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Graphene-Based Smart Nanomaterials:

Novel Opportunities for Biology Q

and Neuroengineering O
Astonina M. Monsco and Michele Giugliano Q
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ramoparticles. are wnod s asomicrobial ageats in textiles and lron oxide ones 10
mumWormwummumm
anoscnsces, sanometrie drug camiers mad labow-chip are more and mordiofe
wed for henaostics o the sasoscale. '

Nmuadm-mmudm
synthesized from several elements, sach as godd, gmbm.
lmou.muhychmmdlh&l been intens:
bioemedical and blological applications. in all its allotropic foen
rescarchers identified in nanocrystalline diamond, carbom nane

extremely good candidates for drug and gene delivery ax fox
coating clectrodes for nervoes systom and candiac stims , ad
photothermal theragry . 3

Here we review some of the mowt importaat Biological spplications of graphene
md s denivatives, sch & graphene axide (GO) '?. ----- mm

(rGO). with emphasis on the applications in Newoscicr

e Q

Iomeriacing new macenals. regandicss their “m«m with hiclogical
mmmm\sm : in serms of ¢y and
geeotonty, peseration of reacti (ROS), mtoraction of the mate-
rials wi cells comatituents, b deadmcaotm
m!w«lmbym verface’s materials.

szmdw on garbos (C) (i.e. cabon namotubes,

WMM and i dervatives) bas been extensively
invostigated, the debate in e comeranity & still quite beated given the
controvenial revells aad open questions about the precise mecha:
mrsems of imemalication ngwusuduhbdmhmm
lu&ecmls—m. o on coe side the most selevant limitations of

15, sech 3 the prosence of metallic Empuritios and

As 5 C-tood nancesateniale [11-13) surface feactionalizaton
of grapbene its gnfavocable cffocts |14, 151 which e however &ue also w0
the sire and of graphenc itself.

of lacrsd size of praphene and its derivatives oa inemalration sod cell
&wwum«nm Akhavan et o cdserved and coe
mhmmmsywmmm)mm

end naoosheets [16] and graphene nanonb-
hos'lmwkulsolm reduced viability and cheomosomal aberrations

lﬂ

= (#4)
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Fig. 1 Opcal secroscogy tmsapes of ASIS ool groas om CX) da-c) sexd oo comaoll 48 safwdnsion
Reprodeced with pecwsnsion froe | 10%)

Asother mechanitm of GO woucity, proposed by Ho ef al. [23], suggests that
physical demsges ohscrved in celldar mesmbane can be dee o the eloctronk
interactions aking place between the positively charged lipid layer and the nega-
tvely charged groups peesent on GO surface.

As aeeady mcotiosed, swface modificatons of graphene afiect its soxicity;
vesolks of severad studies show thae carboxylasod graphese and r(GO exert loxs toxic
effeces than pative graphene and GO [24). that chitosan costing of GO modulaies it
oytotonacity [25) and that istravencus administration of amine-functionalized
graphena (GNHL) %0 mice do not tngper any macrophages sosposse Jeading w©
pulmonary theomboembolisms [26). These studics abo mvestigated hacmocom-
pasibility of ‘praphene and GO (24, 25) which js » key aspect for drug delivery ‘?
sysierms, which roquires systemic roule of adsinntration. Geapheoe shoets resulied
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10 be slightly moee 1onic than GO, sad both meserials did sot affect coapelation
patyways, though they induced a dose-dependent haemolysis of red bloog cel
Lack of consersus i collular viability &s reflected also i evaluations ¢
and its derivatives soxicity for bacterial cells; if, on one side, dn-
praphene, and compositos GO-Ag can be investigated for desigein
coatings a pathogens such as Stopdviococcas anraus, Exche

[27-3 1) on the other side this astimsicrobial activity has not bees O
mthﬂhdMMan

arc less memerous (han i Vitro oecs: in addaice 10 e alrg Ly Myoﬂh‘q;./
et al., the rescarch conducied by Siagh et al. on buman blosg plalelets showed for

the first e that intravenoas Ejection of thin GO ¥ ‘amthudeue
mechanisms of Ca®™ and te activation of Stc resulting i the for
mation of agpregates eadisg 0 pulmonary om. These adverse
were mitigated, alboit aot completely removed,

