clinical w&ece of these signaling systems requires a
deeper understanding of MV features, currentlytiehiby both their nanoscale dimensions and
the low rate of their constituent release. Hencanvestigate the features of such glial signals,
nanotechnology-based approaches and the applisatfaanconventional, cost-effective tools in

generating MVs are needed. Here, small grapherngeos-GO) nanoflakes are used to boost
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MVs shedding from astrocytes in cultures and s-@&Degated MVs are compared with those
generated by a natural stimulant, namely ATP, lmmat force microscopy, light scattering,

attenuated total reflection—fourier transform infe@l and ultraviolet resonance Raman
spectroscopy. We also report the ability of botbetyof MVs, upon acute and transient exposure
of patch clamped cultured neurons, to modulate Il®s®aptic transmission, inducing a stable
increase in synaptic activity accompanied by chanigeneuronal plasma membrane elastic

features.

Keywords: graphene oxide, extracellular vesicles, atomicdomicroscopy and spectroscopy,

FTIR-ATR and UVRR spectroscopy, synaptic activdgrtical neuronal cultures

1. Introduction

In biology, newly described forms of intercelluleommunication comprise the release of
vesicles, named extracellular vesicles, from viyuall cell types, including resident glial cells
of the central nervous system (CNS), such as ageg®@nd microglia.[1,2] In particular, the
shedding of membrane vesicles is a recognized fofmaross talk in the multidimensional
signaling between astrocytes, (i.e. the majoritgelfs in the mammalian CNS), and neurons in
physiology, but also in neurodegenerative and rieflasnmatory diseases as well as in brain
tumors. Extracellular vesicle signaling moleculgther stored within their cargo or embedded in
their plasma membrane, modulate relevant processdbe development, physiology and
pathology of CNS target cells.[3—6] The signalingstem based on release of extracellular
vesicles comprises shedding microvesicles (MVs)aabsomes, characterized by different size,

membrane composition, cargo and origin.[7,8]
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MVs are nanovesicles able to interact specificalith cells at local or distant sites.[9}
maintaining CNS functions, glial cells intenselynmounicate with neurons, alsta the release
of MVs, which represents a highly versatile toolftmctionally impact the CNS.[10-12] MVs
are considered a “vectorized” signaling system #bleind their target cells to transmit specific
information. The reported spreading ability of Mas suggested their potential exploitation as
biomarkers or as engineered therapeutic carri®sAL comprehensive correlation between
conditions used to release and harvest MVs fromstmae cell type, i.e. astrocytes, and their
signaling ability, will impact our understanding Vs physiology and the design of MV-based
biomedical applications in the CNS.[14,15] Partcuattention has to be conveyed to devise
novel, cost-effective ways in generating MVs, imtggalar enhancing constitutive release.

Here, we concentrate on graphene oxide (GO), thst mmmmon derivative of graphene,
whose properties can be tailored to adapt to neygipal and biological applications.[16,1GD
flakes have been successfully designed for druigetgl applications in biomedicine.[18] In the
CNS, small GO nano-flakes (s-GO) were shown togedtonstitutive MV release from cultured
astrocytes and to potentiate evoked MV releasecediwpon exposure to bzATP.[19}GO
flakes, due to their physical features at the neales were reported to interfere with cellular
membrane dynamics.[19,20] In additiosia adhesion to the plasma membrane, s-GO may alter
the mechanical features of the lipid bilayer[2igdering genuine biological responses, such as
MVs signaling. Thus s-GOs may represent a tool xplat mechanical signaling at the
nanoscale to activate membrane release of MVs. Dielyyery applications where vesicle
release from genetically engineered cells is regiiimay take advantage of the mechanical
modulation of vesicle release brought about by lyeap-based nanomaterials, representing a

safer and cheaper alternative to pharmacologicds t&rolonged exposure to biomolecules able
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to induce MVs release, such as ATP, could in fagpatively affect cell physiology by
promoting astrogliosis and inducing microglia-meelianeuroinflammatory responses.[22]

We use the ability of s-GO to substantially inceetise production of MVs from astrocytes to
provide, for the first time, a robust and compasatesicle characterization by means of ultra-
microscopy, attenuated total reflection—fourierngfarm infra-red (FTIR-ATR) and UV
Resonant Raman (UVRR) spectroscopy. We additioratlyiore by single cell patch-clamp
recordings the impact of acute, local and transikstivery of MVs on neuronal basal synaptic
activity and by atomic force microscopy (AFM) thecampanying changes in neuronal plasma
membrane elastic features.

2. Material and Methods

2.1 Graphene oxide nanosheets synthesis

GO was manufactured under endotoxin-free condittbraugh our modified Hummers’ method
as previously described.[19] The complete chareetiéon of the material used is shown and
summarised in the Supplementary experimental seetmal Supplementary Figure S1 and Table
S1.

2.2 Cell Cultures

All experiments were performed in accordance win EU guidelines (Directive 2010/63/EU)
and Italian law (decree 26/14) and were approvethéyocal authority veterinary service and by
our institution (SISSA-ISAS) ethical committee. Adfforts were made to minimize animal
suffering and to reduce the number of animals us@inal use was approved by the Italian
Ministry of Health, in agreement with the EU Recoamndation 2007/526/EC.

Primary glial cultures were obtained from cortideslated from neonatal rats (Wistar) at

postnatal day 2-3 (PP3), as previously describét9,23]. Dissociated cells were plated into
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plastic 150 crhflasks and incubated at 37 °C; 5 % Q0 culture medium composed of DMEM
(Invitrogen), supplemented with 10 % fetal boviregusn (FBS; Thermo Fisher), 100 1U/ mL
penicillin, and 10 mg/mL streptomycin.

Cortical neurons were isolated from neonatal ratices (Wistar) at postnatal day 0-1
(PO-P1). Dissociated cells were then plated on -peadynithine (Sigma) coated coverslips
(Kindler, EU) at a concentration of 150000 cellainolume of 20QL and incubated at 37 °C; 5
% CQ in a culture medium composed of Neurobasal-A (fifeeFischer) containing 2% B27
(Gibco), 10mM Glutamax and 0.pM Gentamycin (Gibco) for 8-1@ays in vitro(DIV) before
performing electrophysiological experiments.

