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Abstract

Pristine Graphene (pG) could represent a new and promising nanomaterial for medicine applications, because it does not catalyze the production of ROS
(Reactive Oxgen Species), being in total absence of oxygenated functional groups. In fact, pG either in a dispersed or aggregated form, does not increase
mitochondrial oxidant generation or induce apoptosis in lung macrophages, working at room temperature. pG presents another problem due to its thermal
instability. In fact, it is very well known that pG spontaneously wrap up forming nanotubes (which result highly toxic for humans, because of their typical
asbestos like structures). On the other hand, Graphene Oxide (GO) provokes severe lung injury that persists for more than 21 days after administration. In
cultured alveolar macrophages and epithelial cells, GO induces the generation of mitochondrial ROS, by participating in redox reactions with components of
the mitochondrial electron transport chains. Several data, described in literature, suggest that all the chemical-physical processes that maintain the nanoscale
dispersion of GO is suitable to reduce the potential health consequences of workplace or environmental exposures and likely facilitate emerging graphene-
based biomedical applications. Contrary to pG, the rolling up into the nanotube structures is less favored in presence of GO. It follows that, the GO toxicity
is only related to the oxygenated functional groups (as primary sources of OH ® radical species, O, and H,O,). However, the functional groups could be
deactivated if involved in the formation of stable covalent bonds, which provide the coating of graphenic nano sheets, with suitable biopolymers. The degree
and the chemical composition of the oxygenated functionalities results the principal feature, strictly related to the biocompatibility of grapheen nano sheets,
but also the two-dimensional planar structure (G is a 2D nanomaterial), the nanometer scale dimensions, the large surface area (~ 3000 m?/g) andthe
exceptional optical properties (as the auto-fluorescence), certainly contribute to design graphene materials, as new potential carrier for drugs. Finally, the
high electrical and thermal conductivity and the good antibacterial /antimicrobial properties are not to be neglected for graphene, too. In this review, authors
present an up-dated state of the art concerning the recent advances in this field of research. Briefly, this work describes current strategies for the large scale
production of G and the surface chemistry modification of graphene-based nanocarriers, their biocompatibility and toxicity properties. At the same, the review
reports on the most relevant cases of study suitable to demonstrate the role of graphene and graphene derivatives(GD) as nanocarrier of anti-cancer drugs
and genes (i.e. miRNAs). Especially,the controlled release mechanisms (inside the cell compartments) are also mentioned and explored in terms of ApH, Al
(ionic strength variation), chemico-physical mutual interactions, thermal, photo-(i.e. NIR) and electromagnetic induction. Especially the nanodispersion and/or
the accumulation/aggregation status of GO, into human cell lines, results mainly pH-sensitive.This pH-activated processesare expected to promote/catalyze
targeted therapeutics release in the acidic environment of tumor cells or in intracellular compartments, such as endosome. For this purpose, an important
biological factor like blood pH (and ionic strenght) are necessary to discuss in the review.

The review also summarizes, future prospects and challenges ingraphene derivatives applications for nanobiomedicine, especially in drug deliveryfield
applications.

ABBREVIATIONS based nanomaterials (CBNs) toward metallic nanoparticles and
nanobiocomposites (NBCs) materials. Among all nanostructures,
carbon based nanomaterials seem to be eligible as nanovector of
drugs and therapeutics. Especially, graphene and GD are “metal

free” nanomaterials [3], and for this purpose they represent a

pG: Pristine Graphene; G: Graphene; GO: Graphene Oxide;
GD: Graphene Derivatives; CBNs: Carbon Based Nanomaterials;
NBCs: NanoBio Composites

INTRODUCTION

The advanced drug delivery systems, combining the ability
to improve the therapeutic efficacy and to reduce side effects
of drugs represent a challenge for medicine. Nanotechnology
offers a wide range of new strategies to produce innovative
nanomaterials, suitable for the development of a large number
of smart drug delivery systems [1,2], ranging from carbon

smart vehicle for the delivery experiments (to perform on both:
in vitro and in vivo systems). Graphene exhibits ananosheet
structure that makes easier the translocation of the nanocarrier
across the cellular membranes and the cellular compartments.
Graphene and graphene derivatives exhibit excellent anti-
bacterial and antimicrobial properties, fundamental aspect
to avoid/to minimize the bacterial and microbial infections
that could occur during therapeutics deliveries. Several
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organic chemistry strategies can be applied on graphene
derivatives, to synthesize functionalized and engineered carbon
nanoplatforms, suitable to selectively load drugs, RNA sequences,
therapeutic agents for interesting nanomedicine applications
[4]. Another important aspect is the eco-sustainability of the
nanomaterials, in fact graphene and its derivatives are low-
impact environmental materials, especially towards end users.
Eco-friendly graphene could be obtained by green chemistry
approaches from renewable natural sources, using water as
solvent. This review is organized on sub headings concerning
different synthetic approaches (focusing the attention on the
mass industrial production of graphene), the characterization
and functionalization of the resulting synthesized products, their
chemico-physical and biochemical properties, which render pG
and GD eligible as nanocarrier for drugs and therapeutics. Several
parameters, as degree and chemical composition of oxygenated
functionalities, size and shape, nanodispersion status as function
of pH, biochemical features andnanomaterial stability (in cellular
compartment environments) are investigated and discussed in
relation to the graphene biocompatibility effects, exhibited by pG,
GO and GD. For this purpose, several cases of study, are presented
and detailed interpreted.

SYNTHESIS AND FUNCTIONALIZATION

There are different strategies to produce graphene
nanosheets, having many different features [5], as highlighted on
Table 1.

Micro-cleavage and mechanical exfoliation

The Single Layer pG is mainly obtained by mechanical
exfoliation, very well known as “scotch tape technique”, according
to the literature [6], Nobel Price on Physics, 2010]. Following
this strategy, pristine single layer of graphene is obtained by
micro-cleavage of the highly oriented pyrolytic graphite, used as
precursor. pG does not own oxygenated functional groups and
it is not eligible for a covalent/stable loading of drugs, which
implies the presence of organic functional groups, to establish
covalent bonding/interactions. pG could establish only 1-t weak
interactions, which are suitable for a controlled and modulated
release of the therapeutics. The inner auto-fluorescence exhibited
by pG represents another smart feature of this nanomaterial,
especially useful for high resolution imaging techniques (for
applications in clinical diagnostics). Intrinsic fluorescence
properties of graphene provides to avoid further synthetic
treatments, to introduce fluorophores dyes into the structure
of G, which could generate several problems, as: decrease of the
overall yield and the contamination of the pristine materials (due
to the use of chemical reagents to bind covalently fluorophores).

When the stability of the nanocarrier/drug composite is
strongly required during the delivery in the cell compartments,
covalent bonding is needed and, for this purpose, GD should be
synthesized, by using mainly chemical and electrochemical liquid
phase synthesis, as described in the following sub headings.

In addition, GD results easy to isolate, manipulate and quite
stable in cell culture media as well as in physiological medium.