Similarly 10 = vitro evalsations, matorial
lation of #s oxicity, as observed by
PEGyiated GO used as componcnt for
afier admisstration 30 mace, without

Geamsloma, pulmonary odema and i
veooes injecton of GO ot Be dose ¢
chanpes of orgaas were found o
organ for GO; althoagh this th“&um s
difficult excretion might lead, i a soenano, 1 e same adverse effoces
observed for higher doses of GO retention In lung tissses [37)
2 WA»@;L

The remarkable 10 graphene Secctly derive feom (s pecubar chemical
casy 1o fescionalize, Be abulty to sdsorh severnl

k. relevant stodies
A )
e
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materisld as drug camer because of the possitility of binding phag ol
m«mmdummmm

water and this rogeires, as Srul sicp, the oxidation 1o ix rr-woluh
phene oxide and the subsaquent functionalization with surf:
avold e clusteriag of the material cace in contact with b

Mmmmhumdmad .ms)s-

expressed in cancer cells in onder 10 Langet speci
‘mmu.mwumem SN3S oadod NGO,

tested on & buman colon cancer cell kme (HCT-116) be comparable with
the free SN-38 in DMSO dat remarkably more # than a similae drug. camp-
obecin (CPT-11), incubated with the same ! Furthermaore, e intrinee

photoluminescence of these NGO was used fo.image Bving colls in the

wlnbudnﬂoa(NlR)tﬁhmlmk .
mﬂmhmbywdd\ imvestigatad by other seacaech

mmmmu«mﬁ% dreg molecules, related 1o tew

improved solubility for lowesed pH, lead 10 & comrolled release of
the dregs themielves ino ot ie sem “drug-camier” is internalized
in cells by endocysonis [35-20),

Bindieg GO, covaleatly with seMoaate provps, %0 folic acd

(Faxmmmmmdmumamam(mnnm
expeess FA receptors; exphoidig Sis specificity, Zhang et al. [41] demonsirated that
FA-GO loaded wih a mix of CPF aad Doxorubicin efficiently targets
mlymuMFAmmunnmmanTalsm
w0 FA-GO loaded with oaly a single drug. FA-GO bas been alwo tested s caericr for
Ceb, -mwhmmwmmamym

Shom significantly affects viability of cells [42)
g optical adsceplion in Be NIR regicn, praphene and s
denivatives also boen mvestigaled an agent for photothermal thersgy. Hu et al

143) » \d o yilo & quantum dot-tagped 1GO sasocomposite (/7

(mc(iO)oS'T bondad with FA 30 be wsaed for both cellbumaor heoimaging
NM of MCF.7 cells, observing a selecuve uptake of QDGO

and their consequest death following 4 min of imadiation »
adl“]M&deWmﬂOa
agent and 3 Donorubicin camier, thus obtaining @ masocomposite
both a chemotherapsc ageot and heat. This sasocomponsite was lesod

a murme cancer cell lise (EMT6) and ip vivo cm & Xenografl tumoe |y o )
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w mouse model, sad il reseliod 50 be more eficscnt than the two therapees singulaely
e spplied, leading 10 a complete destructon of tumoes without any

< GO was also wmvestigaied for gene delivery and for e combinad of
s drugs and gene: Bao et al. [45] reported the use of chitosan: ' "
w  camer %0 separmely deliver CPT and pDNA into boman liver and g

s cell hoes (HepG2 and Mela colis), while Zhang ot ol [$6)] designad §

w  imine (PED functonalized GO loaded with Doxorubicin and shon ind KNA
e (GRNA) which, inkibiting the protein expression of tag might

overcome the problem of multiple drig resistance of cancer

w 2.2 Bioimaging E

e Given thelr strissic photoleminescence in the VIS and IR spectral regions,
m graphene-based materals have beos investigated 50 image living cefls and sevenl
m o eomodecules mside Hiving cells in the NIR , MAgNetic resonance

s (MRI) and positron emission somography (

n Hoog ot al. [47) covalently ’ . ﬁ.mmu
we  ansibody (TRC10S) binding a vascular marker for simor sngiogenesis (CD10S) sod
1o Wummm : i o ip vivpmodel of

w murine breast cancer uaing PET and b won stadies. Results showed that
W EssocOmPposites are mainly excreted “ﬁl asd hepatobalaary pathways snd
w B TRCHS-GO effectively B zrax, 'the wgpesting Se possible use of this
o sasocomposite as combined for therapy ad drug delivery

Peng ot al. [19) obtained §-4 nm sined GOQDs by

eatment of carbos fibers, modulating the coler of

w Oheir : chasging the termperature of (he reaction. Green-

e wmmwmmmW«nw-ﬂu
Mw:b that GQDs can be used ia high contrmt blokmaging

(Fig.