2.3 MV lIsolation

MV shedding and isolation was performed as preshipulescribed.[19Dne pool of MVs
were collected from 21-24 DIV glial cultures prewsty treated with graphene oxide nanoflakes
(s-GO) (10 png/mL[19]), added to culture medium oaod left for 6 days. At the end of 6-days
exposure, the medium was removed and substitutédphiysiological saline solution, with the
following composition: 152 mM NaCl, 4 mM KCI, 1 mMgCl,, 2 mM CaC4, 10 mM HEPES
and 10 mM Glucose (pH adjusted to 7.4), at 37 °@ arf6 CQ for 60 min prior to MVs
collection and purification. The MVs pool was igeld from cultures treated (30 min) with
benzoyl-ATP (bzATP; 10QM) diluted in physiological saline solution. Thed&ys exposure
timepoint was chosen on the basis of previous wedtlt experiments, and confirmed by our
current experiments testing MVs release after 3 deys-GO exposure (supplementary Figure
S2).[19] Negative controls were incubated with pblggical solution without the presence of
bzATP or s-GO. After the incubation period, celldinen was collected and centrifuged for 15

min at a speed of 308 g in order to remove cell debris. Supernatant was ttollected and
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MVs were pelleted by centrifugation at 2000@ for 2 hours. For GAdeprivation experiments,
prior to supernatant collection and MVs pellet cémgation, cultures were pre-incubated for 45
min in a saline solution identical to the physiobad saline solution except for 0 mM Ca(CB
mM MgCl, and 1mM EGTA to allow the depletion of intracellutzalcium storage. Upon this
pre-treatment, we harvest the MVs from control§Q-treated and bzATP (30 min in Ca
deprived solution; supplementary Figure S3).
2.4 Western blot analysis

MVs were prepared as previously reported, bridilgytwere re-suspended in lysis buffer (50
mM Tris-HCI, pH 8.0, 150 mM NaCl, 1 % NP40, 0.1 %%, sonicated for 30 s, and then
boiled at 95 °C for 5 min.[1%amples were run on a 10 % polyacrylamide gel doiteld onto
nitrocellulose membranes (Millipore, Italy). Membes were then blocked in PBS-Tween-20
(0.1 %) plus 5 % nonfat dry milk and incubated with primary antibody antiflotillin-1 (dilution
1:1000) for 16 h at 4 °C. Membranes were then wéshigh PBS-Tween and incubated with
peroxidase-conjugated anti-mouse secondary antib¢dijution 1:1000). Detection of
immunolabeled ECL-exposed protein bands was meadswuitn UVI-1D software over three
independent experiments.
2.5 Immunofluorescence and confocal microscopy

Primary glial and cortical neurons cultures wepseedi in 4 % formaldehyde (PFA, prepared
from fresh paraformaldehyde) in PBS for 20 minam temperature (RT) and then washed in
PBS. Free aldehyde groups were quenched in 0.1ydngl solution for 5 min. The samples
were permeabilized in 5 % fetal bovine serum (FBES3, % Triton-X 100 in phosphate buffer
solution (PBS) for 30 min at RT. Samples were timmoubated with primary antibodies (mouse

monoclonal anti-GFAP, Invitrogen, 1:500 dilutiombbit polyclonal antp-tubulin 1ll, Sigma-
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Aldrich, 1:500 dilution) diluted in PBS with 5 % Bat 4 °C for 1 hours. Samples were then
incubated with secondary antibodies (Alexa 488 godt-mouse, Invitrogen, 1:500 dilution;
Alexa 594 goat anti-rabbit, Invitrogen, 1:500 dim), and DAPI (Invitrogen, dilution 1:200) to
stain the nuclei, for 45 min at RT and finally méeoh on 1 mm thick glass coverslips using
Fluoromount mounting medium (Sigma-Andrich). Imagesre acquired using a Nikon C2
Confocal, equipped with Ar/Kr, He/Ne and UV laserigh a 40 x or 60 x (1.4 NA) oil-objective
(using oil mounting medium, 1.515 refractive indéx)acquire glial cultures images and cortical
neurons images respectively. 200 x 200 um fieldewaequired for cortical neurons images and
300 x 300 um fields were acquired for glial cefteages. Confocal sections were acquired every
0.25 um for both the cultures.
2.6 Glial cell viability assay

Primary rat astrocytes (21-24 DIV) were exposed-®0O 10ug/mL or to equivalent volumes
of the vehicle for 6 days. Cells were stained witbpidium iodide (PI, 1 pg/ml; 15 min) for cell
death quantification and subsequently fixed in PBAd labelled for DAPI for nuclei
visualization and GFAP for visualizing astrocytdhe red (Pl positive) fluorescent nuclei
indicating dead cells were quantified at 40 x (44) magnification using a Nikon C2 Confocal
microscope, equipped with Ar/Kr, He/Ne and UV Iasevith random sampling of 10 fields per
sample (n = 3 coverslips/sample, from 3 independeiiture preparations). The average
percentage of dead cells was calculated countsggalfields selected.
2.7 FM1-43 staining

Glial cells were incubated with the fluorescentrgtdye FM1-43 (2uM) for 2 min in order to
completely stain plasma membrane, then extensivashed with PBS and exposed for 30 min

to bzATP (100uM) or to standard saline solution.[19] Samples welaced in a recording