Chemical vapor deposition (CVD)

CVD is one of the most powerful methods to fabricate single

layer of graphene, with a high quality of the resulting materials.
Large area SLG samples are prepared by exposing a metal to
different hydrocarbon precursors at high temperatures [6a-d].
There are different types of CVD techniques, as: plasma-enhanced
CVD, thermal CVD, and hot/cold wall CVD. The graphene growth
seems to be organized in two main steps: a) the growth of carbon
atoms that nucleate on the metal, after decomposition of the
hydrocarbons precursor, and b) the nuclei grow then into large
domains. Traditional/conventional gaseous hydrocarbons such
as methane, ethylene or acetylene, are used, but recently liquid
precursors have also been applied such as hexane or pentane. A
very useful and fascinating method for the production of inch-
sized single-crystalline graphene has been proposed by Wu et
al. [6d and references cited therein]. The authors work with a
controlled nucleation method on a Cu-Ni alloy, by locally feeding
carbon precursors to a specific position. According to the authors,
the use of the specific alloy activated an isothermal segregation
mechanism, which resulted in higher growth rates. The final
obtained material was a high-quality, 1.5-in. single crystalline
graphene, which was synthesized in 2.5h and exhibited a Hall
mobility of 10,000-20,000 cm? V! s* at room temperature.

Chemical Synthesis (in liquid phase)

This strategy is carried out in liquid phase, using the very
well known Hummer’s method [7]. Briefly, this method consist
in a chemical procedure applied to generate Graphite Oxide (GO)
nanosheets in oxidizing and acidic conditions, realized through
the addition of potassium permanganate to a solution of graphite
(used as solid precursor), sodium nitrate, and sulfuric acid.
Several authors have optimized and modified the first Hummer’s
method, changing the oxidizing reagents in solutions [8-10] or
the starting materials. According to the latter consideration,
Cataldo et al. [11,12], reported about the chemical unzipping of
Single-Wall Carbon Nanotubes (SWCNTSs) and Multi-Wall Carbon
Nanotubes (MWCNTS) in a liquid mixture of oxidizing and acidic
chemical agents (different from those applied in the conventional
Hummer’s method). GO nanoribbons and GO nanoplatelets have
been fabricated, by the unzipping method, starting from the
carbon nanotubes (as solid precursor of graphene derivatives).
The great advantage of the chemical synthesis is to produce
functionalized graphene derivatives (mainly consist in carboxylic
and carbonyl functional groups) in the same step of their
synthesis/growth, avoiding post-synthetic functionalization,
required by the physical method based on the micro-cleavage.
Chemical synthesis increases the hydrophilic character of the
graphene, allowing better dispersibility and stability in the most
common working media (widely used in Nanomedicine field
application). Thehydrophilic features improve the interactions
(established by electrostatic and Coulombian weak forces)
among drugs, genomic material, biomolecules and graphene
nanoplatforms.The resulting dispersibility also enhances,
promoting the delivery of the carrier/drug composites, into the
cellular compartments. The drug release result more efficient,
because the electrostatic/Colombian forces are weak enough,
allowing the drug to be removed from the nanocarrier.

Electrochemical synthesis (in liquid phase)

The exfoliation of graphene could be successfully reached
by applying an electrochemical approach, in a traditional
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Table 1: main synthesis strategies to fabricate graphene and its properties.

Synthesis strategies

Experimental Conditions

Shape

Biocompatibility

Size effects

Chemical
wet synthesis
(mass production in

200 mg of the pristine SWCNT

in 200 ml of a mixture of
concentrated HNO,/H,SO, ina 1:3
volume ratio followed by 8h of
ultrasonic treatment performed at
50 W at 45 C. To reach neutrality,

Lower at low
concentration levels
Decreases with the
concentration values

$=22and 26 nm
Diameter range of GO
nanoribbons

Laboratory) they were washed with distilled incubated into the .
. C normal human cell lines
water and finally dried in an oven
at 100 C.
Oxidative potential regime is
applied, ranging from 12-60V by a
Electrochemical DC-Supplier tool. The electrolysis High at medium/high

wet synthesis
(mass production in

bath is made of conventional
electrolytes, with a concentration

Width of the sheet: 3um
Thickness: (0.335nm x3)
3 layers (1.005nm)

concentration values
incubated in normal

Laboratory) of 0.1-0.5M, in aqueous working human cell lines
medium. The growth time ranging
from 1h to 3hours, at R.T.
Large area samples can be
prepared by exposing a metal to
CVD Chemical Vapor different hydrocarbon precursors
Deposition . at high .temperatures. A contrplled Thickness: 0.335nm High Biocompatibility
(Lowest amount in nucleation method on a Cu-Ni . into normal human cell
- -1t stacking .
Laboratory alloy, by locally feeding carbon lines
Large amount in industries) | precursors, provides single 5
crystalline graphene, which was -5
synthesized in 2.5 h.
In this technique, a piece of
. raphite undergoes repeated tape . .
Micro cleavage Exf(fliation andgis thenriransferrre)d . The ideal Single Layer of The Best

Mechanical exfoliation

to a substrate. The same method

Graphene Metal free nanosheets

g[;s:;;z()d;l ction of Geim and Novoselov, awarded — TT[?TIIC;I;T(S&]OBBSnm Single Layer
Y with the Nobel Prize in 2010 & &

Though the shear rate decreases )

with the increasing distance from

the blade, high shear rate can M Single Layer of Graphene

Mechanical blender wet

cover all the holder if a turbulence

exfoliation is fully developed. Therefore, the Kléc;(tr;iisi:nOBBSnm L}z:l;ef:::e nanosheets
(Mass production turbulence is mainly responsible & .
Laboratory) for the full-field high shear Double layer (0.335nmx | Single/Double Layer
rate and thus the exfoliation 2)
mechanism of graphite into
graphene nanosheets
Biomass solid/wet extraction Solid/Liquid phz.ise.s extraction The Best
(Mass Production from cellulose, lignin and hemp o o 5’&2. Few layers of graphene Metal free nanosheets
Laboratory) represent the organic biomass for b (<10 layers) Single/Few Layers

graphene large scale production

SWCNTs: Single-Wall/Walled Carbon Nanotubes

electrolytic cell. In literature [13], these authors report about
the electrolytic exfoliation (performed in different inorganic
salts, as: (NH,),SO, Na,SO, KSO, etc) combined with
ionsintercalation into graphite working electrodes. Exfoliation/
intercalation mechanisms, carried out in these electrolytes leads
to graphene with a high yield (>85%, < 3 layers), large lateral
size (up to 44 um), significant oxidation degree (a C/O ratio of
17.2), and a remarkable hole mobility of 310 cm? V- s7![13]. The
described electrochemical exfoliation shows great promise for
the industrial-scale synthesis of high-quality mass production
graphene for numerous advanced applications. In addition, the

electrochemical techniques provide a versatile approach, simply
modifying the electrolytic bath, according to the final applications.
Working with the electrochemical synthesis, no single layer of
graphene is obtained but consistent amount of double and multi-
layers (< 5 layers) of graphene oxide (no pristine, when authors
work at oxidative range of potential values).

An Electrophoretic Deposition Process (EPD) represents
another electrochemical exfoliationtechnique, where the
graphene sheets are synthesized and simultaneously oriented,
by the presence of an external electric field (i.e electrophoresis
mechanism). The carbonaceous nanomaterial precursors are

JSM Nanotechnol Nanomed 6(1): 1060 (2018)

3/15



Valentini et al. (2018)
E-mail: federica.valentini@uniroma?2.it

@SCiMedCenmﬁ

Table 2: Main information by applying the characterization techniques for SLG.