MMM and carboxy fuscsonalized GQDs were obtained by
cutting of graphene sheets In presence of ammonsa sedior water
% (50,51 ). yeliow-fluocescen GQDs were edectrochemsically syshosized by
and thoir uptake and soxicity were tostod on theve different Kinds of
swem aod cardiac progenitor oells (PPCs and CPCs), and nosro-
v cells (NSCy) - observing that these GQDs com camily be intermalized by

«cth allecsing their vishility |52].
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P 2 Phuse cootrasl pectore (0) and Booecscont imnapes (bodh of humman beoast Cancer ooy
odeod with gacn graphene quastum domy (GQIN). Nucker are staned o Mae (DAF) and
O have grooen Seorcacence, pancd d shows e overlay of paanls b ad ¢, Reprodhced wih

persssuon froen [E]L © 2001 Aprican Chemical Sockety

GO nancehoets, comtdned with DNARNA aptamen, wore sand a8 semsing
platform for smultancoys, selective, and in sie detoction of mecleotides invaelved in
the regulation of several biolopcal reactions, sech 3 adenonine-S"-triphospalie
(IATF) and guancuige-S™traphosphate (GTF) [5S3] This kind of detecon o possibie

becasse 2o hydrobyws of saDINA by docaynbosucicase (DNme) has been reponied

whwerved) s sugpesting that, once adworbed onto the sueface of GO, ssDNA sef

proteciod froen enrymatic dipestion |54
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2.3 Biosensors

Accondingly with the IUPAC definitions, a chemical sensor is 2

& &rvice Bae taadonTa chemical iefonraton, ramgiag Hen the coaconerat
sanple compuecs! 0 oaal Ccommposition esalysn. ishe m aalviically B
Ohesncal weoson comsain mesally oo baw componean conrecied |1 KHEC A ¢
Cmwderw b ) PO aEhon £ 5ern (secepeod ) and 8 pdvysaoos e ol
chemical sermon I which $ic mecogmtion sywicrs wikass & boche
Graphene, thanks 10 itn excelient clectochemical prope
peomising material o be wad in clectrodes for detectimg PO
ommmmaoom-mn Vowavelcagti
Whﬂwhnfma wescence fesondnde cacrpy tramaler
action between GO surface and the exposed bases Jeads
SDNA 0o material surface. hnﬁsmahpmﬁle»
ssDNA, as well as microRNA and doub nd ONA (dsDNA) [57-99). A device
mwmmum § GO, chemically treated with n.
Wm..dm.al‘kﬂmu

So far, GO FRET bioscuscrs have beta Sled 36 detect » broad variety of bio-
il oy |6 o nosleotides [63), as well s metal

CVD-grown graphene was exploned in Sel effect mansisior (FET)basad
bicsessors for detection of mackeic acads, growth factors and peoteins (66, 671 Lob
et ol designed a graphene seasor inepaated with microfluidic flow cytomenry s
order 10 detect red blood cells infected by malaria [19)

Wang et al. [65] developed modified elecurode %0 be used for
mmdm » the lmitasons of e simultancoss =
prescace of ascorbic acid, whose Gni potential is quite close o that cee of
Dopamine. A similas ¢ mmcmmm-mm
and sucooudilly Mmpmm-.ﬂum.
acid by Sen ot 3l mewmﬂnymun
only graphenc ¢ umhdlopm*he-uwdcm
and potential and differential pulse voltssmetry.