160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

chamber mounted on an inverted microscope (Nikdip&e Ti-U) and observed with a 40 x
objective (0.6 NA, PlanFluor, Nikon). Images (54512 px) were acquired for I0in with an
exposure time of 150 ms (64) by a Hamamatsu Orca-Flash 4.0 digital camerdrotied by
an integrating imaging software package (HCImagamBmatsu). Recorded images were
analyzed offline with the Clampfit software (pClarapite, 10.2 version; Axon Instruments).
Image time stacks were analyzed in selected regmnsterest (ROI) to measure the
variations in FM1-43 fluorescence intensity ovendi Natural sample bleaching over time,
due to prolonged light exposure, has the same tiouese and intensity in all the three
groups, as previously described[19].
2.8 Atomic Force Microscopy Analysis

AFM characterization was performed as previouslscdbed.[19] Briefly, the pellet of MVs
was re-suspended in PBS solution after isolatiomfcell cultures and a 18 drop of sample
solution was placed and left to adsorb (30 minpaatfreshly peeled mica substrate. Vesicles
were then fixed with 1% formaldehyde for 1 h (RMm)arder to prevent their collapse during
AFM acquisition. MVs were then washed with PBS dnéd under a gentle stream of nitrogen.
AFM analysis was performed in air at RT, using #emicontact mode of a commercial
instrument (Solver Pro, NT-MDT, RU). Silicon tip$C36/CR-AU, MikroMash, USA) with a
typical force constant of 0.6 nN/nm and a resondrespiency of about 65 kHz were employed.
Topographic height and phase images were recotdetlax 512 pixels at a scan rate of 0.5 Hz.
Image processing was performed using Gwyddion faeewAFM analysis software, version
2.40. Diameter and height of each vesicle wereuatatl from cross-line profiles, and results
were statistically analyzed using Prism (Graphpathare).

2.9 Neuronal Stiffness
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9-10 DIV cortical neurons were exposed to MVs aiediby glial cultures treated with bzATP
or s-GO and neuronal rigidity was assessed with ABM hours after MVs exposure. Force
spectroscopy measurements were performed with anesaml Smena AFM (NT-MDT, RU)
mounted on an inverted microscope (Nikon EclipsdJ)i AFM cantilever deflection was
measured when pushed against cortical neuronsdptatea glass coverslip. Deflection values
were subsequently converted into a force versusnitadion curve based on cantilever spring
constant and its displacement. Neuronal rigiditys wesaluated in 50 randomly chosen neurons
for each condition (from 3 independent experimerasyjuiring three force spectroscopy curves
in the center of each cell soma. The AFM tip wasitimmed by using an inverted microscope in
bright field mode.

AFM micro-cantilevers with an elastic constant dfoat 0.03 nN/nm and a resonance
frequency of about 10 kHz (CSGOL1 tipless cantilevieEom NT-MDT, RU) were used. A
borosilicate glass microsphere of aboutu®8in diameter (18.2 £ 1.0 mm from Duke Standards,
CA, USA) was manually glued at the end of eachile@rs using a UV curable glue (Norland
Optical Adhesive 61 from Norland Products Inc., NEA). Force spectroscopy measurements
were performed at a constant indentation speednainis with a maximum value of indentation
deepness set at 500 nm. Elastic modulus valuegxXpjessed in kPa, were determined by fitting
obtained force—indentation curves with a Hertziaodel for the tip, using AtomicJ (v. 1.7.3)
analysis software.[24]

2.10 Nanopatrticle Tracking analysis (NTA)

Measurement and analysis of MVs size distributigrNT A was performed on a NanoSight

LM10 system (Malvern) using approximately 5@ of MVs of both conditions (bzATP-

derived and s-GO-derived) diluited 1:20 in MilliQ.®L Individual videos of 60 seconds
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(recorded at 25 FPS; 3 videos per group) for eachpte were acquired at RT using the
maximum camera gain, a detector threshold equé@ldaad analyzed by the NanoSight particle
tracking software to calculate size and vesicleceatration.

2.11 FTIR-ATR Spectroscopy and UV Resonant RamdRR) Measurements

MVs were isolated from 21-24 DIV glial cultures bgntrifugation as described above. MVs
pellet was successively washed with NaCl solutidisO(mM) and finally re-suspended in pD
of the same solution in order to avoid contributminphosphate and sugar groups to the IR
absorbance spectra. The IR measurements weredcauieat the BL10.2-IUVS beamline at
Elettra synchrotron Trieste. The spectra were ctdbkin ATR mode using a MIR DLaTGS
detector and a KBr-broadband beam-splitter. Foh éBcmeasurement, 2 of sample solution
were spread over the whole area of a monolithismdiad ATR plate and left to dry forming a
thin film. For each sample, 20 spectra were cadlédh the range 4000-800 ¢maccumulating
256 scans for each spectrum reaching a resolufidreoi®. Each spectrum was corrected for the
background, aqueous vapor, £0d not normalized to any absorbance band.

UVRR measurements were performed at the BL10.2-IUdé¢8mline at Elettra synchrotron
Trieste using the experimental set-up reported.[8%]L of vesicles solution were drop-casted
onto an aluminum foil, allowed to dry and kept und@rogen purging. All the measurements
were performed at RT, using an excitation wavelergdt244 nm and tuning the power of the
incoming radiation to 50 uW. The outcoming radiatwas collected in backscattering geometry
by using a triple stage spectrometer (Trivistan&&ion Instrument) with a spectral resolution of
8 cni’. Samples were continuously oscillated horizontallgrder to avoid photodamaging.