Techniques ‘ Data/results

Qualitative analysis

Quantitative analysis Biomedical applications

Microscopic techniques for morphological /topographic characterization studies

Metal free nanomaterials for

HR-TEM/EDAX Sheets width Semi-quantitative/EDAX for metal -
cytotoxicity
Shape and orientation
AFM Sheets width and area | Thickness for N° of layers involved in the cell
membrane crossing
Atomic resolution Alignment and electronic
STM/STS Band gap; BiasV_ vs. V| properties for cell
hexagon con 3 .
membrane crossing
Specific and selective
CLSM Internalization in cells | Fluorescence quantitative analysis identification of

nanomaterials in the inner
cellular compartments

Spectroscopic techniques for structural characterization studies

- 2D

lofla=2

9% Fingerprint of SLG Molecular inner cell
Raman | : g ) - . -
| GG LuyerOeapimns | L,,/1.=2 1,/1, degree of functionalization interactions

PG exhibits a featureless ROS pathways for

FTIR FTIR spectrum P . .
Identification of functional groups cytotoxicity events

XPS Chemical-shift of carbon % atomic quantification /%(w/w) ROS pat.hyvays for

atoms cytotoxicity events
Z-potential/DLS . i e, Graphene sheets Piiyaroaynamic €lECtTOStatIC potential Electrostatic interactions in

surrounded by solvent

cells

DLS: Dynamic Light Scattering

dispersed in organic solvents (also in water medium), using
constant voltage conditions. Uniform graphene-based layers can
be also deposited on three-dimensional, porous, and even flexible
substrates, applying a template synthesis approach. In general,
electrophoretically deposited graphene layers show excellent
properties, e.g., high electrical conductivity, large surface area,
good thermal stability, high optical transparency, and robust
mechanical strength. EPD also allows the production of functional
nanocomposite materials, e.g., graphene combined with metallic
nanoparticles, with other carbonaceous materials (e.g., carbon
nanotubes) or biopolymers, leading to novel nanomaterials with

enhanced optical, electrical and biocompatible features (suitable
for in vitro and in vivo test/assay).

Mechanical blender based exfoliation in liquid phase
(in liquid phase)

Coleman et al. [14], report about thedevelopment of
industrially scalable methods to produce large quantities of defect-
free graphene, different from those described above, in the full
text. Coleman et al. [14], show that high-shear mixing of graphite
in suitable stabilizing liquids results in large-scale exfoliation to
give dispersions of graphene nanosheets. X-ray photoelectron
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spectroscopy and Raman spectroscopy show the exfoliated flakes
to be unoxidized and free of basal-plane defects. Coleman et al.
[14], developed a simple model that shows exfoliation to occur
once the local shear rate exceeds 104s™. By fully characterizing
the scaling behavior of the graphene production rate, the authors
show that exfoliation can be achieved in liquid volumes from
hundreds of milliliters up to hundreds of liters and beyond. The
graphene produced by this method performs well in applications
from nanobiocomposites to conductive coatings.

Coleman’s approach is not the only one strategy but different
exfoliation techniques based on a mechanical exfoliation
mechanism [15], can provide fruitful information on how to
efficiently achieve high-quality graphene. This review highlights
the recent progress on mechanical exfoliation for graphene
production during the last decade. The emphasis is set on the
widely used sonication method with the latest insight into
sonication-induced defects, the newly explored ball milling
method, the fluid dynamics method that has emerged in the last
three years, and the innovative supercritical fluid method.

Biomass extraction of graphene network: an
environmental bioremediation approach

Chen et al. [16], demonstrate that it is possible to fabricate
large amounts of few-layer graphene by an eco-friendly and eco-
sustainable method that uses biomass waste as the precursor of
graphene derivatives. Wheat straw was selected as the starting
material [17], because of its enormous worldwide output (about
350 million tons per year all over the world). This biomass has
attracted enough attention for the production of nanomaterials,
suchasnanosilica[18,19],activated carbon [20,21],and especially
graphene [16]. Feng et al. [16], report about the great possibility
to successfully convert wheat straw into graphene nanosheets,
combining the hydrothermal and graphitization process.
Applying this method, high-quality, few-layer pristine graphene
with high graphitization, graphite-like interlayer spacing, and
moderate meso-porosity can be prepared. Moreover, this process
is simple, highly efficient, environmentally benign, cost-effective,
and catalyst-free.

Ojha et al. [22], synthesize graphene-like activated and
non-activated carbon sheets from starch. Similarly, authors
have also synthesized activated carbon nanostructures from
natural sources like jute and rice husk. The chemical-physical
features, the biochemical properties (mainly related to the
biocompatibility) and the supercapacitor effects of these carbon
nanomaterials have been investigated and compared with that
exhibited by graphene oxide and reduced graphene oxide. Sharma
etal. [23], report about four different biomass derived green and
sustainable solvents namely levulinic acid (LA), ethyl lactate
(EL), y-valerolactone (GVL) and formic acid (FA) only LA was
found to exfoliate graphite to single and few layered graphene
sheets. During exfoliation, the formation of LA crystals embedded
with single layered graphene sheets was observed. The process
is scalable and the solvent can be recovered and reused in five
subsequent cycles of exfoliation for the large scale production of
graphene sheets.

Shams et al. [24], describe a simple, eco-friendly and
scalable method of obtaining graphene from dead camphor

leaves (Cinnamomum Camphora) using one-step pyrolysis.
Under flowing nitrogen atmosphere, dead camphor leaves were
heated to 1200°C at 10°C /min and then cooled down to room
temperature. With the help of m-m interaction with D-Tyrosine
and centrifugation, we were able to separate few layer graphene
from the final pyrolytic components. Characterization studies
reveal the presence of 7 layers of graphene. It is possible to
affirm that this novel eco-friendly and eco-sustainable approach
will motivate the search for a new way for synthesis of graphene
sheets from reproducible natural products.

CHARACTERIZATION OF THE CHEMICAL-
PHYSICAL PROPERTIES OF PG AND GD

The chemical-physical and mechanical-engineering studies
are essential to characterize the presence of pristine graphene
and graphene derivatives, in synthesised samples. The main
techniques, dedicated to the graphene characterization are
highlighted in this review, with their useful information about
the new synthesized materials. Each technique provide useful
parametersto identify graphene and graphene derivatives, as
reported below in the text (Table 2).

Raman spectroscopy

Raman spectroscopy and imaging (p-Raman) represent
powerful, noninvasive method to characterize graphene and
related materials. Several use fulin formation such as disorder,
edge and grain boundaries, thickness, doping, strain and thermal
conductivity of graphene can be obtained working with Raman
spectroscopy. In particular for graphene, the Stokes phonon
energy shift caused by laser excitation creates two main peaks
in the Raman spectrum: G (1580 cm™), a primary in-plane
vibrational mode typical of graphite, and 2D (2690 cml), a
second-order overtone of a different in-plane vibration, D
(1350 cm™), that represents the defects band [25].The spectrum
changes as the number of graphene layers increases, presenting
a splitting of the 2D band into an increasing number of modes
[25]. The G band also exhibits a red shift from number of layers
[26]. Thus, for AB-stacked graphene, the number of layers can be
obtained from L /I ratio intensity, as well as the position and
shape of these bands [27]. Using I /I, one can use Raman spectra
to characterize the level of disorder in graphene. As disorder in
graphene increases, [ /I displays 2 different spectral profiles. In
presence of “low” defect density, I /I increasesbecause a higher
defect density creates more elastic scattering.This occurs up
to a regime of “high” defect density, at which point I /I begins
to decrease as an increasing defect density results in a more
amorphous carbon structure, attenuating all Raman peaks [28].