./
2.4 k@mmmmmu

MMMM?ILMMQMMMM“&
scaffolds for diffcrentiation of stem cclls and aatibactonal effects, &

It ax cultering primary mammalian colls. Park ot 3. |72] reponiad an erdanced
zlwal ifferentiation of haman newonal stem celly (WNSCs) grown o graphese
Glmt and measeeed the sceral xlivily of Bew culteess viing the praphese film
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ftselfl as 2 suemulating clectrode. A similar result was repocsed by Wang et ol (73],
.mmuubmmmwmodbmsaw
oo fluocinaed graphene showed newron-dike morphology with visible nowrite
trusions and that they exprossed newrosal pene markers. '
Oaadl?‘chmemm :
culture and allow for spontancoss Effcrontiotion 10 ectodermal and e
lineages, but aho Bt different subatrates lead 10 distingt profifera
differentiation chacacteristics, lo particular, iIPSCs peoliferate
faster rate on GO than the control and the graphene
The reasces of these enbasced prowth asd differentiataon
phene and GO were isvestigated by Lob et al, who
phene and GO act 28 preconcestration platfonmss for

3 anbmclldnmo,

Mlmkdmu-hnmo':mdhmm»m
(CNSLMMMMRWmM“

Gis deove rescarchen o isveatigale mt««mummuu
sersing lechaologics 10 be inlerfaced ﬂabnhuwmmedhum

e brais on ity own scade, (b) imapeg, (€) o & helpful wol s a)
ooerolurgery, ummm.‘;mmnwwmu:‘.
Grect access 10 the ONS.

Grphene amd Jis deriv &uﬂsmcth
atiracted great inderest for s in Newrosciences thanks 1o teir chemical
w-dmlym“wamﬂuumﬁmm
(a} as substrates and o for neural groweh, (b) as maserial for coating the <’ (as)
elecwodes of micro amays (MEAs), and (<) as material wsod for field effect .
tramsistons (FETs), ‘7

3.1 Graphene for Stéimulations

\ -3¢

and Recordings of Newronal Activity: MEAs and FETs

S i microcloctrode amays (MEAS) are dovices oomaisting of
metallic (c.g. prande of Py, Au, and tilasium sitrale) embadded s & planar
devices allow the wady of sevrcnal physiology, pathology and

%ﬂm both e vitro and in vive, teough exmacellolar recoedings of | /()




FFFSEERFERETERRESENEERERNETNIENGSOGS

FsrZrEgERANECE

[W—Ty— St B W L e [T
Orager b ¥ B (N T 0 en P

Graphene. Basod St Naowsatesials: Novel Oppertumites 199

scwronal actvity. This methodology. though offening several advantages, such
the umultanccus detection of extracellular fiekd poteatials in @ completely sonin-
vasive way as well as the possability of studying the very same newrosal o
over weoeks and eves moeths, i not (yet) able 10 detect sysapGc polentia
ersted by single cells [76), and @ has also 0 Mot spocific roquIircantsi;
bigh spatial scsolumon, large sigaaldo-noise ratio (SV), lage charg

limits, and grest bsocompasibelicy. I designing MEAs with ssaller clacing
10 impeoved spatial resolution, oa the other hand this decreases the injec
limits med worses the SAV eatio, a4 8 coasequence of the reduced ehectny

exposed 0 the electolyte of 10 neuronal cell mesboanes. I is s Clear that the
unique elecrical properties of praphese make it a very and promising
matersal for the design of 2 sovel class of (mbcro use is mot merely
confined 10 electrons: wnd matenial sciences )8

An casy and relstively cheap techaigue o } MEAs from a
CVD.grown grphene Slms, deposited on guanz Wos, oo whikh AwTi
cloctrodes were patierned by Mhography was by D ot al, [R2]) wach 5/
dtvmmhdwmwmuda o comparable with that coc
of commescially available MEAs made of and Sy were used o

succensfully desect extracellular spontancoes &sivity of conical rat neesces froes 14

10 40 days in vio. Imerewtingly, coce clesncd. Mdmmnd»u

nigues (ie., vh-nd-kdu-uquﬂu dipestion ), prapheae- MEAs

M-mywvmdwvhmmu‘umm

use, this indicating a boag-term stability of the devices.
mmmm%«:&wmw«um;

mw.n—acwmmm and on glicon diovide = (a)
substrates 80 evaluate bow Mml the performasce of,
respectively, conductive yet qdmmmwm
aauu.dd.mmman& showed that, when deposited on As
edectrodes, graphese does modify the clectrochemical properties of
the clactrodes e when deposited oo Si0y, it lmproves change

an»M&MMWW»M
dmmmmsmmummmmu

docompandility, as Wncdtoahmcqoomwdm‘)mm:l
for

BeUrons “however, the ability of these devices W detect extra
cellular signals mmumumwfmmﬂma
stimulation of o ¢ mmmm
The posyibility of | tramsparont and flexible graphene MEAs is extre-
-d;m-‘luwommmmhmdm
s of of sosroos such a e simeltancous optical saging,
m and clecwophysclogical recondings. Park of &l [34), for =

wmmlmmmhmmm
(CLEAR) aliowing Ngh-resoetion newrophysiological secordings. Characterization
§~&’ﬁwmmammwuwm