2.12 Electrophysiological Recordings

10
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Patch-clamp recordings (whole-cell, voltage clampde) were performed from visually
identified (under differential interference contraPIC - microscopy) cortical neurons (DIV 8-
10) placed in a recording chamber, mounted on aeried microscope (Eclipse Ti-U, Nikon,
Japan) and superfused with control physiologicitheaolution of the following composition (in
mM): 152 NaCl, 4 KCI, 1 MgCI2, 2 CaCl2, 10 HEPESJIalD Glucose (pH adjusted to 7.4 by
NaOH 1M; osmolarity 300 mOsm). Cells were patchéith @lass pipettes (4-7 &) containing
(in mM): 120 K gluconate, 20 KCI, 10 HEPES, 10 EGRAMgCL and 2 NaATP (pH adjusted
to 7.35 by KOH; osmolarity 298 mOsm). All electrggiological recordings were performed at
RT and the spontaneous, basal synaptic activityre@sded by clamping the membrane voltage
at —70 mV (corrected for liquid junction potentialhich was —14 mV). To investigate the acute
effect on synaptic activity of glia-derived MVs, amection pipette (patch pipette with resistance
of 1-4MQ) filled with MVs previously isolated glial cultuseas described above and re-
suspended in 106L of extracellular saline solution was positioné@@0um from the cell soma
and connected to a pico-spritzer (PDES-02DX, npctbnics) with 0.®si in-line pressure.[19]
On the basis of MVs quantification obtained by Niasurements, and considering that MVs
isolation was performed using the same protocalllithe experiments described, we calculated
that the concentration of MVs used for these tests approximately of 6.64 10° for MVs
obtained by bzATP stimulation and 1.8410" for MVs isolated from s-GO treated cultures.
Baseline spontaneous synaptic activity was recofdedhe 10 min prior delivering the puff
(500ms duration) of MVs and followed up for 20 min terify changes in post synaptic current
(PSC) frequency and amplitude induced by the fusfdviVs with neuronal membranes.

Data were collected by Multiclamp 700B patch anlifAxon CNS, Molecular Devices) and

digitized at 10 kHz with the pClamp 10.2 softwalMo(ecular Devices LLC, USA). All

11
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recorded events were analyzed offline with the AsaggB 1.4.4 (Axon Instrument) event
detection software (Axon CNS, Molecular Devices).
2.13 Statistical Analysis

Data sets found to follow a non-normal distributiarere represented as box plot. The central
thick horizontal bar in the box plots indicates thedian value, while the boxed area extends
from the 28" to 75" percentiles with the whiskers ranging from thé"a&the 97.5 percentiles.
Statistically significant differences between twonmparametric data sets were assessed by
Mann-Whitney’s test, while to assess statisticalgnificant differences among three data-set we
used the Kruskal-Wallis test and Dunn’s post hat. té < 0.05 was considered at a statistically

significant.

3. Results and discussion

Astrocytes were isolated from postnatal (2-3 daye) (Wistar) cortices, as previously
described.[19,20,23We used visually homogenous s-GO dispersions auntpi s-GO
nanosheets with lateral dimensions predominantiyéen 50 — 500 nm.[19,20Ve treated pure
glial cell cultures with s-GO (1ag/mL) for 6 days.[19Immunofluorescence labeling by antigen
against glial-fibrillary acidic protein (GFAP), antermediate filament protein that is highly
specific for cells of the astroglial lineage, wased to visualize control and s-GO-treated
neuroglial cultures (GFAP, in green; Fig. la).[28] the low concentrations used, s-GO
treatment did not impair astrocyte morphology aetl density when compared with matched
control cultures (box-plot in Fig. 1b).[19,2Viability of glial cells was confirmed by propidium
iodide (PI) cell death assay. Control and s-GOté&caultures were incubated with PI, which

stain dead cells nuclei (Figure 1c, in red) andpbeeentage of Pl-positive nuclei was calculated

12
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(bar plot in Fig. 1d). Graphene nanosheets cytoityxis a largely debated issue, due to the
variable impact on cell toxicity of several matésdeatures, related either on the GO physical-
chemical properties (thickness, size, surface fanatization, aggregation state and
concentration) or on the synthesis method[28,28,experimental conditions adopted here and
in our previous works[19,20] exclude any cytotogftect on glial cells or neurons, bathvitro
andin vivo.

MVs are released into the extracellular space bgctbudding from the plasma membrane of
astrocytes.[30To explore the dynamics of MVs release in contiols-GO treated and in ATP
treated (see below) astrocytes, we measured tiserpre of changes in membrane trafficking by
briefly incubating cultures with the fluorescenyrgt dye FM1-43 and then quantifying the
astrocyte-membrane fluorescence decay to providenaulative measure of exocytosis in the
different growth conditions.[19,30]

FM dyes are fluorescent probes that reversiblynstaembranes, and are largely used for
optical real-time measurements of membrane dynaraied secretory processes.[31-33]
Incubation with the FM dye (2M, 2 min) resulted in clear surface membrane stagirof
control, bzATP, an agent known to evoke massive Mdesase (10@M, 30 min) and s-GO
treated cultures (1Qg/mL, 6 days), highlighted in Figure le (left pa)dB0] Brighter spots
were considered as adherent debris and were extlinden the analysis. Besides these, both
bright and weak FM-stained plasma membrane domaiese present along the whole
cytoplasmic surface and became visible within 2 micubation (Fig. 1e). Due to this initial
variability in the intensity of the membrane stagy all FM de-staining measures were
normalized to the relative time 0. Once astrocytamoranes were labeled by the fluorescent dye

FM1-43 we measured the plasma membrane de-stanerga fixed time (10 min) in control, in
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304
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307

308

309

s-GO treated cultures, or during acute exposurebzdTP, under the same culturing
conditions.[19Representative fluorescence intensity traces anersin Figure 1f (top plot); the
dynamic of the fluorescence decay observed in obmultures, indicates the presence of
physiological bleaching of fluorophore over the @sdion time course, however s-GO and
bzATP groups, despite the same bleaching-inducssl ¢d fluorescence, showed a faster de-
staining rate in respect to controls. This is alswualized by the time-lapse images framed at
time 0 s, 300 s and 600 s of the crude recordifrggufe le middle and right panels). We
guantified the fluorescence decay time constanvglues (box plot of Figure 1f) and detected
shorter decay values in both bzATP and s-GO grémeslianonrer 219 s; mediapar—= 184.2

s; mediagsa= 163.9 s). This result suggested that the memltarstaining was actually related
to MVs release, as expected in bzATP treated ceitse than to other membrane turnover
activities. Such a release was comparable betwed® and s-GO, both significantly faster