High resolution-transmission electron microscopy/
energy dispersive X-Ray analysis (HR-TEM/EDAX)

The morphology/topography and crystalline structure of pG,
GO and GD having differentdegrees of oxidation/functionalization
was analyzed wusing HR-TEM/EDAX (High Resolution-
Transmission Electron Microscopy/Energy Dispersive X-Ray
Analysis) and selected area electron diffraction (SAED) pattern,
respectively. Graphene samples possess a sheet morphology
exhibiting different optical transparencies and different sizes.
This is probably due to the number of layers present in the stacked
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structure of GO/GD. The samples with less oxygenated functional
groups show multi layers of graphene, because of the presence
of the hydrophobic interactions (responsible for the mutual m-1t
aggregation among the G layers). According to this, multi layers
are less transparent (if compared with the single layer, double and
few layers of graphene) and exhibit large size (associated to the
aggregated layers). HR-TEM provides an important information
on the statistical distribution of nanosheets sizes.

HR-TEM measurements shows that the sheets morphology,
their dimension and the optical transparency are strictly
dependent on the level of oxidation and the functionalization
degree, that occur during the exfoliation strategies.

The SAED pattern is used to characterize the crystalline
nature of nanosized materials. The SAED pattern of all the
samples possess clear diffraction spots with a six-fold pattern
thatis consistent with the hexagonal lattice of graphene [29]. This
means that the graphitic AB stacking order is preserved in the
lattice even after oxidation treatments ofgraphite precursor to
do graphene final product. No diffraction pattern is obtained for
the over-oxidized carbon samples.The absence of the hexagonal
spots of graphitic nature indicate that the oxygenated functional
groups are not organized in super-lattice type ordered arrays
[30].

EDAX provides useful information about the elemental
analysis/microanalysis of the graphene derivatives. This is only a
semi-quantitative approach.

Atomic force microscopy (AFM) and scanning tunnel
microscopy/scanning tunnel spectroscopy (STM/
STS)

Atomic Force microscopy provide information about the
regular shape of graphene and graphene oxide sheets (symmetric
and asymmetric sheets), its area and thickness (histogram of
the z heights). Thickness provide the number of the layers for
multilayer of oxidized graphene sheets that are integer multiples
of a layer height~ 0.67 nm (corresponding to the m-m stacking).
Similar properties attributed to wrinkles (the wrinkles have
variable heights that are approximately 1.0-4.5 nm above the
oxidized graphene sheet) andfolds, albeit at a more magnified
scale, were also observed during studies with STM (Scanning
Tunneling Microscopy).The atomically resolved STM topography
reveals the position ofoxygen on the top of the graphene oxide
sheets. The known size of the ideal single layer of graphite
lattice, we estimate the size of the unit cell for the GO lattice, that
corresponds to 0.284 nm by 0.420 nm. This agrees well with the
observed periodicity of (0.273 * 0.008) nm (0.406 + 0.013) nm
from the atomically resolved STM image [31]. The atomically
resolved lattice structure is not observed at all regions across the
oxidized graphene sample (GO), leading to the conclusion that
other regions may contain several oxygenated functionalities,
mainly carboxylic groups (COOH in GO).STS provides information
on the electronic conductivity of graphene and graphene
derivatives. From the I(V) plots, a clear suppression of current
near zero bias is detected in the case of oxidized graphene. Since
dI/dV atlow bias is proportional to the local density of electronic
states (LDOS), the dI/dV data show a measurable suppression in
the LDOS for oxidized graphene that extends * 0.1 V about zero

bias. The corresponding plots log, [|I|] vs. V,, , clearly shows the
presence of a band gap in oxidized graphene (GO) of 0.25 eV. This
means that, increasing the defects density (i.e. the oxygenated
functionalities), GO becomes insulating materials, if compared
with reduced graphene and also the ideal single layer of graphene.

Confocal laser microscopy (CLSM)

CLSM represents a powerful tool for high resolution imaging
of nanomaterials incubated into human cell lines. The excellent
optical properties of graphene [32], offer a great advantage to
detect graphene into the human cell lines, avoiding the labeling
pre-treatments, by using fluorophores (avoiding to lose material
and to contaminate the samples). In fact, graphene exhibits
auto-fluorescence without optical labeling and also the total
internal fluorescence reflection signal. These data demonstrate
that graphene is eligible for the high resolution imaging based
technologies to apply in medical diagnosis [33]. Among all
the optical features, the absorbance of Graphene exhibited
on UV-vis-NIR spectral region, represents a powerful toolto
quantify the loading of drugs, on graphene nanocarriers (by
calibration curves). An official quantification of the drug loading
on Graphene vectors, is also achieved by a traditional mass
spectrometry technique, specific for solid samples; as FAB (Fast
Atom Bombardment).

X-Ray photoelectron spectroscopy (XPS)

The chemical shift of carbon atoms in graphene samples is also
investigated by the XPS spectroscopy. In a typical XPS spectrum
of graphite, only a peak, corresponding to C-C stretching at
284.5 eV and indicating the absence of any oxygenated function
groups [34], is detected. Increasing the oxidation degree,
the intensity of the C-C peak, due to the sp? carbon bond in
graphite, gradually decreases and an increase in intensity of new
peaks (sp® oxygenated carbon atoms), related to the presence
of oxygenated functional groups, as: hydroxyl, carboxyl and
epoxy groups are clearly evident in the XPS.The sp?/sp?® ratio
represents an important quantitative parameter to identify by
using XPS technique and this ratio decreases with increasing of
the oxidation level in graphene and graphene derivative samples.

XPS provides useful information to combine with Raman
analysis and FTIR. Spectroscopy (this latter, very well known
to identify the oxygenated functionalities of the oxidized carbon
based nanomaterials).

XPS and EDAX also provide microanalysis/compositional
analysis, useful for the identification of the minimum chemical
formula (CXHyoz, see Fig X) and its corresponding average
molecular weight (MW). FAB can be able to confirm the MWsof
graphene derivatives and GO, related to their corresponding
CHO

Xy z
Z-POTENTIAL MEASUREMENTS

This measurement is highly performance when pG/GD
samples are dispersed inliquid phase, to obtain information on the
electrical charge distribution/density, present on the graphene
surfaces. The electrostatic charge density on functionalized
graphene sheets enhances the electrostatic interactions between
graphene and the most common polar working liquid medium,
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resulting in very well nanodispersions. A good operational and
long term stability represent a key point to study the cytotoxicity
and biocompatibility of new nanostructured materials (for drug
delivery, drug discovery and gene transfection experiments),
incubated into normal human cell lines.

Generally, Z potential measurements are combined with
Dynamic Light Scattering (DLS) analysis to define the size/
dimensions of nanosheets, when they are surrounded/solvated
by the solvent/liquid working medium. In the particular case
of graphene sheets, DLS is not suitable for sizes identification
because the associated algorithm for data processing is closely
related to spherical particles.

After the description of the main characterization tools for
the identification of graphene sheets, in the next paragraph a
detailed overview concerning the Biocompatibility features of
the new graphene derivatives, are also reported. This property is
fundamental to apply GO and GD as new carriers in nanomedicine.

BIOCOMPATIBILITY STUDY OF PG AND GD

The application of pG, GO and GD in nanomedicine, implies
that biocompatibility of these new carbon based nanomaterials
is demonstrated, both in vitro and in vivo tests [35]. Toxicity of
graphene could depend on many factors like size, shape, surface
chemistry, dose, duration and the graphene interactions with the
biological working medium. The physico-chemical properties of
graphene play a key role in toxicity prediction, as reported in this
review, describing different cases of studies, below in the full text.

Several authors, in literature [36], affirm that GO and GD
induce (in vitro and in vivo tests) the production of the reactive
oxygen species (ROS), Figure 1. These latter are responsible for
the activation of the inflammatory responses and the apoptotic
pathways. ROS include the superoxide anion (0,7), hydrogen
peroxide (H,0,), and hydroxyl radicals (OH °®), which exhibit
inherent chemical reactivity toward different biological targets.