Pl
-
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g 3 b vwo concal vacsless srages fwough CLEANR device. Boght-hield (e, ©F sl
foovescere (h, &) wnages of CLEAR device implamed on the comdval comex 2 Offoeret
ragniicaions, soole bars 300 nm (8 B and 250 aee (e, d) Beight el (e} sl Mseresconce
) evuges of vaadand mecro-ECOG sty sosle hovy 7490 am. Roprodeced with permasscn from
[54) © 2004 Amencaa Chemsacal Socety

spectroscopy revealod 3 alightly higher smpedance value, compared 10 conventional
P microclectrodes serays, which is thought sot 10 affect secondings of newosal
auvity, aod umilae CV curves were obseryed for the CLEAR device and Av
microelectrodes. Efciency of thee CLEAR MEAs was then tested in_vive, by
implastag S ia both mice aad rats, in companison 1o conventional Pt devices,
revelts show that CLEAR MEAs allow 10 record newrcaal signals without &fer-
eace from P MEAs, bat with the sipnfcant advastage 0 allow oplogoncty
stiedation, as well as Nooeescence aad OCT imaging. directly through the ¢lec-
trode sies, made possible thanks %0 grapbene transpasency (Fig. 3)

Similar tramsparcat dovices Were developod by tranferring wndoped of milri
ackd-doped graphene groun by CVD osto fexible pohvimide subalrates, peeviosaly
pattcrned nuh Aw contxts, and \in;_k clectrodes (dopad and sndoped praphene:
50 » 50 wm’; Aec SO0 % SDO pm”) were sested for in vitro recordings from hesa
shices and = vivo electroctrteagraphy recondings Gn‘iru: md doped graphene
clectrodes whownd kwer impodasces than Au clectrodes, especially for froguency
lower than | RHL and they allowed i viveo recoodngs of neural activity with hugh
SIN ratio, s well s Calciues imaging in Rippocampal shoes by both teo-photon and
confocal ssicraacopy [55)

Heo e al. [56] had also investganed the use of graphene for in vitro or in_vive
sernlator devices; their research lod 10 the design of a prapbene/PET Silm to tou
the effiects of noo-contact feld stimulations oo cell oo cell cospling. The electnical
sutnlation deliverad through Sis film, whose blocompatibelity and sutabelaty lor
cell proliforaonn weee demonstrated. affected the regulation of cytoakeleton peccin

J

F—

s a2 )
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eclatod 10 colluler mobility, such & actin, this seflocting in moephological changes
in cellular edges.

FETs are asother kind of amuys waed 10 rocond electrical activity of fig
clectrogenic cells and, if oo one side they offer some advaniages
MEAs (Le., casier fabricason of high deasity structures, intrinsic
bemer /N ratio for structures of similar dimenssons ), on the other &
the redevant sethack of low stability of Silicon (dewr major compe
solutions, as well as the sharp edges and poor flexibility of oy
nooded in onder 10 achiove a high SN ntio; these drawbacks 1
e use of such devices for in vitro, but especially for g vivo, inyes

CGrapbene, by virtue of its extraondinary ehectrical g_,
chermical stability, bas amractod the interest of many researthens working in this

ficld, and this lod 1 the deugn and development of eyt shene solution-gated
FETs (prapbene-SGFETs) with betier gate sceait s common FETs
imeresting /N raso, that were succesfially uwiod 1 seoond actioe podeatial

electrogenic cells (78, 90, 91) :
N
/\N

3.2 WMOMNMM NWSMHC&

»m.naammm&nmmup
phene and ity dorivatives enbasce, thotgh in 8 pompoclc way, cellular growth and
the dillcrentiation of Giffcrent Kind of Yem cclls—such a8 heman neural sem el
(ANSCs) snd mesenchymal siem (MSCs) - #to peurons,