than controls (Ratp< 0.001; Rgo< 0.001).
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Fig. 1. Graphene oxide nanosheets does not affect astrocytes vitality. Cultured astrocytes release microvesicles
(MVs) upon ATP or s-GO stimulatiora) Confocal images visualize cultured astrocytes intrad and after s-GO
(10 ug/mL; 6 days) treatment; anti-GFAP, in green, adPD(to visualize nuclei), in blue; scale bar o®. b) Box
plot summarizes the cell density measures; notesitindar values in both groups. c) Confocal imagesialize
cultured astrocytes in control and after s-GO j#)mL; 6 days) treatment. Cultures were treated ithpidium
iodide (PI) to visualize death cells. Anti-GFAP,green, DAPI (to visualize nuclei), in blue andifPted; scale bar
50 um. d) Histogram summarizes the percentage of deslth followed the s-GO exposure and in controlditon;
note that there are no significant difference betwéwo groups e) Surface membrane staining anditgct
dependent de-staining of FM1-43 in cultured astesgyscale bar 2bm. f) Normalized FM1-43 de-staining traces
(top) in control astrocytes (light grey), in bzATfRated once (orange) and in s-GO treated oncekbl@ahe box
plot (bottom) summarizes the decay time constamit FM1-43 de-staining in the three conditions (megqo =
219.2 s; mediapatr = 184.2 s; mediano = 163.9 s). Thick horizontal bars in the box plioidicate median value;
boxed area extends from the"2® 75" percentiles, whiskers from 2'%o the 97.8 percentiles. Significance: **P <
0.01 **P < 0.001, Kruskal-Wallis test, Dunn’s pdstc test).

The release of MVs suggested by FM1-43 measuras,canfirmed by immunoblot analysis
for the biomarker flotillin-1 of the supernatantllested from control and treated cultures (Fig.
2a). As expected, bzATP stimulation and s-GO intinhainduced the appearance of a thick
band corresponding to flotillin-1 (Figure 2a), graature of MVs release by astrocytes, with an
additive effect between s-GO exposure and pharragmall stimulation with bzATP (S-G€ger
is quantified as 100 % more than Cordrgk; bzATRkinger is quantified as 360 % more than
Controkinger bZATPs.cois quantified as 2900 % more than Condfgl: Calculated over three
independent experiments).[19,30,34] control conditions only a weak band was peragive
indicating that MVs constitutive release in cultuneas poorly detectable. Atomic force
microscopy (AFM) topographic reconstruction of tesggended MVs pellet (Fig. 2b) confirmed
the presence of MVs detected by the immunoblot oth bzATP (mvA) and s-GO (mvG)
groups. When investigating the effect of shorterd@/s) exposure to s-GO, western blot
experiments (supplementary Fig. S2) showed thenabsef a significant increase in MVs

constitutive release when compared to control. ¥2ATP release of MVs was potentiated by 3
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days s-GO (supplementary Fig. S2) suggesting @D salready modulated MVs release, but
longer time of s-GO exposure are needed to enhaasa release in the absence of additional
stimuli. In an additional set of western blot expmmts, we tested the sensitivity of bzATP and
s-GO MVs release to extracellular calcium depromati{supplementary Fig. S3). Differently
from bzATP, s-GO release was apparently not aftebtecalcium removal. In control condition,
a thick band appeared upon calcium removal, suiygest an increase in constitutive release
(supplementary Fig. S3). These preliminary redilt$ at release mechanisms differently tuned
by calcium among control, bzATP and s-GO and rexjuirther studies.

We systematically investigated and compared thedi#€ distribution by means of AFM and
nanoparticle tracking analysis (NTA) measuremeiEM images show the presence of
roundish protrusions of dimensions compatible wiltie size of MVs. No other kind of
contaminant was present, to indicate that the phaeefor isolating and collecting MVs from the
medium was clean and effective. When analyzed BM AFig. 2c) s-GO-derived MVs (mvG)
lateral size were significantly smaller (n = 72,dwa&,c= 244 nm) than bzATP-derived ones
(mvA; n = 107, mediana= 479 nm) (P < 0.001). Conversely, we detectedifierdnces in MV
height values (mediapec= 19 nm; mediaga= 22 nm; P = 0.17). Within each group, the
distribution of size values detected was not ngghticorrelated to the height, as shown in
Figure 2d (left; fve= 0.8808 and = 0.4039; P < 0.001). However, AFM experiments were
performed in air, thus a not specific flatteninghd¥s caused by vesicle collapsing might have
influenced these measurements. In principle diffees in MV elastic properties, potentially
related to diverse membrane components, might feaa variable collapsing of MVs when

measured in air.
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Since AFM measurements are affected by the redsizedf the analyzed samples, and might
not reflect the entire MVs population, we decidedise nanoparticle tracking analysis (NTA) to
perform bulk analysis of vesicles in aqueous susipan NTA tracks single particle Brownian
motion within a dark field microscope, derives megunare vesicles velocity and translates them
into size distribution.[35INTA revealed a more complex pattern of size digtidn (Fig. 2e): in
the case of mvA we observed three subpopulationesitles at 115 nm, 235 nm and 400 nm
respectively while in the case of mvG we found testially overlapping peaks at 135 nm and
168 nm, plus two distinct peaks at 275 nm and 385ig. 2e). The diameter analysis revealed
a slight, but not significant, difference betweée two populations with the diameter of mvG
smaller and less distributed, compared to thosenoh (medianya = 235.4 nm; mediahc =
183.6 nm) (Fig. 2f). These results convincinglggested a comparable size distribution in both
MV populations and subpopulations. However, we dete a significant difference in the
number of vesicles released within the same timedew (Fig. 2e) to indicate that cultures
treated with s-GO produced more MVs when compaveslittures stimulated with bzATP (mvA
=.3.32x 1P vesicle/mL; mvG =8.19x 1(°vesicles/mL), consistently with our results obtaine
by MV release analysis and immunoblot (but see ¥lisnovitz et al. 2019[36]). Therefore, even
though the overall size of the MV population proeldicid not change, s-GO was more efficient