DNA damage
Gene expression

Cell proliferation

Recently, another GO based nano sheet material, called as PbS/Ro-
GO/PANI nano/microcomposite (roll-graphene oxide (Ro-GO),
polyaniline (PANI) nano/microparticles, and PbS nanoparticles)
[36b], could be responsible for ROS induced pathways, not only
for the presence of oxygenated groups in GO but also for the
polymeric radicals, which is due to the polyaniline.

ROS is mainly associated with the principle of oxidative
stress, which induces pathology and diseases by damaging
lipids, proteins, and nucleic acids. Considering the specificity of
ROS toward their molecular targets, the compartmentalization
of ROS production within cells is an important parameter,
useful to establish if an oxidative damage or a redox signaling,
occurs. Accordingly, both the chemical composition of ROS and
it's local concentration determine whether redox signaling or
oxidative stress induced diseases/disorders occurs.The chemical
composition is essential to understand the cytotoxicit effects,
provoked by reduced graphene and oxidized graphene nano
sheets, described above. Reduced graphene could contains on its
surface, edges and sides several ethers (C-O-C), epoxic (“:c"\.;'o,/c”’)
and alchoolic groups. Mainly alchools can generate OH radical
species, provoking ROS toxic pathways, cinetically faster than
that generated by the graphene oxide derivatives. GO and GD,
mainly exhibit carboxylic acids (C=(0)OH) if compared reduced
graphene, which are less reactive toward the OH ® production.
In all cases, pG, GO, PbS/Ro-GO/PANI nano/microcomposite, GD
and reduced graphene, the toxicity effects seem to be significantly
minimized and reduced when graphene is embedded into a
biopolymeric matrices [37]. Also for pG (without functional
oxygenated groups) is recommended the biopolymer coatings,
because the spontaneous wrap up forming nanotubes, can be
avoided (because the edges and sides of graphene sheets, which
represent highly recative defects, could be completely protected
and deactivated by the presence of polymeric spacer arms).

According to these considerations, Duch, et al. [38],
demonstrate that the covalent oxidation of graphene (thatoccurin

F-Actin/cytoskeleton

___—— Excretion/elimination

Graphene-protein
interaction

ROS

Energy metabolism

Interaction with receptors

Plasma membrane

Figure 1 This picture summarizes the recent progress in understanding mainly the interactions between graphene and cells.
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presence of GO and GD having oxygenated functionalities suitable
to establish the covalent bonding with the drugs, therapeutics
and biomolecules) provokes the pulmonary toxicity. The same
authors, suggest to apply graphene entrapped in biopolymeric
films because in this way, a safe handling of graphene nanosheets,
can be successfully reached and biomedical applications, could
be performed.

When GO, GD are added (as inorganic filler, up to 1.0 wt. %)
in biopolymer matrices (for example, in the ultrahigh molecular
weight polyethylene/UHMWPE) to fabricate nanocomposites
(called GO/UHMWPE), several parameters of the polymers,
significantly improve. The hardness of the pure/native UHMWPE
gradually improves but also the polymer yield strength (this
latter improves, but slightly). According to these results, Chen
et al. [39], demonstrate that MC3T3-E1 cell lines attach very
well on the nanocomposite surfaces, and the presence of the
graphene filler does not affect the cell morphology and viability.
The resulting GO/UHMWPE nanocomposites show improved
mechanical properties and significant biocompatibility toward
cellular lines, and for this purpose, it is eligible for nanomedicine
application field.

Xu et al. [40], report about the mechanism of GO responsible
for the toxicity. GO induce platelet depletion, pro-inflammatory
responses and pathological changes of lung and liver in mice. Xu
etal. [40], explain how to improve the biocompatibility of GO and
GD, several different nanocomposites have been synthesized.
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Poly(acrylamide)-functionalized GO (GO-PAM), poly(acrylic
acid)-functionalized GO (Go-pAA) and poly(ethylene glycol)-
functionalized GO (GO-PEG) have been fabricated and tested in
vitro and in vivo assay. Among all these nanocomposites, GO-PEG
and GO-PAA provide less toxicity if compared with GO and other
GD. GO-PAA results the most biocompatible nanocomposite,
in both vitro and in vivo assays. This difference in terms of
biocompatibility could be due to the different compositions of the
protein corona, especially immunoglobulin G (IgG), as affirmed
by Xu et al. [40]. IgG seem to be responsible for the interaction
and cellular uptake, the extent of platelet depletion in blood,
thrombus formation under short-term exposure and the pro-
inflammatory effects under long-term exposure [41].

Recently, Valentini et al. [42], studyGO cytotoxicity in
Neuroblastoma (both: SK-N-BE(2) and SH-SY5Y) cell lines,
measuring cellular oxidative stress (Figure 2),mitochondria
membrane potential, expression of lysosomal proteins and cell
growth. GO uptake and cytoplasmic distribution of nano sheets
were studied by Transmission Electron Microscopy (TEM) for
up to 72 h. In SH-SY5Y cells, ROS production increases after 4
h of GO incubation compared with the controlsamples, to reach
the maximum value at 24 h and then, decreases at 48 and 72
h, respectively. The increase in ROS provokes the decrease in
JC1 ratio (JC1 dye ratio, which is as indicator of mitochondrial
potential, see Figure 2). At 48 h, TEM micrographs demonstrate
mitochondrial swelling and disorganization in cell lines. GO
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Figure 2 (A): ROS production in SH-SY5Y cells at different times of GO exposure. Data are the mean + SD of three different experiments. On the right
of the panel, there are indicative fluorescence peaks of control cells and GO treated cells at indicated times. Grey peaks refer to GO treated cells. * p
< 0.05 for each exposure condition compared to unexposed control (CTRL). (B) JC1 dye in SH-SY5Y cells at different times of GO exposure. On the

right of the panel, there are indicative peaks of green fluorescence.
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nanoribbons at low concentrations and for 72 h of exposure
induce autophagy in neuroblastoma cell lines. This evidence
is confirmed by the presence of cytoplasmic vacuoles and by
the induction of the lysosomal protein LC3 and beclin, which
represent important markers of autophagy. Autophagy is a
multistep process which starts with the assembly of the double
membrane autophagosome, that entraps a part of cytoplasm and
organelles. Valentini et al. [42], also provides the first evidence
that cells respond in vitro, directly and within hours, to low
doses of GO by promoting vacuolation and mitophagy. Moreover,
GO incubated cells over-expressed both the early marker of
autophagosomesbeclinand thelate LC3 Il phagolysosome marker.
The mitophagy marker BNIP 3 is more strongly expressed at 48
h of GO incubation time, and its expression decreasesat 72 h. This
confirms the existence of compensatory mechanisms that occur
after cells have destroyed damaged mitochondria. In fact, Mari et
al. [42], show that in neuroblastoma cell lines, GO induces initial
oxidative stress and mitochondrial damage.Treated cells respond
by activating the autophagic/mitophagic process to repair the
damaged proteins and mitochondria. Execution of autophagy/
mitophagy starts at 24 and continues up to 72 h, after that cells
recover and continue to grow. A possible explanation of this
effect, observed on Neuroblastoma (both: SK-N-BE(2) and SH-
SY5Y) cell lines, seems to be related to the lowest concentration
of GO incubated in cells, that guarantees the highest nano scale
dispersion, minimizing the chemical interactions among the
oxygenated functional groups (because of which radical species
could be formed).