The imporaes role of sebstoue’s surface chemistry in the differcesution of
MSCs imo seurcas has beenl mvestigated by Wang et al. [73). who seponed

stronger polanzation and higher of MSCs scoded o floccinmed gra
Mmm \mmaw
moqholopcddlm the differentiation of MSCs mto nesoons both

mmu-mqmm«mmmam
F |

v’f

Akhavan ot al, 192] Be contingest effects of GO and GO, redeced by
btk conversonal | ) amd by an imnovative green pmseng-basod
methods, o + they ba a beticr attachenent and a hagher proliferation
for cells grown ¢ muumqmmwmumuu
u)\hdou(io probably due 80 the higher prescace of Oxygpen group oo
the surface .uuuuoo-uoo Moreover, 3 weeks afler the induced differ-
eotl by means of cultwre modum lacking growth factors, cells
poaua and especially on giescag GO, daplayed sipaificast mosphologacal

""hunmusn-numm»mmmqamyu
elogtron tragsfer and s the already mestioned higher hydeophilicity, s0d thes % a

jﬂ‘hlﬂy of GO and ginseng+GO.
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The same research group has also Invesagaed the differontiation of hNSCx ca

substrates, as well a8 their post-synthesis treatments, allowed foe
compatible flash photo stimulators for effective Sffercstastica O
neurcns, which led to 3 mom differentiation of BNSCs o sewrc
a more peosounced increase i ool growth aad alignment slod
pomorn of Bo nanogride. [t has also been obscrved that, affery
m«bmawmmu

peobably duc o the higher Bhermal conductivity of 1GO ($thiyespect 1o only quartz
and GO-coated quastz substraies) that might isdoce wrfac
gradient, & son of radial stress origssating from the of the lascr sped.
Enhanced neuronal differentiation has been also 'by Solanki et al. 196)
(Fg. 4), who desigaed a substrate composed by positively charged 300 nim Silica
nanoparticles, known for promoting axosal growth o i
coated by GO nanoshects, bocause of the -“--_ :
surface. WINSCs were seodod on () phass (phatrol o

substrates, 451 only GO-cooted subntrales, af (mmoo-.nmmmr_
GO) and e differentiation was m“bi\/&fuusmysnmwn!:m
randomly dwrccsed in all the M&eam&ymsuc.m-dou
w-oow-m mm-meﬁum
conditions. 14 days after the indsced dilferentistion, cultures on SINP-GO were

chaeacteriznd by a higher average leagih of the xxons compared 10 control condition
{abeut 20 %) and 8 only GO oo (8506 10 %). Mareover, hNSCs differcnsaied co

SENP-GO substeates showed the b expoession levels Koo nessosal marken,
These sesults aee due exc )&ﬁum:mummdoo.uuy
were mot observed for “prown on Molidenum @aulfide (MoS;), »
mdmdoulm i phosical stracture similar 1o (K,

Tang e al. 197] that celturimg neural stem oclis on CVD-grows
grapbone films leads ol morphologically healthy, bul alwo developed and
active neuronal networks: Using both calciem insaging and whole cell patch clamp
reooadings, authos abacrye Mwﬂ‘mumlﬁmmmu

'~ (mm:nwmaaam;mmmy
and of sy Muﬂhmﬂw-talyhmw-m
w m‘mmnummmmm

“‘uﬁ'oa the mechansuns respoasible for these observed features,
mw afects synaptic contacts, presysapic events, sad postyy-
nap

\‘;

won ), (B) only Silica NPy 1/ Get)

and (b) peoerate both spomtancoss ($PSCs) and o/
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Asother interesting result has been recently publshed by Kim et 2l 98], who
muwammhmammm
factors. Authors conssdered this “spostascous™ neurogenesis 0 bo due 'k
mm«mmaw :
msc:u.uu-:huuw&mm” i
cysokines and chemotaxic factons. Thin hypothesis soems 10 be ¢¢ *)

fact that po remarkable differences were found for the body and gucls gldpes of
phene Bas 2 specific, yet still unclear, effect on e fomuation ¢ ' m
structures and oo the regulation of the growth and B¢ nowr =13 of
BMSCs.