in generating MVs from astrocytes.
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Fig. 2. Graphene oxide nanosheets and bzATP induce MVsreleasein Astrocytes. Microvesicle released by glial

cellsvia bzATP or s-GO stimulations characterized by uleselution approachea) Western blotting of the pellets
(top row) and cell lysates (bottom row) for the M\arker flotillin-1 (N=3). Pellets were obtained ffinche medium

of glial cultures treated or untreated (controljhns-GO under two different conditions: not stintath(ringer) or
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stimulated (bzATP) by 10QM bzATP. s-GQingr is quantified as 100% more than Corgkgls bZATPginger iS
quantified as 360% more than Conggl, bzZATPs sois quantified as 2900% more than Conggl. Calculated
over three independent experiments. b) AFM topdgapeconstruction of MVs isolated from culturednpary
astrocytes treated with bzATP (10M) and s-GO (1Qug/mL) and performed in air (semi-contact mode).|&bar
500 nm. c)Lateral size values distribution and median valt@sboth groups, note that mvG lateral size is
significantly smaller than that of mvA (medjgR = 479 nm; mediaf,, = 244.1 nm; ***P > 0.001, Mann-Whitney
test). d) AFM measures of lateral size are plottgdinst AFM measures of height of MVs isolated frgial cells
treated by bzATP (10QM; mvA; in orange) or by s-GO (1@/mL; mvG; in black). epBize distribution of MVs
isolated from glial cells treated by bzATP (1(M; in orange) or by s-GO (1ig/mL; in black) measured by
nanoparticle tracking analysis (NTA). Values of fieaks are expressed in nm. f) Lateral size vadisgbution

and median values for both groups, obtained by Mie&asurement.

In order to analyze the macromolecular composibnMVs we took advantage of two
complementary techniques: FTIR-ATR and UVRR speaciopy. For these measurements, MVs
were isolated by differential centrifugation as aésed before (see Material and Methods). To
avoid any spurious effect due to the absorptiophafsphate groups from the buffer, we washed
and re-suspended the MVs pellet with a NaCl satu(ib0 mM). The infrared (IR) absorbance
spectra (Fig. 3a) revealed a clear contributiothefCH and the phosphate bands linked to DNA
in both samples, mvA and mvG, as well as the Igighatures at 2900-3000 &marisen from
the CH and CH stretching mode. The amide | and amide Il bandisdmn 1500 and 1785 ¢in
the two major protein bands in the IR spectrumwshwre pronounced differences between the
two populations of vesicles. The amide | band, Wh&primarily related to the C=0 stretching
in the peptide bonds and modulated by the protesesondary structures, displayed similar
shapes for mvA and mvG. The amide Il band, prigadie to C-N stretching and N-H in plane
bending vibrations, also reflecting the proteinas®lary structure, was instead clearly depleted
in the case of mvG. To gain insights into the dbotion of different protein secondary

structures in the two families of vesicles, we gmatl the second derivative of the IR signal in
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the amide | + amide Il region (Fig. 3b) and used position of the minima to guide a
multicomponent gaussian fit of the bands in theioregl500 and 1785 cf The % area
contributions obtained by the fit are reported i9. Bc. The low-energy flank of amide | of both
mvA and mvG is characterized by the presence ofl#0-1613 cr vibrational peak which
could be addressed to a mixed contribution arisem f3-sheets and side-chains vibrations.
Additionally, the band at 1660 ¢hmight also be derived from the presence of RNAh@a
vesicles.[37] Noteworthy, the relative populatiosfsthe peaks at approximately 1645 tm
1660 cni and 1678 cm are inverted between mvA and mvG. According to liteeature[37],
the 1645 crif peak (depleted in mvG) might be assigned to ransioactures and/or helices; the
1660 cni peak (depleted in mvA) to flexible helices (ag Belices); the 1678 cmpeak
(depleted in mvG) to beta structures such as bstufhe bands at 1632 ¢nand at 1693 cih
both present in the mvG only, are ascribed to paitallel beta sheet, as found in aggregates in
tissues.[37,38] We can conclude that mvGs conteotems with perturbed secondary structure,
characterized by beta structure-based aggregadesieaible helices. No significant variations in
the DNA phosphate bands were measured as welleasadture or localization of the DNA
signature detected. It is interesting to note thairevious measureése DNA delivered by EVs
has been reported to be stocked either insidedhieles or on their surface[39].

UV Resonant Raman (UVRR) measurements taken usirgx@itation wavelength of 244 nm
(see experimental section and supplementary Figc@#irmed the amide | signal depression in
mvG absorption spectrum. Due to an overlap betwbenUVRR s-GO band, we could not
confirm or discard the presence of s-GO insideviesicles. Thus, we cannot exclude that the
changes in protein native structure might be due 4650 altering the MV

micro(nano)environment or the possibility of a gahénterference with the measurements. The
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absence of astrocytes cytotoxicity, even upon pigda exposure to s-GO, together with the
functional measures of increased MVs release kinattained by live imaging, are against a
mere alteration in protein integrity due to denation of membrane proteins in the presence of
s-GO.[40-42] FTIR-ATR spectroscopy is a powerfudltto assess the disordered character of
proteins, and the absence of a well-defined stractinder native conditions is a peculiar
property of intrinsically disordered proteins (IDBB,44] In this framework, IDPs might

represent a specific signal vehiculated by mvG t&l lack of protein structural constraints

could facilitate several, yet unknown, biologicabgesses.[44]
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Fig. 3. MVscharacterization by infrared spectroscopy. Microvesicles produced by glial celga bzATP or s-GO
stimulation and characterized by infrared spectpgca) Infrared spectra of microvesicles obtained bR
stimulation (mvA, in orange) or by s-GO exposurev@nin black) in the region 950-3600 ¢mContributions
arisen from nucleic acids, proteins and lipids ebterize the spectra. The two boxes in green andrden dashed
lines are used as eye-guides to highlight nucleidsa CH-CHj; stretching of lipids and protein amide bands,
respectively. b) Fitting procedure applied to mwén (the left) and mvG (on the right) amide bandscspe
Multicomponent Gaussian curves were used to agtualproduce the experimental data. The centreshef t
Gaussian curves were chosen as the minimum of'fhéeflvative of the spectrum and kept free to varisithin 4
cm® around its maximum. c) Histograms representing ateas of the Gaussian curves used to reproduce the
experimental data of mvA (in orange) and mvG (iack) in the region 1500-1785 &miThe areas of each band has
been weighted respect to the total amide bandwhézh they belongs to (i.e. 1640 ¢nband has been weighted
with respect to the total Am-1 band area).