For this reason, authors suggest that the GO nanoparticle
can be used for therapeutic delivery to the brain tissue with

minimal effects on healthy cells. On the next paragraph, several
cases of studies concerning the role of different kind of graphene
derivatives have been reported and described, in details.

GRAPHENE AS NANOCARRIERS FOR ANTI-
CANCER DRUGS: SOME CASES OF STUDIES

In this paragraph, authors described the most recent
representative cases of studies, where pG or GO/biopolymers
nanocomposites and GD, are applied for drug delivery.

The first case of study

Chauhan et al. [43], reports about gold nanoparticles (AuNPs)
decoration of GO surfaces, previously functionalized with Folic
Acid (FA) as a new carrier suitable for active tumor targeting of
model anti-cancer drug (DOX). The resulting AuNPS composite-
folate conjugated graphene oxide (FA-GO@Au) nano-platforms
result Near-Infrared (NIR) sensitive, exhibiting an efficient
release of DOXA and also of the ionic gold from the FA-GO@Au
surfaces. Especially, release studies (Figure 3, with or without
NIR exposure) showed the effects of irradiated conditions on
the release profile of both Dox and Au from the Dox*FA-GO@
Au nanohybrid. Only Dox release was significantly influenced
by the pH in the simulated body release environment. With a
non-linear pseudo order release mechanism of Dox, around 10%
higher release was detected at pH 5.3 value, whereas the release
of Au content, at different pH values, resulted insignificant. The
pH dependence of the Dox release pattern can be attributed to
the pH-solubility effects, that increase solubility of Dox (weak
amphipathic base, pKa 8.3) and controlle the mass transfer
process occurring in the release media. In this way,the proposed

<
% so IR exposure & L
3 & o=
S a0 -
]
:
g —+—pH7.4
5 20 --#--pH 7.4 (NIR)
£
3d 10
®
0
0 5 10
Time (h)
5
45 e
:

2 : | ———pH 7.4

% Cumulative Release (Au) pH 5.3
~
n

15 === pH 7.4 (NIR)
1
0.5
0
0 5 10
Time (h)

15 0 5 10 15

70
&0 W
50 -

40

3¢ —=—pH53

20 ~ & ~pH 5.3 (NIR)

10

% Cumulative release [Dox) pH-5.3

Time (h)

=———pH 5.3
=& =pH 5.3 (NIR)

% Cumulative Release [Au) pH 5.3
~
in

Time (h)

Figure 3 Release profile of Dox and Au from Dox*FA-GO@Au at different pH conditions with or without NIR exposure.

JSM Nanotechnol Nanomed 6(1): 1060 (2018)

9/15



@SCil\/ledCentrai

Valentini et al. (2018)
E-mail: federica.valentini@uniroma?2.it

nanohybrid strategy could be able to localize the drug release
in slightly acidic endosomal environment, characterizing the
cancerous cells. Effect of NIR exposure on Dox*FAGO@Au
nanohybrid can be easily seen in the release patterns (dotted
lines, on Figure 3) of both Dox and Au, at 12h of exposure time.

Delivery of drugs and AuNPs in the cells is enhanced after
NIR localized exposure, resulting in a highest efficiency of tumor
management. Especially, Chauhan, et al. [43], describe that there
are important evidences in vitro and in vivo studies, concerning
substantial tumor regression in solid tumor model in BAlb/c mice
and NIR exposure induced photo-thermal effects. Consequently,
authors declare that if NIR induces photo-thermal effects, NIR
could be used as an efficient tumor-targeting tool. This NIR based
nano-hybrid graphene derivatives provides an accurate strategy
for targeted chemotherapy and photo-thermal tumor ablation.

The second case of study

Tian et al. [44], describe the fabrication and application of a
new nanovehicle conjugated with pegylated folate, suitable for
targeted delivery of anticancer drugs and also for fluorescein-
labeled peptides, this latter particularly useful in the case of self-
monitoring in vitro and in vivo test. GO sheets have a dimension
about 100 nm and a topological height of 1.0 nm, as confirmed
by atomic force microscopy, suggesting the presence of a single
layer sheet. After conjugation with FA-PEG (pegylated folate)
and PepFAM (fluorescein-labeled caspase-3-specific substrate
peptide (CALNNDEVDK-FAM, PepFAM), the topological height
of nanovehicle reaches the value of 7.5 nm. The zeta potential of
FA/Pep/GO nanovehicle was determined to be -20.7 + 0.41 mV,
demonstrating its good stability in aqueous solution.

Flow cytometric assays show that nanovehicle is suitable to
deliver and to selectively release drugs into the folate receptor
high-expressed cancer cells, providing high therapeutic efficiency
to cancer cells. In addition, confocal fluorescence imaging
(combined with Confocal Laser Scanning Microscopy (CLSM)) is
able to detect the drug-induced cancer cell death, recording the
modification of the fluorescence output signal, corresponding
to the fluorescein activated by caspase-3, in this specific case
of study. The target delivery of drugs and the self-evaluation of
therapeutic efficiency are both carried out by living imaging in
tumor-bearing mice, providing copious applications of this new
theranostic tool in vivo systems and also a smart opportunity
for accurate and precise cancer treatment base therapies.
The apoptotic FAM fluoresence at the tumor region, could be
quantified after 24-h injection and the intensity increased along
with time for the FA/CPT/Pep/GO (where CPT is camptothecin,
a potent topoisomerase I inhibitor) treated mice. After 72-h
injection, fluorescence was specifically observed in tumor tissue
over other normal organ tissues including heart, liver, spleen, lung
and kidney. High FAM fluorescence signals were also recorded in
the tumor slice stained with Hoechst, demonstratingthe targeted
cancer treatment and therapeutic self-monitoring. For the CPT/
Pep/GO or FA/Pep/GO treated mice, the FAM fluorescence was
less intense than in the tumor region and tumor slice, after
72-h post-incubation time.This result could be due to the lack
of FA targeting or drug, confirming the feasibility of FA/Pep/
GO nanocarrier for in vivo drug delivery and self-evaluation of
therapeutic efficiencies.

The third case of study

Dongetal.[45],reportaboutamultifunctionalnanocomposite,
fabricated by using poly(L-lactide) (PLA) and polyethylene
glycol (PEG)-grafted Graphene Quantum Dots (GQDs). The
functionalized GQDs (f-GQDs) is able to carry out the intracellular
microRNAs (miRNAs) imaging analysis and simultaneously to
perform gene delivery for enhanced therapeutic efficiency (Figure
4).The highest surface area, exhibited by f-GQDs representsa
great advantage to combine agents (IP and ASODN) (fGQDs/IP/
ASODN), targeting miRNA-21 and the survivin gene, to improve
the gene therapeutic efficacy. As shown in Figure 4, the cells
transfected with f-GQDs/IP/ASODN exhibit a cell viability of
68%, lower than that exhibited by cells transfected with f-GQDs
loaded with either IP (f-GQDs/IP), having a cell viability of 82%
or ASODN (f-GQDs/ASODN), with a cell viability of 76%. These
data demonstrate that the combination of specific gene-targeting
agents was essential for induction of better inhibition of cancer
cell growth.