The mponance of developing maovasive methods o limitatmoas
of conventional cell cultering techniqees leading w0 allow the for

. 0 4
matioa of 3-D neoecaal serworks where cells exhubit close ln-'moolhemnplu
in yive comditions in terms of network morphology and e cxpcnio-.isah

basis of the woek of Li et al. {99). who designed a 3D graphene foam scaffold for
neurad stem cells. Such a scaffold resulted o .QMNM
strme for ool proliferation and adhosion, allor ‘yfomdmo(.}-l)m
networks, but also to be able 10 the of a peotein, Ki-67,
assoxiand with cellular proliferascn. B clectrochenical peoperties of
these scalficlids were inveuigatal by my.iadulou&epa»
sibility of using them s newral _ ; 3-D graphene foam scalfolds
cxhibaed an increased elecincal ¥id 3 capacitive charge Injection when

compared convestional praphene
surface area of the 3-D scallohds \’

Ao

3.3 Gwlcmwmmudm Primary Neuronal

. probebly due o the luger specafic

Oudulmpqe?‘_ oo secoessful wse of grapheoe films, synthesieed by

ine Sppocampal neuroas &s that one of Li o al. [100F in this
™ colls viability is not akered by the peesence of the
graphene, that narcas gre om praphene Gloes exhibit similar Soasity and moe-
phology with lgna,w leng®h of neurites, whes comparcd with control
condition il wan who found s overexprestion of the GAP4ES protces,

w prowth; suthoes hypothesizod that ths impeoved neariies

\

ly, the GAPE3 overexprossion might be doe o both the

of graphene filess and %0 its high electrical conductnity,
Ay WIMWsmmeMchmd
Ox Whiu&lu-nwm&umﬁw
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functices invedve clectneal of charge transfer. This aspect was ssudied by Zhow

«uluoummm«mmmm«m.

grphene layer-by-layer self-assembly, in onder 10 obeas electronically

w indimenssonal architectures with speciic sueface chemistry, that were

wed as 3D scaffolds for mewrcaal growdh in vito.
Sahni et al. [102] investigated She bocompatiteliey of CVD-gluwn grighe

films imterfaced with neuronal cultures, i terms of viability and of neant

prowth of cortical sewrcns on bave, graphene: and poly pdySing | 00

plastic polymer dishox. Romarkable dilferences were found

higher o graphene and PDL ssbstrates than in the bare onc

graphese filmn, probably due 10 Van der Waals forces betwieen the surface
u«lmaswl.mmm cslured on
praphene doplaying moce incse dendritic directures &

In coder W Invessigate B¢ peoperties of smaller inlsad netronal networks, both
In terms of cell morphology sed clecuncal can be forced 1o grow
muaduﬁmm-dbyavmy : and using several
madenials andlor peoseios 0 be pamemed on T Results obtmscd by
Loreaxcni et al. [103], place themselves in this v £ CVD-grown graphens

wam-ﬂua«-umwmmbywmmm
pubses o obtain senies of stripes Wumw
ghans, exponed by the laer, thf' vanable from 30 to 60 pm,
that were wod, afier coating with &‘waﬂtmw
embeyonic neurom. Afler 7 &y i were found 10 prow and dovelop L/

Mm&mmm- morphology despite the formation
duummwwyupp weeks (Fig. ).
:\Muooaﬂt—dm&g praphege can be wod a5 3 pootonic malkenal e

imnerfacing mewrcns comes thdwad.lml.mmmuy
culiveed retinal ganghon cells (RGC) on glass covensdips, CVD-grown graphene
tranforred on sapphace uwmmmawm
mdpdwlyﬁ\imm retinal meurcas were fousd viable, after
6 days in_viggo, oo bth bare lnd pepiide-coated graphene, though a stasisically ./
significaet redaction i (he Waimber of visble cells, as well a slight difference in cells

sire, were > pown on bare graphene whem  compared 10
peptde-coated . Nevertheless, asthors concluded that the observed
evpenimerntal indicate that RGC can grow snd seevive on hare praphone,

munﬁmﬂhmumwmmdm
umd‘mam‘::nummwmmw-au«wm

-todag‘ graphene.