It is clearly visible that mvA and mvG vesicles bhaa different secondary structure: the former isniga
characterized by an intense peak at 1643 @8%), which can be assigned to random structutesiia structure,
and at 1678 cih(22%) usually assigned to b-turn and at 1613 ¢&Y%), which could be assigned to side chains
vibrations; in contrast, mvG are mainly characeliby anti-parallel b-sheets structure (1632 (1886 1693 cri
(3%) bands) with a strong contribution of flexil8el0 helix (1661 cm peak (34%)) and of side chain band at 1610
cm? (37%).

Finally, we set up a functional test to compareithgact of mvG delivery with that of mvA on
synaptic activity, when neuronal networks are dguaed transiently exposed to MVs. To this
aim, we isolated cortical neurons and glial caits1f postnatal rat cortices and cultured them for
10 days. Fig. 4a shows confocal high magnificatmicroscopy images of cortical cultures
where neurons were visualized by labeling clasg-tlibulin (in red), a microtubule component
expressed exclusively by neurons, while astrocytese visualized by GFAP labeling (in
green).[45] We patch-clamped visually identified cortical newso (in voltage clamp
configuration, holding potential — 70 mV), whilesacond pipette for the local delivery of saline
solution was positioned at a distance of 200 (under microscopy visual control) from the
recorded cell (sketched in Fig. 4a, right). Wersated that, at this distance, the application of a

brief (500 ms) pulse of pressure should result ifocal (i.e. on the recorded neuron) and
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transient delivery of standard saline solution alon containing mvG or mvA (re-suspended in
saline). A typical feature of these cultures is pineminent expression of spontaneous synaptic
activity, represented by heterogeneous postsynaptients (PSCs) of variable frequency and
amplitude (box plots in Fig. 4b). Baseline PSCsemecorded before (10 min) and after (15
min) the local saline, mvG or mvA ejection. Fig. ltows representative current tracings where
standard saline was pressure ejected (light gog), br where mvA solution (orange, middle)
and mvG (black, bottom) were administered.

Since spontaneous fluctuations in PSCs frequenty % of baseline values were frequently
detected, we took this as the threshold value timate changes when comparing PSCs before
and after pressure ejections of saline. In theelangjority (88 %, n = 16/18 neurons; histograms
in Fig. 4d) of neurons exposed to saline solutiim@, spontaneous PSCs frequency did not
change. On the contrary, within 5-8 min from thataanvA and mvG ejections, PSCs frequency
was stably increased in 64 % (n= 16/25 neurons, rad 54 % (n= 13/24 neurons, mvG,;
summarized in the histograms of Fig. 4d) of recdrdeurons. Fig. 4e shows the increases in
PSCs frequency in individual experiments and hgittB the variability of such changes when
administering MVs, with increased frequencies ragdrom 25 % to 200 %. Since we could not
experimentally control the amount of MVs collecteg primary astrocytes and delivered by
pressure ejection, neurons were exposed to diffammounts of MVs and this can in part explain
the detected variability. PSCs frequency increakes to MVs exposures were not reversible
upon 20 min washout. From such functional invesitiga glial-signaling generated by ATP or s-
GO affected similarly neuronal synapses upon tearisdirect exposure.

To our knowledge, this is the first time that thendtional effects of MVs generated by

astrocytes on synaptic activity upon local deliveaye been electrophysiologically documented.
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Neuroglia extracellular vesicles have been desdribgrovide support on synaptic activity, with
the majority of studies focused on microglia anflammation, apparently regulating neural
transmission at the pre-synaptic level.[5,46-A8{rocytic MVs have been proposed to exert
neuroprotective effects in neuropathology and iygspslogy, however the role of astrocytes or of
discrete astrocyte populations in delivering défar messages via MV release has yet to be
elucidated.[49,50]

After assessment of the ability of MVs released dhal cells to affect cortical neuron
physiology within min after their interaction withe targeted neuron, we asked if the presumed
fusion of vesicles with neuronal plasma membranddcalso affect their mechanical properties.
To investigate this aspect, we delivered MVs oladifrom glial cultures previously treated with
bzATP or s-GO to cortical neurons by re-suspendggisolated MVs in 10@QL of neuronal
culture medium and adding them to neuronal cultugs hours after the exposure, force
spectroscopy measurement on treated neuronal esltwere performed with AFM by
positioning the tipless cantilever with a borositie glass bead previously glued on it[51], at the
center of randomly chosen neurons. As showed bydxelot in Fig. 4f, the exposure to mvA
caused a significant softening of neuronal somanmompared to controls (medign = 0.22
kPa, mediagniro = 0.59 kPa; Ria < 0.001). A similar result was observed also in ¢tase of
mvG exposure even if the effect exerted on neurastiffhess is less pronounced than that
induced by mvA (mediaRc = 0.28 kPa, mediaghyo = 0.59 kPa; Ric < 0.01). The reported
effect of mvA and mvG on neuronal cell mechanigalpgrties is presumably a consequence of
vesicular fusion with the cellular plasma membramnbjch may affect its lipid composition.
Since the mechanical properties of a cell are maktfined by plasma membrane features and