GQDs have excellent stability in aqueous solution and also
in body medium or serum (excellent conditions for medicine
field applications). This behaviour is due to the hydrophilic
PEG and PLA polymeric electrically charged chains, which are
able to improve the stability of the resulting nanocomposites
material into the aqueous phase and/or in physiological working
medium. The PL intensity exhibited goodstability in acid solution
and neutral solution (pH ranging from 3.0 to 7.0), with only a
slight decrease compared to the intensity in alkaline solution
(pH 9.0). The fluorescence quantum yield of f-GQDs,quantify
by using quinine sulfate, as a stanadrd reference compound,
results of 6.2%, quite similar to that exhibited in the case of
the hydrothermal GQDs, reported previously in literature.
Moreover, the time-resolved fluorescence spectrum, measured
with an excitation wavelength centred at 320 nm, showed that
the fluorescence lifetime (of as-prepared f-GQDs)results of 4.00
ns. Thehigh fluorescence performances, in terms of long-range
stability for f-GQDs over a broad pH range, is vital for biomedical
investigations.

In vitro cell experiments demonstrate that f-GQDs exhibits
excellent biocompatibility, lower cytotoxicity, and protective
properties (if compared with pristine materials, without
functionalization). In HeLa cell line (used as a model), Dong et
al. [45], discover that f-GQDs effectively deliver miRNAs and
for this purpose, it is eligible for intracellular miRNAs imaging
analysis and regulation. In addition, the larger surface nominal
area exhibited by f-GQDs provide the great opportunity to
adsorb/immobilize agents targeting miRNA-21 and surviving,
respectively. The combination of miRNA-21-targeting and
surviving-targeting, improves the inhibition of cancer cell growth
and apoptosis of cancer cells, significantly if compared with
miRNA-21 and surviving, alone. These results provide a new
versatile multifunctional nanocomposite, suitable for intracellular
molecules analysis and also for clinical gene therapeutics.

The fourth case of study

Maji et al. [46], developed a new enzyme-mimetic
nanostructured hybrid for in vitro detection and therapeutic
treatment of cancer cells. The hybrid is prepared by the
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Figure 4 (A): Cell viability of HeLa cells transfected by f-GQDs/ASODN (14 pg/mL, 50 nM loaded ASODN), f-GQDs/IP (14 pg/mL, 50 nM loaded
ASODN), and f-GQDs/IP/ASODN (14 pg/mL, 50 nM loaded ASODN and 50 nM IP). Flow cytometric apoptotic analysis of HeLa cell transfected by (B)

f-GQDs/ASODN, (C) f-GQDs/IP, and (D) f-GQDs/IP/ASODN.

immobilization of gold nanoparticles (AuNPs) on mesoporous
silica-coated nanosized reduced GO conjugated with Folic Acid
(FA), a cancer cell-targeting ligand. The resulting nanostructured
hybrid (labelled as GSF@AuNPs) exhibits an excellent peroxidase-
like activity, detected by the catalytic oxidation of a typical
peroxidase substrate, 3,3',5,5'-tetramethylbenzidine (TMB), in
the presence of H,0,. Prior to the anticancer activity of GSF@
AuNPs, the toxicity of the new nanohibrid was measured using
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) based assay, demonstrating negligible cytotoxicityn
effects. GSF@AuNPs hybrid catalyzes the conversion from
H,0, to OHe radical species. This reaction mechanism shows a
concentration-dependent profile, based on a typical peroxidase-
like enzymetic pathway, quite similar to that exhibited by iron
oxide. GSF@AuNPs was found to possess superior peroxidase
activity in acidic pH, which could be related to its anticancer
activity by the generation of OHe radical in cancer cells when
taking up into lysosomes.

According to these considerations, the nanohybrid is applied

as a selective, quantitative, and fast colorimetric detection tool for
cancer cells.The improved catalytic activity of the GSF@AuNPs
nanohybrid is related to the best combination of mesoporous
silica-coated nanosized reduced GO (where reduced graphene
conjugated with folic acid) composite material, that provides
large surface area to increase the loading capacity of TMB on the
hybrid through m-m stacking forces, while AuNPs is responsible
for the catalytic chemical reaction. Furthermore, the mesoporous
silica-coated nanosized reduced GO composite material
represents a good nanoplatform for successful growth of well-
dispersed small AuNPs without aggregation, preserving catalytic
activities of AuNPs. The good stability and reproducibility of the
GSF@AuUNPs nanohybrid toward the catalytic oxidation of TMB
were established using, five consecutive times, the hybrid for
measurements.

To conclude, nanohybrids could be used for two main
applications, that are, (1) selective, quantitative, and rapid
colorimetric detection of cancer cells, as well as (2) cancer
therapy by activating oxidative stress.
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For what to concern the (1) application, a very well resolved
color change has been recorded by the oxidation of TMB in the
presence of GSF@ AuNPs for HeLa cancer cell. The calculated
detection limit is about 50 cells, which could be visualized by the
naked eye.

In the case of therapeutic treatments (application (2)),
cancer cell damage occurs through the enhanced generation
of OHe radical from exogenous H,0, mediated by GSF@AuNPs
nanoplatform. Instead of using exogenous H,0,, endogenous
H,0, produced by AA (Ascorbic Acid, that is a very well-known
antioxidant reagent, and for decades it has widely used in cancer
therapy) inside the cell cytoplasm was also feasible for the
enhanced cell cytotoxicity against cancer cells. Both the detection
and therapeutic processes are selective to cancer cells, indicating
high specificity and robustness of the nanohybrid. Based on
the simple peroxidase behavior, the developed hybrid would
be a promising candidate for clinical cancer diagnostics and
treatment.

The fifth case of study

Combination and integrated therapy can be defined as the
simultaneous administration of two or more active therapeutics
that are known to disrupt multiple targets, resulting in more
efficient cancer treatments. The concept of multidrug delivery
was utilized by Zhang et al. [47], by loading two anticancer
drugs DOX and camptothecin (CPT) onto a folic acid GO carrier.
Zhang et al. [47], report about Nanoscale Graphene Oxide (NGO)
functionalized with sulfonic acid groups, and subsequently
modified by the covalent binding of FA (i.e. FA-NGO). The
resulting nanocomposite can specifically target the MCF-7 cells,
that are human breast cancer cells which express FA receptors.
Controlled loading of two anticancer drugs, doxorubicin
(DOX) and camptothecin (CPT), on the FA-NGO new carrier, is
investigated and experimental data show specific targeting to
MCF-7 cells, and remarkably higher cytotoxicity compared to
NGO loaded with DOX or CPT, without FA functionalization. The
codelivery of both drugs shows a better target efficacy and higher
cytotoxicity than GO loaded with DOX or CPT, alone respectively.
Current chemotherapy for glioma is rarely satisfactory due
to low therapeutic and efficiency and systemic side effects. A
glioma-targeted drug delivery based on GO vector, was recently
reported [48], in which targeted peptide chlorotoxin-conjugated
graphene oxide were loaded with DOX. Cytotoxicity showed that
chlorotoxin-conjugated GO/DOX mediated the highest rate of
death of glioma cells compared with free DOX or GO loaded with
DOX only. It is very well known that codelivery is an effective
treatment of cancer and other pathological disorders.

Considering that the combination of two or more drugs is
commonly used in polychemotherapy, and recently it seems
to be very appealing and promising in nanobiomedicine, these
graphene-based nanocomposites are eligible for several different
applications.

DISCUSSION

This review reports on the synthetic routes to G and GD,
on the characterization techniques, suitable for the univocal
identification of G and graphene derivatives. Among of the

synthetic strategies, the electrochemical ones seem to be
very promising especially in terms of mass production (i.e.
scalability) and easy “one-step functionalization/engineering”
of pG. Especially,two important properties, strongly influence
the biocompatibility of pG, GO and GD, thata are: the quality of
graphene precursors (involved in the graphene synthesis, as
described above in the full text); and the chemical, electrochemical
and/or physical functionalization/engineering of graphene nano
sheets.