Luo l%l&wdmw.wmag
" nanocomposite  Seough Be  cleceopolymenizstion  of  poly

%dﬂﬂhkﬂn)(’ﬂ)ﬂhhhmd@nww
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(c)

Fig. § Wide el warsmnscion images of sowoss seodod oo diforest sebsrates » hare

plan'grapbene (0o scursl actwork  development observedt b PN comted plen/praphene
wihirasts (prrsoace of powrdl etwarn) Ia oo ewral servorks onesind dlong b patiemas

Reprodaced with persssiion froen | 103)

o and wsed these PEDOTGO films as sobstrmes for neerosal growth, reporting so
v remarkable ok effects and the development of neuronal networks with sigeaf
w  contly Jonger neuntes than control Sondition, oven in absence of protom commonly
wi used 1o ecreane ool adbeson
e As menticoed above, serface FencBonalization of graphene and C-asod nano-
o matemials in peseral impeoves thetr Baocompanelity | when il comes 50 peurons, this
e is ool the oaly clfect of chemically madilying praphene surfaces, as shown by Tu
v ot o |106]. ba their stady, ‘they demcasirsted that adbesion and outgroweh of
w  peurcoal cells, seeded oo graphene sulutrates, feel the effects of surface charges;
v ral hippocampal neuroas were grown on carboxylsed GO (GO-COOH) as control
w  condition wah negative surface charge, and on GO COOH whose surface had been
w  fescoonalized welh Thece different fusctional groups: (a) methoxy (~OCH ) with ¢/
w  almost nevral Surface charge. (b) amimo (NH,), with positively charged surface, /
wi  and () poly-m-amsinobencene salfonic aced (~-NH/-SOJL, PADBS) which resulied -
we 1o be rwitienonic. Aller 7 days in vitrn, almost the SO % of neurons were still
wi visble on all the four ssbstratios and sevecns cultured on amino foctionalized GO
w substrates showed a preater nember of beanches per newrvie aad of peurnities per
w  oeuron, M well a a kager keogth of ocurites, even without eahibiting selcvant
w  differences i coll morphology. However, # & difficult 10 costment these finfings
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terms of contingeat applications of hese substzates & scaffolds and'or as elecorodes
material Sor peural stimelation, given the lack of a direct companson ath the
conventonal costrol conditions, sech as glass or plastic culbure
One of the key questions when sovel materials are interfaced with
for feture tramslatonal applications is whether those materials allow
of felly developed md active neural notworks. [n this fraenework, %e i
the properties of GO and 1GO as ssbstrates for newronal growth,
atention 10 their bsocompatibelity aad 10 the contingest )
properscs of newoss and networks; we cbservad that,
ferceces were fosnd for the percestage of living cells of ol
mmuuﬂdﬂmydmmm Joce
the 35 % of the mitiad sceding density, while it was slsdsl the S0 % for both
coatrold and 1GO conditions. We explassed s diffesch

fact that although GO, being aomically roegher , should promote mew-
ronal adhesion, its superficial charpe & more negative thanvGO, sad s aspect
might have been then peedominant, wader our condmons. We also repored
that both pessive (Le., inpat resistance: tance, time constant, and

resting potential) and active (Lo, actom
amplitude) mcuronal propertics did oot w
with the only cxcoption of Be AP widh x half ot was slightly, yet
significatly larger, on GO and (GO, compared s this can be attributed 10
dificreaces i ioni channcls expeessaon, fe ., KV), a8 their demity and mesbrace
distsbation are known W affect AP shape. Funbermore, scercns grown os GO and

; the poak of AP
the throe conditions,

¢GO subsarates exhiubuned & sl Mmhyi-mlm
auons, thes sugpesting an earlier 30 Of SYNAPUIC CORBECTIONS OF & saonger
synaptic conmectivity. this enhasced sctivity can be explaned in terms of increased
bength and number of neurites. reporsed. and in terms of te efficacy
of excitatory symaptic : their mamber [107)

Samikac rosults in e of xiability and ability of developing fusctional necronal

by Fubbro ot al, [108], who grows hip-

pocampal sourcas on obtained by ball milling or Bquid phase
exfolistion of Tsabsteates reveliod W be inert newron-imerfacing
materials and they 1ed the developeest of neuronal setworks in abeence of
any peotein o ing adbeuon, however, 8o perurbution of pewrosal
network sy has been observed with sespect 10 control condanon.

Differences in impact on seurcaal activity between graphene and CNTs might be
duc. pocondiiiy 0 thE muthors, 10 morphological difiereaces between the two
masenals. ;/hm-dethhMWy
’ €3).
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