the ones of the underlying cytoskeleton, a changeneuronal plasma membrane lipid

26



521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

composition can partially justify the observed retthn in mvA and mvG-treated neurons
stiffness.[52] In particular, glia-derived MVs are able to trandpdhe enzyme Acid
sphingomyelinase (A-SMase) involved in the metaolof sphingomyelin (SM), a precursor of
the phospholipid sphingosine (sph). Sph and itabwites have been already reported to play a
fundamental role in facilitating synaptic vesictetease by changing the membrane composition
at pre-synaptic level.[48,53his intrinsic capacity of MVs to participate in mbrane lipid
metabolism may therefore modulate the contributbplasma membrane to neuronal rigidity.
In this context, the slight difference of stiffnegsues reported among mvA and mvG-treated
neurons, although not statistically significant (Rmwe> 0.05) should not be
underestimated.[54,5%] is tempting to speculate that this difference t& explained by the
presence of specific proteins in the vesicles, #natunstable in mvG. Based on our measures,
we cannot exclude the presence of residual s-G@dlaither inside or on the vesicle surface. It
is known that GO is reportedly able to interacthwiihe hydrophobic region of biological and
model lipid membranes, even though the natureefrteraction is strictly dependent to its size
and degree of surface oxygenation.[56 A33uming that the GO nanosheets, once added to the
culture medium, can adsorb on plasma membraneeoceit and being embedded in the lipid
bilayer, there is a concrete possibility that Mu&ich directly originate from plasma membrane,
can include those flakes in their structure.[BO¢ horizontal transfer of s-GO from glial cells to
cortical neurons, mediated by MVs, may therefofecfplasma membrane rigidity of targeted
neurons. Regardless of this, we can exclude atdaféect of s-GO in synaptic transmission,
reported to be transient and reversible upon aexpesurein view of the persistent modulation

of synaptic current frequency brought about by M13,20]
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544 Fig. 4. MVs released by astrocytes affect cortical neuron post-synaptic activity and mechanical properties.
545  Potentiation of synaptic activity upon local apptions of MVs in cortical neurons. a) Confocal rograph
546  visualizing cortical primary cultures at 8 daysvitro; anti-class llIp-tubulin is used to visualize neurons (in red),
547  anti-GFAP for astrocytes (in green) and DAPI (i)l to visualize neurons. Scale bar 8. On the right, a
548  representation of the experimental setting forsineultaneous MVs pressure-releapaffy and the cell patch-clamp
549  recording from cultured neurons. b) Box plot sumizes the PSCs frequency and amplitude values itraion
550 cortical neurons. c) Top: diagram of the experimkemrotocol. Bottom: representative current trasiraj the
551 spontaneous synaptic activity detected prior amer @iuff applications of control saline (in lightey) or mvA (in
552  orange) or mvG (in black). d) Bar plots of pooledadsummarize the % of cells displaying PSCs frequéncrease
553  upon delivery of pressure ejected saline (lightygrenvA (orange) and mvG (black). Note that in ¢oh{saline)
554  the large majority (88 %) of neurons did not insesheir basal activity. dhe plot summarizes the distribution of
555  the % of increase in PCSs frequency detected witlérthree groups. f) Elastic moduli of corticalirens, grown
556 on glass, and exposed to MVs isolated from glidlsgereviously treated with bzATP (orange) or s-G@ékes
557  (black). Neurons treated with mvA and mvG are digantly less rigid if compared with control {R < 0.001;
558 P, <0.01). Thick horizontal bars in the box plotsiocade median value; boxed area extends from tHet@ 5"
559 percentiles, whiskers froni"&o the 98' percentiles. Significance: **P < 0.01 ***P < 0.00Kruskal-Wallis test,

560 Dunn’s post hoc test). Indentation curves of cortical neurons previousiated with mvA or mvG.

561

562 4. Conclusion

563 Astrocyte-derived MVs may play significant rolesgropagating signaling molecules, in CNS
564 physiology and disease. Despite the increasing letiye on extracellular vesicles (in particular
565 exosomes) ability to promote inflammation or cdmite in spreading of pathogenic proteins in
566 neurodegenerative disorders (from Amyotrophic Lat&clerosis to Alzheimer disease [58,59])
567 little is currently known on their properties (medcal, biochemical, lipid membrane
568 composition, cargo nature etc.), in particular whasusing on the smaller class of such natural
569 vectors, the MVs. Nevertheless, MVs emerge as kkyeps in neuronal and synaptic
570 physiology, able to influence neurotransmissiontocosupport neurons.[48,60-62] In our study,
571 we report the ability of artificially generating M\by s-GO transient exposure. MVs generated
572 by s-GO were apparently characterized by alteretepr content when compared to the ATP-

573 driven ones. Intriguingly, the tuning of synaptictieity by mvG or mvA was similar,
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595

supposedly being related to features diverse frovh gvbtein content. The ability of s-GO to
interfere with exo-endocytotic membrane dynamiceads surprising, indeed we have described
the ability of s-GO nanoflakes to interfere withepynaptic vesicle release vitro and in
vivo.[19,20] In the current work, we describe the dirgterference of MVs with synaptic
activity, presumably due to MVs fusion with thedgar neuron plasma membrane. Such an
approach holds the potential to open new opporamiin engineering MVs for synaptic
targeting. In this framework, it is tempting to spkate that s-GO interactions with the cell
membrane mimic extracellular mechanical signalinghea nanoscale sufficient to enable the
release of MVs, thus representing unconventionalstm exploit the physics governing vesicle
release. We feel pertinent here to consider the fhat the enormous potentiality of graphene-
based materials in nanomedicine has already pramibte development of new generation-
nanocarriers for either gene or drug delivery[1},®3 this framework, we may speculate on
future developments where engineered cells are amecdily induced to release MVs, carrying
GO nanoflakes properly functionalized to delivengg or drugs of interest and thus representing

either the trigger and the cargo.
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Graphene oxide interferes with cell membrane dynamics and enhance astrocytes’ release of MVs
MVs driven by graphene oxide stimuli display a different protein profile from chemically driven ones

MVs released upon graphene oxide exposure affect neuronal signaling and membrane stiffness
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