For what to concern the high quality of the resulting
graphene products, traditionally prepared GO often contains
high concentrations of Mn?* (97 ppm) and Fe**catalytic ions. It
is very well known that both metals are highly mutagenic and
nonspecific release of them from traditionally prepared graphene
derivatives might result in unusually high levels of toxicity and
damages of DNA. Consequently, researchers start to use Green
Chemistry exfoliating methods. Recently, Peng et al. [49], report
about a Fe**-based green strategy, suitable for a production of a
single layer of GO, in just 1 hour. Their approach resulted in the
production of high purity GO containing 0.025 ppm of Mn?** and
0.13 ppm Fe?, respectively. The Patent N° PCTIB2016/053527
by Valentini F, as inventor, [50] describes a new electrochemical
exfoliation mechanism of a Higly Oriented Pyrolitic Graphite
working Anode, in an electrolytic bath, contanined both
exfoliating agents, such as: reduce gluthatione (GSH) and alkaline
phosphate (AP)-enzyme. This is a new green method because no
heavy metals are involved, as catalysts, for the electrochemical
growth/syntehsis of graphene derivatives (which results in
alkaline reduced graphene derivatives).

The cytotoxicity effects, studied in presence of graphene-
based nanomaterials (in vitro test) remain conflicting (especially
for GO and GD, final products) and they depend on the quality of
the molecular/atomic precursors.

The second important aspect, related to the biocompatibility
of carbon based nanomaterials, is the functionalization of the
resulting products, that occurs on their surfaces, edges and sides.
This aspect represent a future challenge for scientists because
several different and conflicting opinions exist on the effects
induced by different types of functionalized graphene. Here, in
this paragraph, some examples are described. Previous studies
examining the hemocompatibility of pG and GO demonstrated
that pG shows a slightly higher cytotoxic effect than GO due to
its strong hydrophobic interaction with cell membranes, [51].
Instead, Liao et al. [52], demonstrated that submicron-sized
GO sheets induced the greatest hemolytic activity, whereas
aggregated graphene sheets exhibited the lowest hemolytic
activity. Coating GO nano sheets with chitosan almost eliminated
hemolytic activity. It is possible to conclude that the toxicity of pG
and GO depends on the exposure environment (ie, whether or not
aggregation occurs) and mechanism of interaction with cell lines
(ie, suspension versus adherent cell types).

In a recent investigation, Ding et al. [53], focus on the
hemocompatibility of GO on human peripheral blood T
lymphocytes and human serum albumin (HSA). In this work [53],
the toxic mechanisms of pG, GO (mainly carboxylated GO-COOH)
and GD (for example, GO-PEI/polyethyleneimine) to primary
human peripheral blood T-lymphocytes and HAS, were studied.
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pG seems to interact with the protein receptors to inhibit their
ligand-binding capability, leading to ROS-dependent apoptosis
through the B-cell lymphoma-2 (Bcl-2) pathway; GO (mainly
carboxylated GO-COOH) exhibited a quite similar degree of
toxicity on T lymphocytes except keeping a normal ROS level. Ding
et al. [53], hypothesizes that GO-COOH inhibits protein-ligand
binding and transfers the passive apoptosis signal to nucleus
DNA through a ROS-independent patwhay. GD (for example, GO-
PEI/polyethyleneimine) exhibited serious hematotoxcity to T
lymphocytes, provoking membrane disorders. The HSA binding
with GO-COOH does not modify the HSA’s binding capacity to
bilirubin, while the binding of pG and GO-PEI provoke strong
toxicity toward HSA.

Other authors, in literature [54], demonstrate that PEGlyated
GO, GO/PEI and GO exhibit certain advantages in vitro and in
vivo drug delivery, such as high drug-loading efficacy, passive
and active targeting capabilities, and reversal effects against
cancer drug resistance. PEGylation and GO/PEI nanocompsoites
are known to enhance the solubility/better disperdibility of
hydrophobic nanomaterials and these nanocomposites are
widely used in nanomedicine [55]. Results show that incubation
of several cells, as glioblastoma (U87MG), breast cancer cells
(MCF-7), human ovarian carcinoma cell line (OVCAR-3), colon
cancer cell (HCT-116), and lymphoblastoid cells (RAJI) with GO/
PEG [56-58] exhibit no cytotoxicity up to 100 pg/mL. The cability
of macrophages to entrap and remove graphene agents from
the site of deposition enhances their biocompatibility. Mu et al.
[59], confirmed that C2C12 progenitor cells used endocytosis
mechanism to internalize medium-sized GO (500 nm) and
phagocytosis for larger micron (1-2 pm)-sized sheets. Shortly
after, both types of GO entered lysosomes for excretion. Almost
no inhibition of cell proliferation was found at doses up to 100
pg/mkL [59].

These different opinions in the literature [60], are probably
related to poor-quality pG, GO and GD being used (broad lateral
distributions >500 nm and the presence of contaminants, Mn?*,
Fe¥, Cu?*, used as metal catalysts) and inconsistencies in assay
design (MTT false positives and GO’s strong autofluorescence
signal).

Finally, there are many cautionary warnings in the literature
[61], regarding the PEGlyated forms of GO and its ROS production,
in mammalian cell lines. Ceria (CeO,) nanoparticles scavenge
ROS and are eligible candidates for inclusion into a graphene-
based vehicles [62]. According to this considerations, Kim et al.
[63], reported a graphene-based multifunctional nanoplatform
able to suppress ROS production. The multifunctional platform
aligns plated cells and is suitable to perform in situ monitoring
of cellular physiological characteristics, during proliferation
and differentiation.Cell viability is represented by changes in
impedance and monitored by an electrochemical instrumented
cell-culture platform. Treatment with 5 M H,0, in differentiated
C2C12 cell lines provoked instant death in the majority of cells,
resulting in a significant increase of the impedance output
signals. Instead, the treatment with 5 mM H,0, in the presence
of Ceria (Ce0,), nanoparticles provoked only minimal changes in
impedance electrochemical signals.

CONCLUSION AND FURTHER INVESTIGATION

This review focus on several aspects essential to consider for
new nanomaterials, when they are applied as new nanocarriers
in drug delivery.The key point is the synthetic strategies for
graphene growth because they mainly influence all the resulting
properties associated to the graphene final products. Chemical
and Electrochemical synthetic strategies provide oxygenated
functionalized graphene nanosheets. The characterization study
(under a morphological/topographic and structural point of
view) is a fundamental step to unequivocally identify graphene,
with all the suitable characteristics, including the presence of
structural defects, as the functional groups on nanosheet surfaces.
Functionalization is essential to guarantee the best dispersibility
of graphene nanosheets in the working cellular environment,
and this is a crucial point for in vitro and in vivo experiments
(improving the biodistribution of graphene in the cellular
compartments). At the same time, functionalization carried out
by the introduction of oxygenated functional groups (i.e., mainly
COOH groups) could also provoke in vitro cytotoxicity on human
cell lines. For this reason,to improve in vitro biocompatibility
of graphene, used as nanocarrier of drugs and therapeutics,
several different bio-coatings (i.e.,, mainly GO/PEI and GO/PEG
nanocomposite materials) have been developed and detailed
described herein. Many authors, cited in this review, show that
the biopolymer coating increases cytotoxicity. At the state of
the art, what can be proposed for graphene is a broad-spectrum
study with different functionalized grafenes, tested on different
human cell lines (normal and cancerous cell lines). In this way,
it is possible to create a very useful database, able to explore the
properties of graphene not only in the medical field but also with
regard to the environmental impact and the safeguarding of the
state of health, in the workplaces.
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